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NOTICE 

The development of this docU11ent has been funded, wholly or in part, 
~Y the United States Environmental Protection Agency under Interagency 
Agreement No. AD-96-F-2-Al44 with the U.S. Antt.1 Engineer Waterways 
Experiment Station. It has been subject to the Agency's peer and 
adlPinistrative review and has been approved for publication as an EPA 
docuaent. 

Mention in this handbook of trade names or coaercial products does 
not constitute endorsement or rec01111endation for their use. 
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PREFACE 

This technical handbook is one of a series of publications being 
issued to iapleaent CERCLA, otherwise known as the Superfund law. These 
docu•nts discuss technical 11atters involved in iapleaenting the National 
Contingency Plan (NCP) for dealing with releases of hazardous substances. 

This docuaent is intended to provide infonaation and guidance for 
the benefit of cover designers and regulatory personnel concerned with 
cover installations at uncontrolled waste sites. It 1s not intended to 
replace the services of a qualified design engineer, nor does it address 
every conceivable waste-siu cover problet1. The carrying out of re.dial 
actions at uncontrolled waste sites is an evolving field, and experience 

...o gained with actual cover installations over the cOlling years will provide 
increased knowledge and IIIY well lead to changes in soae recoaended 
practices. 

Although this technical handbook is not 11eant to address policy, 
CERCLA actions should, as a 11atter of recent Agency policy, c011ply with 
applicable or relevant standards of other statutes unless one of five 
exceptions applies in a lillited nUllber of instances (see the Federal 
Register, February 12, 1985 Proposed Revision to the NCP, for discussion 
of this policy and the five exceptions). For covers at Superfund sites, 
this policy generally •ans that the RCRA technical requireaents contained 
in 40 CFR 264 .310 should be 11et. · 

The specific requireaents under 40 CFR 264.310 are presented here to 
assist the user of the technical handbook in the ev1lu1tion of proposed 
covers at uncontrolled hazardous waste sites. The regulatory requireaents 
(40 CFR 264.310) specify that final cover be designed and constructed to: 

(1) Provide long-tena llini• ization of • igration of liquids tltrough 
the closed landfill. 

(2) Function with • 1n1111• aa1ntenance. 

(3) Proaote drainage and • 1n1•1ze erosion or abrasion of the cover. 

(4) ~coaodate settling and subside~e so that the cover's integrity 
1s • aintained. 

(5) Have a per• e1bi l i ty 1 ess than or equ.1 to the ;,enaelb111 ty of 
any bott011 liner systea or natural subsoils present. 
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Recoaaended guidance has been developed for aeeting these five 
regulatory require.nts although alternative designs could also aeet the 
five regulatory requireaents. The abili•y of alternative designs to aeet 
the five regulatory require.nts would have to be deaonstrated with aore 
detail than the recoaended design. 

The RCRA guidance for covers specifies that the cover should consist 
of the following as 111ni-: 

Yegetatff top cover . 
M1ddls drainage layer 
low peraeab11 ity bottoa hyer 
- > 20 1111 synthetic - upper cOllpOnent (aay be optional) 
- > 2 ft clay layer - lower c011ponent 

Detailed guidance on each c011ponent 1s as follows : 

A) Vegetated Top Cover 

o 111ni- 24 in. thick 
o should support vegetation that 111nill1zes erosion wit!,out 

continued •intenance 
o planted with persistent species - no roots that will penetrate 

beyc,nd the vegetative and drainage layers 
o top slope. after settling and subsidence. of between 3-SS -

if > SS use USDA Universal So11 loss Equation to daonstrate. 
a so11 loss of < 2.0 tons/acre/yr. 

o surface drainage systea capable of conducting runoff across 
cap with 110 prob 1 eas. 

B) Middle Oratnage layer 

o 111n1- 12 in. thick 
o saturated conducthity not less tMn 1x10-3 ca/sec 
o bottoa slope of at lust 2 percent 
o designed to pment clogging - overlain by a gr~ded granular 

or synthetic fabric ftlter 
o dtscNrge flows freely 

The granular or fabric filter is used to prevent pluggbg of 
the porous aedta with fine earth particles carried down fr011 the 
vegetated 1 ayer. · 

To prnent fluid fr011 backing up into the draiMge layer. the 
diSCNrge at the site should flow freely (the edge of the unit 
sllould drain freely. e.g., into surface na110ff ditch). 

1v 
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C) Low Peraeab11ity Bott011 Layer 

, 
• 
' 

- upper COlll)Onent 

o 1t letst 20 • 11 synthetic (• ay be optional) 
o bedding layer 1t te1st 6 ft thick - no coarser than unified 

soil ct1ssific1tion systea sand (sp) 
o fiMl upper slope 1t least 2' 
o be located whotty below the average depth of frost 

penetr1tion in the area of interest 

- tower c011p0nent 

o at least 2 ft of son .rec011p1cted to I stturated conduct1v1~ 
of not ac,re than 1x10-1 ca/sec 

o so11 e11pt1ced in lifts not exceeding 6 inches before 
c~ct1on. 
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ABSTRACT 

This Technical Handbook provides guidance to the designer of cover sys
teas for existing uncontrolled hazardous waste sites. The Handbook also pre
sents sources of technical inforaatfon to afd regulatory personnel 1n evalu
ating cover designs. A cover over an uncontrolled hazardous waste site acts 
as a roof, deflects precipitation, •~nf• fzes percolation and leachate foraa
tion, and thus prevents or • inf• izes future ground-water contuination. To 
estfaate the aaount of leachate expected fr0t1 a given cover design, ft is 
necessary to perfora a water-balance analysis. 

A cover design is site-specific and requires a good site investigation 
report, which is norutty prepared as part of the Hazardous Substance Response 
process. A cover systea can be properly designed only after decisions re
garding cert.in basic considerations, such as design life of the syst.ea and 
future use of the site, have been • ade. 

The aajorfty of the aateriats used ih any cover systea are likely to be 
soils, which are best classified by the Unified Soil Classification Systea 
(USCS) • . Soil properties i•porunt in cover app)icatfons include gradation, 
Atterberg Li• its, density, and per• eabft fty. Standardized tests for these and 
other soil properties are described and/or technical • anuals referenced. 
Soils .. Y be stabilized or • odified by the use of soil additives. 

Several types of aateriats other than soils aay be used fn cover systelts. 
Soee parts of a cover systea require i•per• eable aaterfats; other parts re- . 
quire peraeabte Nteriats. Materials for i• per11Eable applications include 
aspMlt, ceaent, and synthetic • ellbranes known as •ge<i• eabranes. • Materials 
for P"raeable applications include various waste or resid•aal substances froa 
industrial processes, draiMge supplies such as pipes and tiles, and synthetic 
fabrics known as •geotextiles.• Tests and criteria are available for judging 
the suit.abiiity of alt these •aterials. 

To Net the requireaents for various functions and attribut~s. the aost 
efficient cover systea is coaposed of layers. If gases are produced by or
ganic dec:.,y within the wastes, a gas-per• eable l.yer above the wastes, with 
suitable venting • ecMnisas, uy be required. One or aore per• eable filter 
layers h necessary where Nteri-ats of contrasting gradation are placed in 
direct conuct with one another in the presence of "4ter; otherwise fines uy 
• igrate and block the pores of the coarser Nteri~t. A foundation or buffer 
layer is necessary to serve as a platfora on which to build the rest of the 

-system. The hyarautic ban-fer layer uy be coaposed of either relatively 
ill!pervious natural soils, -nded soils, or a geoaeat,rane. The drainage layer 
intercepts percolating --atar and provides a path for it to a disposal outlet. 
A biotic barrier layer stops tlfliNls and plant roots froa penetr•tfng and 
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thereby disrupting the hydraulic barrier. The surface layer •ust provide for 
vegetative support, stabilize the surface against ~rosion, aid in dewatering 
the cover through evapotranspiration, and provide an aesthetically pleasing 
appearance. An effective surface water .anagement plan is essential to con
trol surface runoff. Elements of this plan are discussed. 

During construction, the site preparation phase involves establishaent of 
site security, clearing and grubbing operations, and establishaent of support 
facilities, access roads, and soil stockpiles. Equipaent used during the sub
sequent cover construction phase includes both conventional earth 110ving •a
chinery and specialized equipaent such as aay be required in geoaetlbrane in
stallation. During the site closure phase, institutional care and maintenance 
are perforaed and the site is 110nitored to ascertain whether the cover systea 
is perfor11ing as intended. 

Quality control and assurance for cover systea installation depends on an 
effective construction organization, appropriate observation, saapling and 
testing aethods. and good docuaentation. There should be good c01aunication 
between the design. construction. and inspection groups. and clearly defined 
responsibilities for each. Observations are aade continuously of site prepa
ration. excavation. foundation preparation, barrier installation, drain in
stallation, and other activities. Saapling of installed cover aaterials 
should be done on a planned, systeaatic basis. Fr011 the aany test aethods 
availab~e, quality control test aethods should be chosen on a site-specific 
basis. considering the aerits and li• itations of each •ethod. Coaplete docu
aentation is the backbone of any effective GUality assurance progra•• 

Tw existing cover installations are ~resented as exaaples. 
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1.1 Background 

CHAPTER 1 

INTRODUCTION 

Effect i ve·ly covering an uncontro 11 ed hazardous waste site may be one of 
_the 110st efficient reaedial measures to limit the spread of contamination. 
The cover aay be a part of a total system, or it might be the only measure 
used; 1n either case IIOSt of the geotechnical principles involved are the 
saae. This handbook is an atteapt to present those principles in a way that 
will be useful to the cover designer. 

The tent •uncontrolled" refers to existir.g waste-disposal sites that have 
not been aanaged in accordance wtth any uniform set of standards. Presently 
operating and future disposal sites fall within the purview of the Resource 
Conservation and Recovery Act of 1976 (RCRA), and are thu~ controlled sites. 
They aust be designed and operated in accordance with published regul3tory 
standards. Uncontrolled sites include older sites of all descriptions. Sonie 
aay have been operated conscientiously and according to the best technical 
practice available at the tiae, but ranging fr011 this optimum are all grades 
of rand011 and haphazard disposal, soaetiaes with little or no regard for 
environaental consequences. · 

The Coaprehensive Environaental Response, Coapensation, and Liability Act 
of 1980 (CERCLA) addressed itself to the cleanup of hazardvus materials sites 
where contallination is being released into the environ111ent. Hazardous materi
als, as defined in Section 101 of CERCLA, cocprise those substances that, when 
released into the envirorwent, threaten the public health or welfare or the 
envirorwent itself. The fund esta~lished by CERCLA to pay for such cleanups 
is coaaonly known as "Superfund." CERCLA, and the regulations based oil it, 
govern accidental releases that iaay occur froa time to time, but they also 
govern releases that have taken place and continue to take place fr0111 uncon
trolled waste-disposal sites. Cover, a110ng other remedial measures, ..ay be 
effective in stopping or controlling these long-ten1 releases . 

. As undated by CERCLA, the Environaental Protection Agency (EPA) developed 
an updated National Contingency Plan (HCP), which was published in the Federal 
Register on 16 July 1982 (pages 31202-31243). The NCP establishes certain 
systeaatic ?rocedures. One of these procedures is a Hazard Ranking System, 
necessary to establish priorities among the various problem sites that aay be 
eligible for a Superfund response. Another procedure is for Hazardous Sub
stance Response - Subpart F of the NC~. The response procedure comprises 
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seven distinct phases, as follows: I - Discovery and Notification; II -
Preli• inary Assess• ent; III - Iaaediate RP.190val; IV - Evaluation and 0etenai
nation of Appropriate Response; V - Planned Reaoval; VI - Reaedial Action; 
VII - 0ocuaentation and Cost Recovery. 

Cover, as a Reaedial Action, falls under Phase VI of the response proce
dure. •Re• ec:1ial Action,• defined at length in the NCP (Section 300.6), refers 
to • easures that are of a penaanent nature and that serve to pre'lent or • iti
gate the • igration of a relea~e into the envirorwent. Section 300.70 of the 
NCP provides a lengthy list of possible reaedial • easures, which is reproduced 
in Table 1-1. 

Cover falls under •surface Seals• in Table 1-1, under the 110re ,general 
heading of •surface Water Controls." Table 1-1 identifies a wide variety of 
available re• edial • ethods. The decision as to what • easures to use will be 
aade during Phase IV of the NCP's response process, Evaluation and 0etenaina
tion of Appropriate Response. Cover aay never be used as the sole reaedial 
• easure, and indeed good practice deaands that all the alterna~ives listed 
under Surface Water Controls be taken into account, if a cover is to function 
effectively. Cover and other surface water controls will co..only be used 
with other systeas, (e.g., for ground-water and gas-eaissions control). Per
haps it will seldoll be necessary to choose between cover and other systeas. 
Nevertheless, relative to other reaedial aeasures, cover has certain desirable 
attributes, which should be borne in • ind. Cover is basically a si• ple sys
tea, easy to understand and relatively easy to design effectively. It uses 
si• ple aaterials and co..on construction techniques. Being at the ground sur
face, it can be observed and inspected at any ti• e, and is accessible and easy 
to repair. It is a preventive aeasure, tackling the leachate problea by pre
venting leachate foraation. ln the hydrologic cycle that leads to leachate . 
fonaation and • igration, cover occupies an upstreaa position; thus cover deals 
aainly with fresh water, which is 110re benign and whose properties are better 
known and understood than the downstrea• leachate solutions, as regards their 
effect en aaterials. While these advantages • ight not warrant selecting cover · 
in preference to another • easure, they • ight indeed warrant emphasizing cover 
as a priae coaponent of the reaedial systea. 

1.2 Purpose and Scope 

The purpose of this Technical Handbook is to provide guidance to the de
signer of a cover systea for an uncontrolled hazardous-waste site. It is also 
intended that the Handbook be a source of technical infonaation for regulatory 
personnel to aid thett in evaluating any such design sub• itted for approval. 

Subjects discussed in this Handbook include: 

• Functions that the cover systea • ust perfona. 

• Materials suitable for constructing the system. 

• P~rtinent aaterial test aethods. 

1-2 
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TABLE 1-1 

POSSIBLE REMEDIAL METHODS 

•• C.11tral 
~. [1191-rlllf Nlthodl for Oll•Sltt ActlOIII 

1, Colltrol Ttc11Aol09t11 
,. Air CatulOIII COlltrol 

A, Pipe Yt11tl 
I, TrtllCII Yentl 
c. , .... ,,ter1 
D, C..1 Col ltetlOII S71tee1 
[. Owerpuktn9 

II, Sl.lrhct IMur COlltroh 
A. Sl.lrf•ct Suh ("cowers") 
I, Sl.lrhct Weter DlwtrllOA Incl Colltetlon S71t

l, Dtku u4 a.,., 
,. Dltcl,u, DlwenlOIII 11111 W.urw71 
J, CllwUI tnd 00-plptl 
4, . ltwtH 
I, SHP,~ lul111 encl Dltd1u 
I, Sedl•11utl011 1111111 1114 '°"411 
7, Ttrr1ct1 &Mt ltlKMI c. ,,.,,,.. 

D, ltwt91Utl011 
II I , Groulld We u r COIi t ro h 

A, laft,..1blt ltrrhra 
I. Slurry 111111 
t. Growl t.irut111 
J, SIIHt 1'1111191 

I, l'e,-ablt TrutM•t a.di c. Ground ... ,., ,,.. .... 
1. Wlur Tlbh MJ111taut 
t. ,1- C411ut-t 

D, ltlCMla Colllrol 
1. Sllb1urflct Drains 
t. Drl luge DI tclltl 
J. ll11en 

h, COIII.MIMtff WI ttr 1114 S.Wr Ll11t1 
A, Groll ti 119 
•• Pipe .. 1 ,.,,,, ..... u ........ 
C, S...r leloc1tl001 

t, TrNlatllt TteMOlotlU 
,. C..MOUI CahllOIII Troatae•t 

A, Y1por Niue Adaorpll OIi 
I, TlltrNl OaldatlOII 

II, Direct W.1ta Tnatat•t llatllod1 
A. ltologtcal llltllod1 

I. Treataent via Modified COllwt11tloatl IIU'-ltr 
TroetMllt TKIIIII~• 

z. ANtroblc, Aerettd, •ad hcultltlwe La,-1 
J. SI.IP110rLH Growtll llol09tcal .. ,cto" 

I. 0-lcal Nltllo41 
1. Clllort111tlM 
,. l'recl,ilutloa, '1occ11lattoa, SHI-UtlOII 
>. llllltrellutloa 
4. [qu11l11tl011 
S, Cllealul Oal~tloa 

C. "'71lul lllthod1 
1. Air Strl,,lllf 
t. C.rtlofl Adaorptloa 
J. I OIi lacllallft 
4. h,e"e Olaoah 
S. ,.,..,bit 114 Tnatatat 
I, lltt Air 0.ldatloa 
7, l11Cl11tretlN 

Ill, ColltaalNlH Solh tad SHI-ti 
A, lacl11tretlM 
I, lilt Air Olldatloa 
C, Solldlflca tloa 
D, lllCa~latlOII 
(. 111 Slbl TroablHt 

1, Sol11tl011 lll•lllf (Soll W.1111119 or Soll '1111111119) 
2. lelltre 1111 t 1011/Dttoalf lcat IOII 
>. 111,,-1010,tul O.,r141tle11 

c. Ofhlte Tr1111port for Storat1, Troatatllt, DtatrvctlOII, or S.C11ro 
Dhpo1ltloa , ...... ,., 

,. IIIIN Coll [ffectlwt 
II, CNUO ..., IIHINOIII SuMUIICtl lll111,-11t Clpoclty 

Ill. IIKtlll'7 to l'rotoct l'llbllc llttltll, ... .,.,., or tllt 
(ayt,-t 

t. Coll1.Ml111tH Solla alld Sedl-ll a-el fraa Sita 
t. bcnattoa 

II • Hy,ilrtu II c o.-.dt I "I 
I II. 11Klla11lca 1 Drff9t119 

•• l'rowhloa of AltoMlltlwt W.ur 5',ppllu 
I. llldhtdual ,,.atatllt I.Mltl 
1. lllur DhtrlllutlOII S11t• 
J, 111w Welh la 1 111w locattoa or DNper Wtlh 
4. Churn, 
5. lottlad o,- Tl"fltad W.tor 
I, Upfr1dtd TrNt11ut for bhtl119 DhtrtllutlOII S71t

•• ltlocatloa 

Solln:t: o. MC, >00,70. Tllh lht 11 aot to lie COlllldtrod l11Clu1lwe of 111 poutl,lt •Ulod• of ..-411111 ,.1e ..... 
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fl C011ponen~s and features necessary for the system to perform its 
functions. 

• Construction methods and equipaent. 

• Quality-control aethods to insure that the syste~ is actually in
stalled as designed. 

The reader should be aware of two ill!portant things that this Handbook does 
not and cannot do. One concerns site specifics - topography, climate, avail
able aaterials, etc. The designer • ust for• ulate an appropriate design for 
any given site based on these specific conditions. The Handbook cannot offer 
specific designs tailored to individual cases. 

Secondly, the Handbook does not addN!ss questions of risk assessment and 
cost-benefit analysis. These highly ill!portant aatters involve public-health, 
econoaic, political, and social questions as well as technical ones. Often, . 
the technical design • ust await resolution of nontechnical questions. It is 
ill!portant that both designer and regulator be aware of this fact. 

1.3 Cover Functions and Attributes 

Cover aay perfora a nuaber of functions, as listed in Table 1-2. Along 
with functions are listed necessary attributes, which the cover • ust have to 
acc011plish its functions. Attributes pertain •ainly to the cover's own dura
bility and peraanence. The purpose of good design is to provide these attrib
utes while assuring the perforaance of the desired function or functions. 

Of the functions addressed in Table 1-2, vectors and blowing litter and 
dust are present at operating • unicipal waste-disposal sites, but • uch less 
co• -only so at Superfund sites. Aesthetics and site reclaaation are ill!por
tant, and •ust be factors in the design process, but they • ust be considered 
secondary to controlling hazardous •aterials or conditions. The relative i•-
portance of the reaaining functions aay be judged by an exa• ination of pub
lished descriptions of Superfund sites. The threats at such sites are ground
water cont•ination, surface-water contaaination, soil conta• ination, bottoa
sediaent contaaination, air pollution, and the hazard of fire or explosion. 

Soil contaaination at a Superfund site will have already occurred. Any 
present or future spread of such contaaination relates to the •oveaent of 
liquids or gases. Any action to control liquid • o~eaent will address the 
soil-contaaination problea as well. 

Contaainated bottoll sedi•ents represent transported contaainated soil. 
Prevention of erosion of contaainated soil will prevent its further transpor
tation. Placing any durable cover over contallinated soil will prevent the 
erosion of the soil. However, the question of whether liquid contaaination is 
occurring will still have to be faced. 

1-4 . 
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TABLE 1-2 

COYER FUNCTIONS AND ATTRIBUTES 

F1.ncti~ 

Prevention or Minimization of Percolation 

Promotion of Aesthetics 

Suppression of Vectors 

Contair111ent of Gases 

Suppression of Fire Danger 

Prevention of Blowing Litter or Dust 

Promotion of Site Recl1111tion 

Necessary Attributes 

Water Erosion Resist.nee 

Wind Erosion Resistance 

Stability Against SlUlll)ing ind Cricking 

Stability Against Slope Failures 

Resist.nee to Cold-Weather Distress 

Resist.nee to D1srupt1on by An1aals or Plants 

Note: This table 1s ·adapted fna Lutton, 
Regan, and Jones (1979). 
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Afr pollution would occur ff the waste substances were to give off gases 
or v~rs, or ff the obnoxious substance wre a powder and the vind wre to 
disperse ft as a dust. Gases and vapors aay evolve froa a chellic1l reaction 
in whfch they are produced or •rely by the evaporation of a substance with 
high vapor pressure (a volatile substance). The forNr of these aechanisas is 
ac,re poliferful and threatening. The ruction aay be one in which two or ac,re 
reacting substances coae into contact, or it aay be a bfochellical one involv-
1 ng the decay of organic aaterf a 1. Reaction-produced gases vil 1 develop high 
enough pressures to force their way to the surface. Vapors froa a buried body 
of volatile liquid would not generate enough pressure to force their vay to 
the surface. Such a vapor • ight, however, saturate a dry, porous soil above 
it, and as days of higher and lowr ~roaetrfc pressure succeed one another, 
the soil • ight •exhale• the noxious vapors 1n •nacfng quantities. Also, 
noxious vapors can reach the surface entrained vith reaction-produced gases. 
Where either the quantities or the nature of vaste-produced gases is suffi
ciently threatening, a systea to control theta • 11st be provided. 

Fires or explosions, both of which are rapid chellfcal ra~ctfons, require 
one or aore reactable substances and an fnftiation aechanis•. Usually one of 
the substances is ataospherfc oxygen. Virtually any cover that excludes air 
and iaaobflfzes fluids vfll prevent fires and explosions. 

The two reaafning threats, contaafnation of ground and surface vaters, 
represent by far the greatest real problea for which cover offers a solution. 
At 85 percent of the first 160 Superfund sites publicly announced by EPA, 
-.ater contaafnatfon vas reported as a problea. Water contaafnatfon. was five 
tf•s ac,re coa• only •ntioned than any other probl•, and at those sites where 
ac,re than one threat was rec°'ilized, water contaainatfon was usually recog
nized as the doainant one. The prevention of water contaa1nation, putfcu
larly ground-water contaaination, 1s the ac,st difficult and challenging 
assfgnaent for a cover systea. Virtually any cover systea that satisfactorily 
handles the wter-containatfon probl• also handles the other threats. 

For these reasons, this Handbook concerns itself predoainantly vith covers 
whose principal function is to • fn1• 1ze water contaafnatfon. Essentially, 
this ••ns preventing or eini•izing infi1,rat1on and percolation. With one 
proviso, however; the probl• of gas evolution ts recognized, •nd syst.eas are 
presented to handle ft vhere ft 1s present (See Section 4.3). 

1.4 Different Types of W.ste Sites 

Along "'1th different functions, there exist different types of waste 
sites. For purposes of RCRA, EPA recognizes four types of waste sites: land
fills, surface i• pound•ents, wste piles, and land treataent facilities. In 
landfills, which are probably the ac,st. ca.on unc:ontroll~ vaste disposal 
sites, wste -as chaped fn excavations beneath the ground surfKe, c011110nly in 
abandoned sand, gravel, or borrow pits. At surface il!pOund•ents, liquid 
wastes are contained in soae sort of holding ~si.n: a pit, pond, or lagoon. 
W.ste piles are si• ply sites where wste has been du• ped in a ac,und above the 
ground surface. Land treataent 1s a relatively new technique whereby wastes 
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~ are spread over an aroa and inti111tely • ixed into the upper zone of the soil. 
Many sites will not fit neatly into one category. For instance, a waste du• p 

I in a ravine or on a hillside • ight be a borderline case between a landfill and 
a vaste pile. A given overall site •ay have one or •ore surface illl)Oundllents 
in close proxf• ity to waste piles or landfills. At soae old uncontrolled 
sites, liquid wastes aay have been poured directly onto the ground. It is 
difficult to classify th~s practice into any of the above categories. 

The different types of sites •ay have different requireaents with respect 
to cover. Tht cover function will not differ, but rather the cover's attrib
utes. and cert.in aspects of design, will certainly vary. A waste pile. for 
instance, being above the ground surface, necessarily has side slopes, and is 
potentially subject to slope failur-es. This problea generally does not affect 
other types of waste sites. Slopes •ean fast-running water, which •eans ero
sion; thus, waste piles are degraded by water erosion, as rills and gullies 
fora. A critical and difficult problea for landfill and surface illl)Oundllent 
cover systeas 1s slu• ping and subsidence. This problea •eans that the founda
tion on which the cover is placed •ust be strong. Surt;ace illl)Oundllents, being 

quid, present a particular problea in this regard. If the liquids are not 
reeoved. not only •ust they be stabilized by being solidified, taken up by an 

sori>ent, or otherwise i• -obilized, but the aaterial •ust be strengthened so 
that it will support a cover, without slu• ping, over a long ter• . Landfills 

lov-lying, in contrast to waste piles. Thus landfills are less exposed to 
rill erosion on the slopes, but they have greater requireaents for active 
drainage as I utter of design. Water tends both to collect in low spots and 
to run in channels through theta. The channelized flc,-, presents an erosion 

reat. and the collection ••ns that larger quantities of water are present 
and a q~ntitatfvely larger leachate-prevention problea aust be faced. 

No bfo uncontrolled waste sites will be precisely alike. In all cases, 
good engineering judgllent. brought to bear on specific conditions at the site, 
will bt the •ost illl)Ortant factor in effective cover design. Therefore, this 
Handbook giv11 fw hard and fast rules. but stresses general principles and 
atteapts to Point out where and when a particular principle is likely to coae 
into play. 

1.5 Concept of Cover as a Roof 
c,-. 

Because prevention or • ini• ization of infiltration ~s been identified as 
cover's pr1• ary function. it is logical to coapare cover to a roof. which per
fol"'IIS precisely the s- function for a building. Certain attributes of a 
roof wi 11 rt late to the attributes or properties required of cover, and cer
tain aspects of roof perforaanct aay instructively be kept in • ind when con
sidering cover in relation to other retledial techniques. Six aspects co.aon 
to covers Ind roofs are as follc,-,s: 

(1) Iaperaeable layer. The heart of a roof is an i• per•eable - • ber 
which deflects rain or •ltvater and prevents it froe entering the building. 
A cover lflttwise •ust possess a substantially i..,eraeable • ellber to prevent or 
retard tnt entrance of vat.er. 

1-7 
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(2) Slope considerations . An iaporUnt attribute of a roof is its pitch 
or slope. A certain pitch is ,-cessary lo proaote proapt runoff . Too low 
a pitch prevents the UH of shingled construction, and a zen> pitch (flat 
roof) dellands an especially sturdy And defect-free __,rane and MCessitates 
positive auns for disposing of the ~ter. Flat roofs an notorious for lHk
age probleas. All of these factors have counterparts with respect to cover. 
TM flatter a cover, tt. ac,re dllland is placed on it by a given aount of 
pncipiution. 

(3) Handling of effl~l draiNg!. The water that a roof intercepts -,st 
be dispoHd of. It uy be allOlilltd to flow or drip off tt. ~. it aay ~ 
collected in a gutter or downspout, or in a suitable cliaate (w,., sunny, 
windy) fl aay siaply be a110lilltd to ev1PQrate. Effective operation of the roof 
deaands that this disposition NChanisa work properly. Just so with covers: 
good drai~ will • ini• ize •t. deNnd ph1ced on cover, and UJKi• ize its 
effectiveness and its life. 

(4) Mechanical stability. A roof ..st be properly supported. and sturdy 
enough not to warp or bend. Its coaponents .,st~ strongly enough assetlbled 
not lo be torn ~rt by wind, frost, or other ~ts of weathering. Analo
gously, a cover systea ..st be so designed and built that aechanical strains 
do not lead to its failun. Desiccation of aaterials within a cover systea 
• ight le6d to such aechanical strains. 

(5) Cheaical stability. If a roof is in a special service. as where 
exposed to a corroshe ataosphen above or below, it aay fail unless special 
protective •asuns an .aployed. Si• ilarly a cover systee at a hauirdous 
waste site, because of the subsUnces with which it is in crntact. • ay require 
special attention to insure its cheeical st..bility. 

(6) l~terw stability. Soae slate or tile building roofs uy endun 
for centur H. Other roofs of cheap syntt.tic .. terials • ay have to be re
placed vithin a few yun. Nol only tt. .. terials, but the construction 
sundards and design, affect a roof's longevity. Jt is surely likewise with 
cover systeas: • aterials. construction, and design will all affect their 
long- t.era perforunce. 

TM analogy vith roofs aay be carried one st.;, further by • ention of 
structures in which roofs serve !Mir purpose vittk)ut the assistance of walls 
and floors. Such structuns are •bohios• (S.,.nish; thatched-roof huts without 
walls) in tropical rural societie!, equipaent sheds on (ares. and even car
ports. TMH structures do not furnish coaplete protection froa the eleaents, 
and if rain occurs acc~nied by wind, !Mir protected contents do indee-d get 
wt. •vertheless, lMse structures perfora their intended function of de
flecting lM grNt .. jority of precipiUtion. The analogy with cover would 
relate to a cover systea not Kc~nied by eitMr a bottom seal ~Math the 
waste c»posit nor ~ iapenauble side wall around it. If the great aajority 
of pncipit.-ltion could be deflected froa passing through the deposit, the 
result • ight be a sufficient beneficial effect (through reaoving the driving 
force behind -.ast.e • igruion), to control lhe problea at hand, even vithout 
these other protective devices . 
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1.6 Ideal Versus Real Covers 

The ideal cover systea would be siaple 1 effective. reliable, durable, 
stM»le in cont.Kt vith all kinds of vaste. aesthetically attractive, and inex
pensive. and vould require no aaintenance nor attention after it vas placed. 
In reality. ceruin requireaents conflict vith others. Virtually all realis
tic aaterials an stable in the presence of soae vaste sub~unces 1 but not of 
ou,ers. Yegeution can both be aesthetically attractive and perfona valuable 
functions to aid both the cover's integrity and its effectiveness; hovever. 
left unaaMged. v•Ution vill inevitably tend to disrupt and ultiutely 
destroy the cover. Virtually nothing is totally weathering and erosion resis
unt; the aore such resistance is desired. the aore vill have to be paid for 
It. 

Thus, in real covers. certain inevitable trade-offs have to be faced. In 
this Handbook, w atteapt to aake these trade-offs clear and to present the 
factors that enter into lhea so that the designer aay weigh thell judiciously 
~inst one another. 

1.7 The Hydrologic Cycle as Applied to Covers 

Ara unc»rstanding of the hydrologic cycle is basic to an understanding of 
the functioning of a cover systea. The hydrologic cycle refers to the contin
uous process in nature vhereby vater is continually in aoveaent and transi
tion. Suaaaries of this coaplex process can be found in nuaerous texts, e.g. , 
O.vis and DeWlest (1966) or Gilluty. Waters. and ~- -Aford (1959). Those pro
cesses that take place in and about a landfill ~~ are those th.\t require 
closer attention. 

Eleaents of the hydrologic cycle iaportant at a landfill site are shown in 
a siaplified vay in Figure 1-1. Most of these eleaents vfll be fuilfar to 
tl\a engineer. Brief discussions of theta follow. 

•. Rainfall and snowfall. the two coaaon fonas of precipitation, need little 
explanation. Both are aeasured and reported in linear units. coaaonly inches 
In the United States . Technically the linear aeasureaent can be thought of as 
the quotient of a voluae of aaterial being deposited on an area of ground. 
For hydrologfc •rMlysis, snowfall should be reduced to equivalent rainfall, 
that Is • .aount of valer resulting froa Nlting of a given quantity of snow. 

Runoff in the context of a landfill is equivalent to surface runoff in a 
hydrogeologic1l discussion (e.g • • Davis and DeWiest, 1966, p. 23). It refers 
to that portion of the vater that, having fallen on the ground, leaves the 
sys-tee vi_thout penetrating beneath the ground surface. 

Ev!f>Oration is the process by vhich liquid vater evaporates into gaseous 
vater vapor, and thus passes into the ataosphere. Transpiration fs the pro
cess by vhich plants lose vater to the ataosphere. It fs coaaon to refer to 
ev..,oration and transpiration jointly as •evapotranspfratfon• since ft fs 
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FIGURE 1-1 

ELEMENTS OF HYOROLOGIC CYCLE 

SNOWFALL RAINFALL 

--------· • PERCOLATION ----- ---- - ARBITRARY 
HORIZON 

--------- --------WATER TABLE - -LATERAL FLOW 

ZONE OP SATURATION 

difficult to aeasure the two effects separately. Nevertheless it is probably 
wll to r•eati.r that they are two distinct proce-.ses. 

Subliaation is the direct passage of water froa its solid state in snow to 
its gaseous state in water vaPQr without passing through a liquid stage. Prob
ably a considerable aaount of aoisture that falls as snow returns to the 
ataosphere via this pathlitay. 

Infiltration is the passage of water downward through the ground surface 
and into the soi 1. 

Percol~tfon is the downward • igration of infiltrated water. As indicated 
in Figure 1-1. its quantity at any given horizon would be the net dO'-nward 
flow passing that horizon. 

The w&ter table is a level belO"W which the ground 1s saturated. The zone 
of saturation aay continue downward indefinitely, in which case the water 
table fs a general water table; or the saturated zone aay bott011 at an i • per
vious boundary of finite extent, there being further unsaturated aaterial 
beneath this i• pervious boundary. In such cases the water is said to be 
perched. and the water table is a perched water table. 

The water in the zone of saturation is what is c011110nly tenaed ground 
water. and in general it is in aotion laterally as indicated in Figure 1-1. 
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An iaportant fKtor not shown in Figure 1-. is water storage in the soil. 
Depending upon its aechanical coaposition. a given soil can hold any given 
aaount of water. up to a 1NXi-. At this aaxi- "'-lter content. the soil is 
Hturated. At soee lesser wit.er content. known as the field capKity. the 
soil holds all of its wit.er in place. without allowing it to drain by gravity. 
Only in soils with aore wit.er ttwin the field capacity does gravity drainage 
freely take place. The soil thus can and does act as a reservoir. which is 
full when the soil 110isture is at field opacity. The filling and eaptying of 
this reservoir over ti• plays II vital role in the local hydrologic cycle. and 
in the perforaance of a cover syslell. A clear. easy-to-understand discussion 
of this process is given in Fenn. Hanley. and De Geare (1975). (Soae slight 
drainage uy in fact occur with water contents short of field capKity. but 
the outline given here is ~sically corTKt.) 

Those coaponents of the hydrologic cycle that affect the functioning of a 
cover systea are discussed in detail in section 4.2 of this Handbook. •Infil
tration and Percolation.• 

For a proper response at any S'4)erfund site. it is extreeely iaportant 
ih.t the ground-witer regi• be well understood. A large proportion of the 
site exploration budget My properly go for this purpose. Such expl-oration 
will probably have been done as part~, the early Sus,.rfund response. The 
cover designer should assure hiaself that the ground-water regi• is well 
es~lished. since such knowledge is essential to the proper design of cover 
as wll as other reaedial •asures. 

On a long-tera ~sis the hydT"ologic systee MY be in equilibrh•. i.e • • 
openting at a st.elldy state. However. on a short-tera ~sis Mny. perhaps 
aost. eleaents of the systee are in other ttwin a steady sute. their posi
tions. rates. or •asurable attributes fluctuating around a steady-state 
average. SON fluctuations are large and rapid. others uy be very slight 
and slow. 

The 110re variable processes and properties tend to be those higher in the 
cross section - nearer to the ground surface. Those at depths vary 110re 
slowly and probably over saAller ranges. This points up a Mrked difference 
between the cover and the liner at a waste-disposal site. both of which serve 
to intercept and control the flow of fluids. The hydrologic processes operat
ing in a cover systea are likely only rarely to be in a steady state. Most of 
the ti• they vill be varying froa one state to another. In a liner. on the 
other hand. conditions once es~lished will tend to persist. and a fairly 
clos• ~roKh to st•ady state will exist. This has iaportant applications 
for exaas,le in considering the flow of intergranular fluids. Such flow under 
saturated conditions and at a steady state is described by Darcy's Lav. with 
which aost engineers are f•iliar and which is discussed later in this Hand
book. Darcy's Lav as applied to linen is probably quite valid. For covers. 
however. it is probably only an .ipproxiMtion. describing what would take 
place under ceruin liaiting conditions. which eight occasionally occur but 
wiich probably usually do not. 
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CHAPTER 2 

SITE CHARACTERIZATION 

This chapter discusses those characteristics of a site that affect a cover 
systee's construction or influence its perforaance, and therefore aust be con
sidered in the process of cover design. A design aay be seriously deficient 
if it fails to take into account the pertinent features and peculiarities of 
the site. 

The designer of cover, or of other reaedial aeasures, should have at his 
disposal the results of a site investigation perfonaed earlier in the Hazard
ous Substance Response process (see Section 1-1). The purpose of this chapter 
is to serve as a check against the Site Investigation report, to deten1ine if 
all pertinent characteristics 111ere covered. 

2.1 Data Requireaents 

The site packa~ should include the following types of data: 

• Topography 

• Soils 

• Geology 

• Hydro 1 ogy and hydrogeo 1 ogy 

• Aerial photographs 

• Cultural features 

• Vegetation 

• Cl i aate 

• V.ste characteristics 

If the site investigation report does not h~ve adequate data to design a 
cover systea, then the designer aust rely on two types of data collection ac
tivities: (a) consult background or readily available data, and/or (b) per
fon1 an onsite investigation. The following paragraphs are devoted aafnly 
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to collecting available data, with only a short discussion of onsite investi
gation. This is not intended to imply that the latter is unimportant; indeed, 
specific site information is essential to proper cover design. However, a 
detailed presentation of investigation methods would require an extensive 
treataent. It was decided not to undertake such a treatJDent here. Refer
ences are given, however, to several works that provide guidance for site 
investigation. 

2.2 Data Sources 

Sisk (1981) presents an excellent suaary of the relevance and availabil
ity of background inforaation for hazardous waste site investigations and is 
rec01111ended for consultation by the cover designer. Another reference manual 
which is readily available and highly rec0aa1end~d is the U. S. Bureau of 
Reclaaation •Earth Manual• (U. S. Bureau of Reclamation, 1974), which gives 
abundant inforaation of direct interest to the cover designer for obtaining 
background information and also as regards all phases of soils. 

Data collection activities are discussed in the following paragraphs for 
each type of data required. 

2.2.1 Topography 

The topographic aap is probably the most useful single document relative 
to a cover proje~t. The aap reveals the lay of the land at the project site 
and in its vicinity; shows the surface drainage network, a matter of fundamen
tal iaportance; gives inforaation as to presence and location of cultural 
(aan-aade) features; and aakes it possible to define place locations specifi
cally by any desired system: latitude and longitude, public-land system 
(township, range, section, and subsection), or state coordinate system. 

The U. S. Geological Survey (USGS) is the source of most puolished topo
graphic aaps. The scales of published topographic maps are 1:24,000 (1 in. 
equals 2,000 ft) or 1:31,680 (1 in. equals 1/2 mile) for 7-1/2-minute quadran
gles, 1:62,500 (l in. equals approximately 1 mile) for 15-minute quadrangles, 
and 1:250,000 (1 in. equals about 4 •iles).- It will always be necessary to 
have a site topographic aap at a larger scale than that of the published maps. 
Nuvertheless the published quadrangle map should be obtained as a basic refer
ence. An index of each state showing the available coverage and topographic 
quadrangle ups aay be obtained direct fr011 the USGS at addresses shown in 
Appendix J. In uny cases selected maps are also available locally in vari
ous cities froa c01111ercial dealers. Infonaati.ve discussions of topographic 
quadrangle aaps are given in the Earth Manual (U. S. Bureau of Reclamation, 
1974b), Thoapson (1979), and Krynine and Judd (1957). 

• Nuaerical data in this Handbook are presented in units corresponding to cur
rent Aaerican usage. A 11etric conversion table may be found in Appendix 0. 
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2.2.2 Soils 

The U. S. Department of Agriculture has published an extensive series of 
soil survey maps. These maps are discussed and described in U. S. Bureau of 
Reclaaation (1974b) and Krynine and Judd (1957), and a complete listing to 
date of published soil surveys is presented in an appendix to Sisk (1981). 
Coaionly these surveys are performed on a county basis, but many are on an 
area basis and include portions of one or more than one counties. These sur
veys are performed for agricultural purposes and they are biased toward agri
cultural requirements. Mapped soil units are called soil series and are named 
for a county, city, river valley, etc., where they are typically developed. A 
soil series, however, reflects only the soils in the agricultural soil pro
file, which is usually less than 6 ft deep. Reports since 1975 contain engi
neering uses of soils mapped, parent aaterials, geologic origin, climate, 
physiographic setting, and soil profiles. The soil maps are presented on 
photo1DOsaic background for each county at a scale of 1:15,840 or 1:20,000. 
Recent reports include engineering test data for soils mapped, depth to water 
and bedrock, grain-size distributions, engineering interpretations. and sp~
ci al features. 

Not many soils maps have the soils classified in engineering terms. How
ever, an instructive discussion of the geography of soils considered from an 
engineering point of view, with maps covering North America, may be found in 
Woods, Hiles, and Lovell (1962) . Informative discussions of the fonaation and 
distribution of soils llclY also be f~und in Peck, Hanson, and Thornburn (1974) 
and Mitchell (1976). 

For aany sites, infonaation from nearby soil borings may be found in the 
files of the pertinent state highway departaent. 

2.2.3 Geology 

A variety of geological reports and aaps are available for the cover •1~
signer. The scales of geologic maps include 1:24,000. 1:62,500, 1:100,000, 
1:250,000, and saaller. There are two aajor types of geologic maps. One is 
the fonnation or "bedrock" geologic aap, which, for a given area, indicates 
the material underlying the overburden soils. This is the 1110st COIIIIIIOn type of 
geologic map; state geologic maps fall in this category. The other type is 
the surf;cial geologic map, which specifically indicates the material lying at 
the ground surface. Glacial-geology aaps are probably the most common geo
logic maps in this category. Both types aay be useful in locating sources of 
natural cover aaterial. The principal sources of geologic maps and reports 
are the USGS and the State Geological Surveys or Departments of Natural Re
sources. See Appendix J for addresses. 

A new series of indexes of geologic aaps for each state was started in 
1976, and lists of geological maps and reports for each state are published 
periodically by the USGS. Each state geological survey has a list of maps and 
reports published covering its state. 

2-3 

a ,: 

I .. ~ 

·, 



... ... 

' j 

Discussions of geologic aaps and their u~e for engineering purposes are 
presented in Krynine and Judd (1957) and in U. S. Bureau of Reclaaation 
(1974b). 

2.2.4 Hydrology and Geohydrology 

Maps shoving hydrologic and hydrogeological information provide a valuable 
source of data in surface drainage, well locations, ground-water quality, 
ground-water levels, seepage patterns and aquifer locations and characteris
tics. A gqpd source is the USGS which has prepared Hydrologic Investigations 
Atlases witfh a principal aap scale of 1:24,000. The atlases include water 
availability, flood areas, surfa~e drainage, precipitation and cliaate, geo
logy, availability of ground and surface water, water quality and use, and 
streaaflow characteristics. Soae aaps show ground-water contours and location 
of wells. 

Soae of the state field offices of the Water ResQurces Division of the 
USGS have water well logs which aay be useful. 

2.2.5 Aerial Photographs 

High-quality, large-scale (1:20,000) stereoscopic aerial photographs are 
particularl1 useful for interpretating drainage patterns, topography, land
fonas, vegetation, land use, &nd cultural features. The 110st readily avail
able aerial ~hotographs are panchroaatic (black and white). Other types that 
are available include color and color infrared, which are extremely useful but 
coverage is less extensive and aore expensive than black-and-white air photos. 
The principal sources of aerial photographs arc the Departllent of Agricul
ture's Agricultural Stabilization and Conservation Service (ASCS) Aerial 
Photography Field OfficP., 2511 Parley's Way, Salt Lake City, Utah 84109, and 
the USGS. The USGS has four aappin~ centers where aerial photographs may be 
obtained, located in Denver, CO, Rolla, I«>, Menlo Park, CA, and Reston, VA. 
For coaplete addresses see Appendix J. Good discussions of the use of air 
photos and hov to obtain thett are given in U. S. Bureau of Reclaaation 
(1974b), Sisk (1981), Krynine and Judd (1957), and Office, Chief of Engineers, 
Engineering Paaphlet 70-1-1. 

2.2.6 Cultural Features 

Cultural features that should be the concern of the cover designer include 
transportation, network utilities (pipelines, telephone and power lines), 
location of urban centers, and availability of aanufactured construction aiate
rials. Soae of the data listed above can be extracted froa the maps pre
viously discussed, and other data can be obtained fr011 the local Chaaber of 
Coaaerce, the city or county engineer, utility coapanies, and local construc
tion contractors. 
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2.2.7 Vegetation Data 

Inforaation on existing vegetation in the site vicinity is iaportant froa 
a cover standpoint. Vegetative protection of the cover is an i111POrtant fac
tor. Volunteer plant species in the area are an indicator of highly stable 
species and of species likely to invade the cover spontaneously. Cultivated 
plants in the area are also obviously stable locally, although requiring cer
tain specific aanageaent practices. Sources of background inforaation 
include: 

• USDA - Agricultural County Agents 
- ARS - Agricultural Research Centers 

• SCS - Local Offices 
- Technical Service Centers 
- Plant Materials Centers 
- Plant Materials Specialists 

• U. S. Forest Service - Local or State Offices 
- Forest and Range Experiaent Stations 

• U. S. Arwy Corps of Engineers - District Offices. Environaental 
Resources Section 

- USA£ Waterways Experiaent Station, 
Environaental laboratory 

• County or Municipality - Land Use Planners 
- Land Use Plans 

• State Universities - Local faculty - Plant Identification 

2.2.8 Cliaatic Data 

The cliaatic or·aeteorclogical data for a ·given site is an iaportant fac
tor as regards cover. The cover, 110re than any other coaponent of the reae
dial systea, is directly exposed to the weather. Cliaate directly affects 
vegetation; the cliaatic factor of precipitation foras the input to the 
infiltration-percolation process that the cover systea is intended to control; 
other cliaatic factors and their distribution influence the process strongly. 
Specific cliaatic data are required as input to the hydrologic 110deling aeth-

-4ds discussed later in the Handbook as aeans to predict a cover systea's ef
fectiveness. Weather conditions directly affect construction operations and 
aay be iaportant i~ planning the construction phase of cover installation. 

Cliaatic data 11t1st be obtained froa background sources, since a historical 
picture, rather than •rely a short-ter.1 saapling, is iaportant. The priaary 
source of cliaatic data in the United .States is the National Cliaatic Center 
(NCC), operated by the National Oceanic and Ataospheric Adllinistration of the 
U. S. Departaent of Coaerce. The NCC's address is: National Cliaatic Center, 
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Federal Building. Asheville. NC 28801 (Telephone nUllber: (704) 258-2850). 
A list of publications and publication series NY be obtained froa NCC by 
written or telephonic request. Soee of these publications are listed in 
Table 2-1. 

TABLE 2-1 

SELECTED PU8LICATIONS OF THE NATIONAL CLIMATIC CENTER 

Tltle 

Loul C11111to109ta1 DIU (LCD) 

C11111to109ta1 DIU (CD) 

Sto,a DIU 

-.t.1111 C11Mt1c Dau for t.111 
...... (fOII) 

lblrly l'rectptuttoa Dita (NPO) 

C11Mttc Atl1s of u.. U.tu.11 
sutn 

SelectN C11Mt1c -,S of tJle 
U.ttN Sutn 

C11Mtn of tJle SUtH 

._t.llly; 

.... 11, 

-.t.1117; 
..... 11, 

-.t.111, 

-.c1, 

2.2.9 Waste Characteristics 

llttaen109tal MU .for ffl lltlOllll IINU-tr s.ntce 
,uu ... 
Net.wol09tul .. u for SUit.es ... CONll"lttOltS of sutn 

lllf .... t1•• ........ stOIWI 

lltteenl091u1 NU for s•ltetH ,tittOltS t~t -·· .... rly .., utl:, ,rectptuttoa 41ta for ,utn or clllllt-
... u.s of ,utn (a.cept AlHU) 

eo....,. 11,.,._forNt colltettoa of 231 •Pl. 21 ,r1plls. 
• 1l u.11t111111 -.1ct1119 •,uto.1 HPtCtl of c11 .. u 
of t.111 u. s. 

Mrewf1tN .. "._ of Cltaattc Atlll C01tStst1119 of )2 .. ,. 
,-.11...,. for Mdl ,uu; ._,., of sute c1t .. u. ua.-
11tH .. ta eaur,tH f,- .-rtt ... t -· SUit• lCD"s. 
clt•U•l .. tul ..-ery for seltetM loc1tt11111 •• sute. 
( C11MtofrlpllJ of Ule u. S.. -· 60) 

Froa the point of view of the re.dial action as a ~le. it is il!lp()rtant 
to know H specifically H possible the type and fora. the quantity. and the 
location of buried wastes. Material representing a collapsible fo~ndation. 
such as buried druas of liquid, presents a threat to cover stability. Wastes 
that evolve gases are of concern to the cover designer; he should know if pos
sible what will be evolved and in what quantities. In general. the cover is 
probably free froa attack by aggressive liquids in the waste; in this respect 
the cover designer's problea is very auch si~ler than that of the designer of 
a liner or a slurry wall. In SOM topographic situations. a sloping cover 
• ight be attacked by laterally • igrating liquids. In such cases the designer 
should be inforaed as to the c011patibility of his cover aaterials with the 
wastes. 

Source of available data on th• waste site include the city or county 
. sanitation departaent or the operator/owner of the site. The state EPA or its 

equivalent aay have data on the site. A high probability exists that available 
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dau peruining to a Superfund site Nive been collected because these dau 
wre MCessary to place a site on the list of Superfund sites. 

2.3 Specific Site Investigations 

If sufficient infonution is ~t a~ailable froa background sources or froa 
previous site inve~tigations the designer will Med to collect additional spe
cific site data. These Ny include p~ration of site topographic ups, 
program aiaed at detecting and locati"ll buried objects, including waste con
t.ainen, or explorations of the site soil profile and of available soil borrow 
areas in the vicinity. It is not within the scope of this Handbook to ct.
scribe the investigation technic;ues required. Guidance is available froa 
various sources. aany of which are listed in hble 2-2. 

Useful QUidance for soil exploration aay be found in the highway plan of 
the st.ate highway departaent. This p1an is oriented ~rd the geology of the 
~rticular st.ate and the specific exploration •thods found necessary there. 

TABLE 2-2 

SOURCES OF GUIDANCE FOR SITE INVESTIGATIONS 

Sotl1 Cllplor1tte111 

-.nc. Soctet., fw Te1tt99 .-. "9t.ert1II (.-.1. ,,rt lt; 1,ectftul17, ~) 

Cl.,U., St.u. N "9tu..& (HIZ) 

0.,.rtalllt of t. --, ( l'8C) 

._,. (IMt) 

IINnlft (lMI) 

cr,.1 .. - .... (1,S7) 

hrdlffN"'-S(1"8) 

P9cl. 111asoa. _. no,_,.. l 1t1• > 
Solien_, So.en (1t70) 

T1ylor ()Ml) 

T ... (1"2) 
Teru,111 -a l'wck ( 1967) 

T•HIISOII (ltff) 

U. S. ....... of ltcl .. ttOII (19741; 1'741>) 

Geoen tea 1 llttWI 

Cl1yt011, ~1111111. _. "9tU..S (191Z) 

0.,.rtalllt of l"- .,,_, (1t7t, 1'8C) 

Dowt• (lt7') 

E,..s (1t1Z) 

Tel'" et 11. (1t76) 
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CHAPTER 3 

MTERIALS USED IN COVER SYSTEMS 

3.1 Introduction 

The overriding purpose of a cover systea ts to hinder water froa entering 
the vJstes froa the top. The attributes of the cover 11USt include stability 
against erosion, sl&11ping and .cracking, slope failu"s, disruption by aniaals 
and plants, and disruption by the effects of cold or hot, dry weather. The 
icte.1 cover wuld perfora as a tight roof and possess all these attributes. 
In reality, these goals •Y work against one another, and any or all of theta 
MY work against the goal of • ini- cost. The task of the designer is to 
achieve the best balance aong co• peting goals at an acceptable cost. 

This chllpter deals with •terials that the cover designer has at his dis
poHl. The following cMpter deals with the process of design itself - how 
the Mterials are co• bined and put to use. A designer aay be guided by his 
own experience or knowledge of successful •asures used e lswhere. The one 
indispertHble req-.:fr~nt ror ~:.y aaterial is that it aust do the job at hand. 

In this Handbook, Mt.rials have been divided into tlllO basic categories, 
soils and nonsoils, following the practice of Lutton, Regan, and Jones (1979). 
Soils MY be defined for present purposes as any naturally occurring particu
late •terial. Discussed under soils are various • ineral-based additives by 
which soil properties uy be aended. Their use results in what are knovn as 
st.M,ilized or • odified soils. Monsoils include a variety of aaterials and 
supplies, so• e synthetic and soee natural. Living aatter such as vegetation 
is not considered under ••terials. • 

The discussion of ~oils ,net their properties which follows is so• ewhat 
broader than necessary for a design Nnual. This approach has been adopted in 
an effort to provide technical background for the benefit of regulatory per
sonnel without. geotechnical training. 

3.2 Soils as Cover Materials 

Soils vill fora the great •jority of the uterials used in any cover sys
tea. This section deals with the attribuws of soils that lead to their clas
sification and their functioning in cover applications. 

3-1 

I ! 
; 
I 

~ 
f 

! 
t 
t 

' 
, . 

' I 
l 



3.2.1 General Soil Factors 

Siaple definitions of soil are relatively easy. but an all-coaprehensive 
on. is difficult. A definition of soil in the literature of any specialty 
tends to stress the attributes of interest to that specialty and to slight 
those of interest to others. Certainly the aost basic attribute of soil is 
that it is a particulate uterial. In general soil is a natural aaterial. and 
any particulate uterial produced by huMn activities h to be regarded sepa
rately. The agronoaist is concerned with s~il as a Mdh• to sustain plant 
life. and stresses the organic content of soil as an essential part of its 
definition. This characteristic uy be of little or no interest to the engi
neer or geologist. The engineer 1s concerned with the .chanical properties 
of a soil and its behavior as an engineering uterial. Very often these are 
directly related to the presence and action of water. Both water and organic 
aatter are IIObile. variable coaponents of a soil. 

The cover designer 1s predollinantly concerned with soils froa the view
point of the engineer. ttow.ver. he shares the concern of the agro".Ollist. be
cause he is interested in producing a cover with stable vegetation. Most of 
the discussion of soils in this Handbook will be engineering-oriented. but 
factors iaportant to vegetation will be outlined also. 

One characteristic of any particulate aggregation is its gradation. Me
chanical analysis • .chanical coaposition. and particle-size distribution are 
~11 synonyaous tenas for gradation. This basic characteristic!: a c~ne~t 
in all the soil-classification systeas discussed below. 

Because soil is a natural uterial. its grains or particles are coaposed 
of • ineral (or organic) substances. The aost cc.aon • ineral fn the coarse 
grains is quartz (crystalline silicon dioxide, Si02). This • fMral is a hard, 
stable • ineral lacking fn cleavage. and thus fo,-ing equant grains without 
flat or long shapes. By contrast, a variety of • inerals fo,- the fine grains. 
These include quartz. oxide • inerals such as alu• inu• and iron oxides. and 
organic utter; but the do• inant and aost iaportant coaponent is the large and 
coaplex group known as the •clay • inerals. • These are sil feat. miner~li with 
a 11stinctly planar structure (phyllosilfcates). fn contrast to quartz. Be
cause of their sull size and platy shape. the specific surface of fine
grained soils, and particularly those rich in clay • inerals. is enonaously 
greater than that of coarser-grained soils. 

Any particulate aggregation is characterized by the factors of structure 
and texture. These related te,-s refer to the arrangeaent or disposition of 
individual grains relative to one another. For the relatively si• ple shapes 
of gra-ins in the coarse fraction this refers to looseness or denseness of 
packing. For the aore coaplexly shaped grains of the fine fraction. this in
cludes both packing and such effects as flocculent structure (Figu~ .'3-1). 

The particulate skeleton of a soil MY be regarded as its "per• anent" 
part. The void space between the particles fs filled with air. water. or 
both. These fluid coaponents play an exceedingly iaportant part in deter
• ining soil properties and behavior, especially in the fine-grained soils. 
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FIGURE 3-1 

FLOCCULOO STRUCTURE Of SENSITIVE CLAY SUGGESTED 
BY A. CASAGRANDE (1932) 

----........... ,_ 

!oth U- Q1Nntity of water and its disposition with ,-eoard to soil puticles 
end • ineral • olecules play iaportant behavioral roles, frt>11 both engineering 
and agricultural standpoints. 

Discussions of the coaplex clay-water-elKtrolyte systee that exists in a 
fine-grained soil uy be found in v~rious articles and texts, e.g., Mitchell 
(1976). Clay-• ineral • olecules•. oec~usi ~ wi~spread substitution aaong the 
ions foraing U-ir crystal structure (Sf i · , Al *, ca•+, Mg• +, and others), 
routinely have net residual elKtrical charges. They thus attract to their 
surfaces ions in solution as well as the appropriate ends of water 110lecules. 
(The water • olecule is •polar,• i.e., elKtrically as~trical.) The phem>a
enon fs known as adsorption (see definition in glossary). The adsorptive 
forces are of vuy•ing strengths, and a wide variety of surface-related elec
trochetlical phenoaena are possible and indeed take place. 

Besides • inerals and fluids, soae soils have one or • ore organic co• po
nents. Most agricultural soils are basically • ineral soils in which organic 
utter hu beco• e incorporated through plant and aniaal growth. There are 
also soils whose basic coaponents are organic utter, such as peats. 

• •Molecule• is used here in a general sense; it is recognized that ionic sub· 
stances, such as •ost • inerals, •ay not contain discrete 110lecules as such. 
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To geographers and geologists, the origin of a soil fs of iaporunce. The 
t1'D •Jor subdivisions by origin ire residull and tr1nsporud soils. The 
residual sons are si11ply the altered s,.rt of rock -,taich t..s dKaaposed. The 
transported soils represent s,.rticulate Mterial that vas once a residuAl soil 
but has been eroded, transported, and deposited as a sedi•nt. Various sedi
Mntary processes lead to different tY?H of soil deposits. Such term as 
•glacial• or •alluvial• soils refer to IIOde of origin. Origin is not I c»
scriptive •tter, but requires inference froa a study of v.rious factors. 
lnawledge of a soil's origin is not essential vhen using it fn 1n engineering 
applfcation, but such kncNledge cu often be very helpful in interpreting, 
undersunding, and even predicting observable descriptive factors. 

3.2.2 Ccaaon Soil Term 

Certain basic soil descriptive teras need to be understood. Gr1vel coe
prises granular •terial of coarse to very coarse grain size. The grains in 
wnd range froa coarse dcMI to fine but still visible with the naked eye . 
sTii 1s the coarser and less plastic portion of the •terial finer than sand. 
-~lay 1s the finer and .,re plastic portion of the •terial finer than sand. 

he tera •tines• applfes ..:ollectively to sf lt and clq. Loa fs I tera used 
only in agricultural classfficatfons and designates 1 • bture coaprfsing sand, 
snt. and clq. or at lust t1'D of these thrM co• ponents. The wric1l 
li• its of U.S. size fractions are discussed belw under •c11ssification.• 

The terw •c1~ is SOMtf•es • fsunderstood because ft is used in three 
related yet distinct senses.. •c11y sizes• refers to s,.rticles less than 
2 • icrons fn diaension (v.002 •> (or other lt• itfng she, depending •on syste• 
fn use). •c1~ UHCI alone refers to a natur11 •terf1l that bet..ves plasti
cally wbeft wt, within l certain range of .,isture content. The •clq • iner
a1s• refer to I distinct ~ of • iner1l species, al 1 of -,takh ire hydrous 
1lu• inos!lfutes with a platy crystal structure. The .,st coaon cl1y • fnr 
r1ls are k.aolfnite. • ontaorillonite, iilite or hydrous • ica. and chlor , te. 
Confusion arises because• son •Y be caaposed of clarsized .,.rtfcles of 
• inerals other u.an_uae elf • iner1ls (e.g .• quartz. other form of silica. 
oxides of iron or alainu• . Such a soil fs likely not to show •clarlite• 
(plastic) behavior. 

Classification systa• s (SN below) coaaonly group soils first into coarse
grained and fine-grained soils. Term coaaonly associated with coarse soils 
are •granular" and •conesionless.• Term coaaonly associated with fine soils 
are •cohesive• and •plastic.• Within the fine-grained soils. however. there 
are grut variations in cohesiveness and pl•sticity. 

•Grading- refers to• soil's gradati.;'I or • ect..niCll caaposition. V.11-
graded soils possess significant quantities of 111 grain sizes froa coar1e to 
fine. Poorly graded soils • ay be uni for•, possessing only a saall r~nge of 
grain shes. or •gap graded,• possessing coarse and fine gr•ins but few or 
none of interMdiate shes. · 
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The teras •inuct• and .,...,lded" refer to whether a soil is in its Mtu
ral. undisturbed state or hH been aoved. handled. processed. or othervise 
disturbed by huaan activity. The behavior of soae soils differs drastically 
bebfeen the inuct and tM reaolded states. Such considerations are faportant 
when soils serve as foundations. but are less so when the soils serve as 
Nterials. since in Nterials ~lications soils are always ,...,l~d to soae 
degree. 

3. 2.3 Soil Properties 

The following discussion follows Taylor ( 1948). A soil .. ss is coaaonly 
considered to consist of a ,-twc,rk or suleton of solid particles. •nc.losing 
voids or fnterspaces of varying size. The voids .. y t>. fillt-d with air. with 
water. or partly with air and partly with water. 

The total voh .. of a givH soil s~le is designa:t-d by V and consists 
of b,o usentfal parts. the voluae of solids V and the voluae of voids Y 

. s lv The vol.,.. of voids fn turn ts subdivided into water voluae V and gas vo -
at V • These voluaes an fndfcated fn Ffgun 3-2. This fi~ure is a 
dfagr~tfc repruentatfon because all void afld solid voluaes cannot be seg
regated ass,-... Howver. for studying interrelationships of 11- teras given 
fn this section such sketches help greatly. 

Voluae ratios which an used in soil aec~ics an porosity. void ratio. 
and degree of nturatf on. 

FIGURE 3-2 

DIAGIWIIT.lTJC R£Pl£S£NTATION Of SOil AS A THREE-PHASE 
SYSTEM. SHOWING WEIGHT MO VOlllE NOTAlIONS MO 

R£LA TIONSHI PS 
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The porosity !! of the soil uss fs defined IS the r1tio of voluae of the 
voids to the total voluae of the uss. 

The void r1tio e of the uss fs defined 1s the r1tfo of voluae of voids 
to volUN of solid. -

The deorN of s1tur1tion S fs defined IS the r1tio of voluae of water to 
voluae of voids. -

These ratios uy be witten 

y 
n a..:! y 

y 
•• ..:! 

vs 
y 

S a 2! y 
V 

The votd ratio ts usually expressed as a ratio. __,,.,...s porosity and 
degrN of s.turation ire wly expressed 1s percenugn. A variety of 
11110rking relationships aong these baste sotl properties uy be derived by 
siaple algabratc ..,.fpulatfon. See. for euapl~. ~rtaent of the Navy 
(1982). 

(3.1) 

(3.2) 

(3.3) 

Porosity IS defined llboft ts used in Nny branches of engfnNrfng and fs 
•re f•tlfar tMn the votd ratio to engineers in general. Howver. in soil 
NCMnfcs ft fs •re convenient fn the ujority of cases to use the void 
ratio. prfncfpally beclUH. l!IMn a given specian of soil fs coapressed. the 
denaainator of the void ratio expression ,....ins constant. ""-reu both nuaer
ator ~ denainator of the porosity expression vary. 

The toul wight of a soil uaple h desigMted by w • the wight of 
solfds by V • and the wight of wt.er by W . A ratfo G! wights fs 
lM vat.er coltent (or aofsture content). w 

The wt.er content w of a soil saaple fs deffnad in soil aechlnics as the 
ratio of wight of vat.er to wight of solids. lt is c~ly expressed IS a 
percenuge and aay be wftte~ 

(3.4) 

The vat.er content defined in equation 3.4 fs I ratio. or percenuge. of 
the wight of water to the wight of solids. This practice 1s not standard 
fn •11 branches of science. the water conunt being defined in geology. for 
euaple. IS a percenuge of toul weight. Thenfore this definition IS given 
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Jhould be carefully noted. Note also that the upper li• it of wt.er cont.nt is 
indefinite. So• e soils haft wt.er contents of several hundred percent. 

The iclNlfud concept UHd herein us&aH that solfd grains and wt.er are 
bo definite and separate phases of a sofl. tto.ver. the actual situation is 
aucb •re aaplex. ~ wt.er • -y exist in a nu• ber of for• s and • ineral 
grains contain coabined wter. When a H111Pl• is heated to evaporate the pore 
wt.er. certai11 aounts of coabined wt.er • -y also be driven off. the aowat of 
loss of coabined wt.er dlpencJing •inly on the u • perature used. To give• 
fiucl definition of what 1s to be considered u wt.er. it is coaaonly stated 
tMt all wigllt lost in evaporation by heating to 105° or 110°C is wt.er; all 
re• aining. solids. In other ~ the sh1ple tw-phue concept is not strictly 
true. Dissolved Hlts in the wt.er • -y change the unit wight 11ppreciably; 
for exaple. sea wter hu a unit wight of ~ 1. 025 gram per cc. If the 
saple 1s heated to drive off the .at.er. the salts raain and becCJl!e part of 
tM solid wigllt. Therefore the di-vr• of Figure 3-2 • ust be recognized as 
one based on silll)lified concepts. 

Variations in the wt.er content of • given soil change its characteristics 
to such a •rucl de9ree that the i11POrtanc• of this soil property cannot be 
0vtNlllpflu i zed. 

· The unit wight or wight per unit of volu• e is designated by 1 . Tha 
following UIWflSions hold for l,he •ss unit wight or unit wight of the soil 
•-Hu a w.ole. lt. the unit wight of solids, ls, and the unit wight of 
wt.er 1w: 

w y • -t y 

w w 
y = -w yw 

(3.5) 

(3.6) 

(3. 7) 

TM dey unit wight of a soil, frequently refer':"1:j to as dry density, is 

·c3.a> 

TM dey density of• soi~ Is directly related to its void ratio. A given 
soil • -y contain varying a• ounts of wa!,er froa none up to co• pi~te saturation, 
but so long as its void ratio re•ains constant, so does Its dry density. 

3-7 

I 
I 
I 
I 

I 
I. 

l 
i 
i 
t 
1 



M 

The specific gravity of soil solids, defined identically with other aate
rials as a ratio of densities with respect to pure water, is relatively unia
portant as regan!s a soil• s behavior. When testing soi ls, it usually IM.ISt be 
deterained, however, as its value is required to coapute properties such as 
void ratio and degree of saturation. Specific gravity is denoted G or 
siaply G • s 

·--- -~~ 

Density of soils is frequently spoken of but in an inexact way. Contrasts 
are drawn between •dense• or •very dense• soils and •1oose• or •very loose• 
soils, the void ratios of the fonaer being relatively saall and of the latter 
being relatively large. A quantitative aeasure of density used f~r coh~sion
less soils is relative density, denoted Dd, and defined by 

e - e 
D = aax 

d e - e 
aax • in 

(3.9) 

where the various e's refer to the actual void ratio and the highest and 
lowst possible values that soil could attain under certain specified cOIIJ)ac
tion procedures. Relative density is used only in connection with granular 
(cohesionless) soils. Correlations exist between relative density and the 
c~nly used Standard Penetration Test for field studies (ASTM D-1586). 

3.2.4 Soil Classification 

Classifications attetapt to render order out of chaos by setting up a 
finite nUlllber of •pigeonholes• into which any individual can be placed. When 
a single pigeonhole is assigned, and thus all others are rejected, a good deal 
of inforaation about the individual is conveyed. Soil~ being very coaplex, 
have been the subject of nuaerous classifications. The "pigeonholes" used 
consist of naaes. letter-nlaber designations, or coabinations of both. 

As with definitions, classifications and even identification of soils are 
c~lored by the interest of the specialist involved. A very instructive dis
cussion of the problea of classifying soils appe~rs in Casagrande (1948). 
Tw-thirds of this article consists of discussions by other specialists of the 
classification systea designed by Casagrande which later beca• e known as the 
Unified Soil Classification Systett (USCS). The uses is widely used by founda
tion engineers in North Aaerica and is the one eaphasized in this Handbook. 
The other two systees • entioned are the text~ral classification of the U. S. 
Oepartaent of Agriculture and the AASHTO syste11, co• aonly used by highway · 
engineers. Reviews of these three systeas are found in Peck, Hanson, and 
Thornburn (1974), and in the Asphalt Institute Soils Manual (1978). 
Gradation is a basic factor in all engineering soil-classification systeits. 
Figure 3-3 shows the particle size li• its that have been assigned to the 
fractions of gravel, sand, silt, and clay by various classification syste• s. 
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FIGURE 3-3 

PARTICLE SIZE LIMITS Of SOIL FRACTIONS ACCOR~ING 
TO SEVERAL CLASSIFICATION SYSTE~S 

Cltu•ificolion Groin Size,mm 
Sy•lem 100 10 I 0./ 0.01 o.tr.,, a 

8':f:_u or 
Soi • 1690-95 Grovel I Sand l Sill I Cloy 

I !J.05 0.00$ 

AIIH'Hrg.1905 Gro,,e/ I ~•I Fi,,. I s·,~ I sand $0nd I Clay 

2 0.2 0.01 0.002 

Mir, /931 Grovel I Sand I Sill I Cloy 
- 2 Q06 0.002 

U.S. Dtpl. Agr., IIM Grovel I Sand I Silt I Cloy 

2 0.05 0.001 

.AASHO, 1970 I GroW1I I Sand 1 Silt I Clav 
!Colloids 

75 2 0.015 0..002 0.001 

CJnifi«I 1953 I Grovel I Sano' l Fines (~ilf, clay) 
~19'7 

75 4.75 ao,s 

(from Peck, Hanson, and Thornburn. 1974; courtesy 
John Wiley & Sons, Inc.) 

3.2.4. 1 Agricultural Classification 

·•-- ·-·· - -

Soil cl11sification as practiced in agricultural soil science tends to 
follow a taxonoaic approach, into orders, families, etc., which are not of 
interest to the cover designer, but which is the syste• use~ in soil survey 
reports. For na.1ng of soils according to their mechanical co:nposition, the 
U. S. Departaent of Agriculture uses a triangular chart whose vertices repre
sent the ext,....s of sand, silt, ~~d clay (Figure 3-4). Particles larger than 
Z • in d1•ns1on are excluded; if a significant amount of such coarser m3te
rfal is present, an adjective, "gravelly" or ' 11 stony , 11 is applied to the soil 
naae. The triangle fs divided into fields with different soil names . From 
the aechanical analysis of the minus-2-• portion of the soil the sand, silt, 
and clay fraction, (which must add up to 100 pct) are computed . .These frac
tions cor"tpond to soae point in the triangle. The soil is then named from 
the field in which the point lies. 

3-9 

I 

I 
I 
I 

I 
I 
I 
I 

I 
l 



_1?1 .. •211.1_..2._1tl!l!.&l! .• ,!!1, a!aWllll!II. "il_l,ll!!_el.L!lllti!llbllll.!!ll'l,,a!!'llt.. .. ::~cs..-l!Jl!.i,IA .... C!l!I!. 1'!!!1-U~t-----i,--..-·--'-·---------
~ - -~ ' g.; . 
.t.· 
>: 

7 ., 

, 
i -

t 
t 
~ 
·-., 
! 
t 
i 
e-
,c · 
,; . 
f 
~ ..,_ 

t 
t 

I 
l 
I 
f 
I 
~ 
i 

FIGURE 3-4 

GUIDE FOR.TEXTURAL CLASSIFICATION OF SOIL USED 
BY U. S. DEPARTMENT OF AGRICULTURE 

3.2.4.2 Unified Soil Classification System 

The •unifiedu soil classification systea (USCS) is essentially the same as 
the one developed during World War II by Professor A. Casagrande of Harvard 
University for use by the U. S. Arv,y in designing and building military air
fields. and published by Casagrande (1948) as the "Airfield Classification" 
system. It was subsequently adopted with minor modifications by the Corps of 
Engineers and the U. S. Bureau of Reclaaation. and in 1969 it was adopted by 
the American Society for Testing and Materials as a standard method. ASTH 
0-2487. 

The uses has two 11ajor divisions. the coarse-grained and the fine-grained 
soils. and one • inor division. the highly organic soils. The coarse-grained 
soils are further subdivided •ainly on the basis of their gradation; the 
fine-grained soils are subdivided on the basis of their plasticity character
istics as indicated by Atterberg li• its (see next section) . The structure of 
the uses is shown in Figure 3-5. An i,iportant element is the Plasticity 
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Chart. in the lower right. which is used in the identification process once 
the liquid and plastic li• its have been detenained. The 11 A11 line on this 
chart • arks an eapirical boundary identified by Casagrande (1948) between 
inorganic and organic plastic clays and between inorganic clays and inorganic 
silts. It is defined by the equation: PI= 0.73 (LL - 20) . Note also the 
three si• ple field tests at the bottoa of the chart, used for quick identifi
cation of fine-grained soils. 

The uses classifies soils into Groups, each designated by a two capital 
letter sy• bol. The letters are sy• bols pertinent to constituents or attri
butes of the group. Thus the following letter associations: G, gravel; S, 
sand; M. silt; c. clay; Pt, peat; 0, organic; W, well (graded); P, poorly 
(graded); H, high (liquid li• it); L, low (liquid li• it) . Note the • nemonic 
significance of aost of the syabols. Thus for i nstance GW is ~11-graded 
gravel. SM is silty sand, and CH is clay (inorganic) of high liquid li• it. 

An approxiaate correlation can be made between the USDA and the Unified 
syste• s. In Figure 3-6, uses sy• bols have been superimposed on the triangular 
textural chart. and in Table 3-1 corresponding designations in the two systems 
are listed. The reader should note that these are the usual correlations be
tween USDA and uses syste• s. However, other cOllbinations are possible . A 
careful study of Figure 3-6 and Table 3-1 will show several cases of overlaps, 
a• biguities. and • issing groups; therefore, conversions can be only approxi
•ate. The i• portance of the USCS froa an engineering point of view is further 
discussed below. 

Descriptions of specific procedures for classifying a soil according to the 
uses are given in the following • anuals and designations: ASTH, 0-2487; USBR, 
E-3; USCE, · WES Technical Hetlorandu• 3-357 (Geotechnical Laboratory, 1982) . 

3. Z. 4.3 AASHTO Classification 

A third classification syste• in co..on use among highway engineers is 
known as the AASHTO (Aaerican Association of State Highway and Transportation 
Officials) (foraerly AASHO) syste•. Soils are grouped into seven classes, in 
approxi•ate order of quality as a highway subgrade (base.ent) •aterial. 
Groups A-1 through A-3 coaprise granular soils, groups A-4 through A-7 coa
prise silt-clay •aterials . An eighth group coaprises organic soils. The sys
te• is priaarily based on aechanical analysis, but plasticity enters into the 
classification of the silt-clay groups . The system is presented in the AASHTO 
Specifications voluae (AASHTO Designation H-145) and discussed i n the Asphalt 
Institute S~ils Manual as well as in texts on highway engineering and founda
tion engineering. Its structure is shown in Table 3-2. 

3.2. S Soil Tests 

To deter• ine a soil property. ft is usually necessary to perfor• one or 
aore tests . Very little can b~ deterained si• ply by visual observation. The 
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FIGURE 3-6 

COMPARISON OF uses ANO USDA SOIL TERMINOLOGY 
(FROM HEYER ANO KNIGHT. 1961) 
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TABLE 3-1 

USUAL CORRESPONDENCE BElWEEN uses ANO USDA SOIL DESIGNATIONS 

(A) ~ TtITUUL TYP£S COlltSPOllllllli (1) uses SOIL TYP£S a)lll[SPOll)Hlli 
TO USCS SOIL D[SIGIIATIOIIS TO USM SOIL Tt11'111Cl.0Cl uses IJScs 

Sotl Sotl 
Type USOl Sotl Types USOl Sotl Type Type 

QI S... u GP (ucept •11 graded ta grata Crnel • Yer/ grnelly lea wad "· stz.s) GIi, 

"' GP lirne1. Yer/ grnell{ 1111d (less Ulla 
5 percat stlt IN c 11) SUcl SP, 

SW 

'" Wery grawt11y HIidy loa. Yer/ grnelly 
loa:, sud. very grawtlly stlt loea. wery 
grnelly loa 

t.oeay 9rnel. Yer/ grnelly 11""7 loa. QI 
Yer/ grr,el ly loa 

loeay llftd. 9rnel17 loay Sllld, Sllld 5" 
Gt Wery grnelly cley loa. :IT grnelly 

Slady clay loea. wery ftnel y stlty clay Crnel ly loa. 9rnel17 Slady clay loa GM, 
lea, wery grnelly st ty clay, Yer/ GC 
grnelly clay 

Sllldy loea, 9rr,e1l7 Sllldy loa 5" 
SW Sae u SP (ucept wll graded tn gratn 

1tze1) 
Stlt loa, Slady chy lea (vttJI ftne- ... 

SP SUcl, gravelly sud (lHS t!II• 20 percent gretN'f .. ...,, 
ftr;• ftne :.:;. :; 

Loa, Sllldy clay loa .... 
SN ~ SIIICI, Slady lOMi Sllldi ron11ly SC 

loay Sllld 111d graHlly Sindy oa 
Silty clay lea, clay loea a. 

st Sudy clay loa. Sllldy claYi grn11l7 sellCly 
cley loea IN graYtl ly lllldy cley Sudy clay, 9r1Yell7 clay lea, gravelly sc. 

clay liC ... Silt, stlt loea. loa, Sindy loa 
Wery 9rr,11l7 clay loa. :IT graYelly GC 

Cl. Stlty clay loa, clay loa, Sllldy clay Sllldy clay loa. wery yreHI 1 silty 
clay loa. wery grnel y silty chy 

CL tllcty stlt loa. a,cty loa. a,cty stlty 
clay 1-, ..ay clay 1- Silty c1•1• clay CH 

MN Stlt, stlt loea (htghly tlasttc. • 1CKIOUS 
or dtltmlCIOUS) 

"-ck, pHt PT 

OI Stlty clay, clay 

OH tllcty S 11 ty C 111 

PT tllck, pHt 

Note: Modtfted fro• Scllc:aeter 111C1 ,-,rdock (1'69) 
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TABLE 3-2 

MSHTO CLASSIFICATION Of SOIL~ AND SOIL-AGGREGATE MIXTURES 

Gr11111l1r Nalerl1h 
(lSS or l111 Pllllllf 0.075 •) 

A•l 

50 au 
30 au 50 ... SI au 
IS au ZS au 10 ... lS au 35 ... 

40 ... 41 • 111 
' .. JI 

.. ,. 10 ... 10 au 

A-Z-6 A-Z-7 

JS NI 35 ... 36 •111 

40 ... 41 al11 40 ... 
II • 111 II al11 10 NJI 

S11!-C'•v f11t1rl1l1 
(nore tNII l51 
pu1l119 0,075 •) 

A-S A-6 

36 •111 36 •111 

41 al11 4C'I ... 
10 ... II • Ill 

A-7 
A-7-5 
A-7-6 

36 •111 

41 •111 
11 al11 

Stone fr19• 111t1 
Grntl 1Ad S.nd 

Silty or Cllyey 
Crewel 111d S.lld Silty Soils Cll)"iy Sofh 
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test aay be a sfaple qualitative one or ft aay be very C011Plfcated. Proper
ties and tests will be discussed jointly fn this section. 

The ultiaate purpose of engineering soil tests is construction. A key 
distinction needs to be drawn between design tests and construction tests. 
Design tests are perforaed to characterize the soil and to detenafne what per
foraance aay be expected fr011 ft under various conditions. Characteristically 
design tests are conducted in a laboratory, although soae faportant tests are 
perforaed in the field. The project design fs based on the results of the 
design tests, and is expressed fn the project plans and specifications. Con
struction tests, or control tests, are p~rforaed as the project is built, and 
are fn fact acceptance or proof tests, whose purpose is to assure that the 
specifications are being Mt. Construction tests need to be siaple, rapid, 
and adapted to field use. A coaprehensi~e reviN of all tests, both design 
and construction, fs given by Spfgolon and Kelley (1983) . 

The tests discussed in this section are design tests and are listed in 
Table 3-3. Construction tests are presented later in this Handbook. 

3.2.5.1 Gradation 

The gradation (Mchanical analysis; particle or grain size distribution) 
of soP~ is J~tel"' • -.~~ .... tvo compl~"tary terhni'lues, sieving for the 
coarser particles and hydroeeter analysis for \.1iw Tiner ones. Sif.:fog is a 
direct technique fn which the soil is shaken through a nest of graded sieves, 
and the fraction collected on each sieve is weighed. In the United States, 
sieve nUllbers are based on the nUllber of •shes, or wires, per linear inch. 
Inforaatfon on sieve specfffcatfons is given in ASTH designation E-11. The 
relation bet.wen particle sizes and nUllbered sieves is shown in Figure 3-7. 

Because ft is not practical to sieve fine particles, the hyc:troeeter analy
sis, an indirect technique, fs used to detenafne the gradation of particles 
finer than the No. 200 sieve. This technique is based on Stokes• law for the 
settling velocity of .spheres in a viscous fluid. The •thod fs explained fn 
Taylor (1948) and other books on soil .chanfcs. 

The results of a .chanical analysis are coaonly plott~d on a seailoga
rithllic plot such as Figure 3-7. The abscissa is grain sfze, and the ordinate 
is a cl&.llative wight percent finer than, or •passing,• a given size. The 
aaount within any given size range aay be sfaply deterained by finding the 
abscissa points corresponding to the boundaries of t~at range, reading the 
ordinates of the curve for those two values, and subtracting the ordinate 
values. 

A soil with a continuous range of particle sizes is called •well graded• 
and is represented by a saooth grain-size curve with appreciable slope. A soil 
'ffiC>Se grains fall within a narrov size range is tented •poorly graded• and is 
characterized by a stNp grain-size curve. A soil with appreciable coarse and 
appreciable fine grains but lacking in interudiate ones is tented •gap-graded• 
or •skip-gradect' and is characterized by a •steplike• grain-size curve. 
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TABLE 3-3 

MANUAL DESIGNATIONS OF SELECTED ENGINEERING SOIL TESTS 

Test ASTM AASHTO USSR USCE 

Gradation (Mechanical Analysis) 0-422a T-88 E-6 Appendix Y 
Water Content 0-2216 E-9 Appendix I 
Specific Gravity D-854 T-100 E-10 Appendix IV 
liquid limit 0-423 T-a9 E-7 Append ix I II 
Plastic limit D-424 T-90 E-7 Appendix III 
Shrinkage L1m1 t D-427 T-92 E-7 Appendix II I 
Relative Density 0-2049 E-12 Appendix XI I 
Standard Proctor Compaction 0-698 T-99 E-11 Appendix YI 
Modified Proctor Compaction 0-1557 T-180 Appendix YI 
One-Di mens 1ona 1 Consolidation 0-2435 T-216 E-15 Appendix VI II 
Strength Tests b 

Penneab1l ity See Table 3-4 
Shrink/Swell Behavior D-3877 Appendix VI II-A . 

• 

10ther specialized ASTM designations relate to gradation. 

bThere are many different strength tests with varying special applications. 
Certain strength tests yield the Modulus of Elasticity from whi~h the flex-
ibility of the cover can be evaluated. For strength tests consult the refer-
enced manuals. 

Manuals referred to in this table are the following: 
ASTH: •Part 19: Soil and Rock; Building Stones• of the •Annual Book of 

ASTM Standards.• published annually by the laerican Society for Testing and 
Materials. Philadelphia, PA. 

AASHTO: •standard Specifications for Transportation Materials and Methods 
of Saapling and Testing,• published every four years by the -rican Associa
tion of State HigMMy and Transportation Officials, washington. DC. 

USSR: •Earth Manual,• 2nd edition (1974). published by the Bureau of 
Recl1111tion, U. S. Department of the Interior. 

USCE: •uboratory Soils Testing,• Engineer Manual EH 1110-2-1906 (1970; 
revision issued 1980), published by the Office of the Chief of Engineers, 
U.S. Department of the Army. 
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FIGURE 3-7 

GRADATION CURVES OF SOME SANITARY-LANOFILL COVER SOILS 
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Ceruin characteristic points on the grain size curve have_ been given 
special attention. The 10-pct-finer point, designated 010 , is teraed the 
effective size. The ratio 0.0 (60-pct-finer size) to 010 is tenaed the 
uniforaity coefficient (or coefficient of unifonaity) C • These and other 
parwters derived froa the gradation curve are discussed in Peck, Hanson, and 
Thornburn (1974), the Earth Manwl (USSR, 1974), and elsNhere. See also 
Spigolon and Kelley (1984). 

The hydroaeter analysis is a slow, sOIINhat laborious process, and not of 
overriding iaporunce in ac>st engineering considerations. Soil classification 
according to the uses, an iaportant factor in soil-based design, considers 
only the plasticity characteristics, and not the gradation, of the fines por
tion of a soil. Hydroaeter analysis is soaetiaes useful in penaeability cor
relations, however. 

Manual designations pertaining to aechanical analysis are listed in 
Table 3-3. 

3.2.S.2 Atterberg Li• its 

Early soil classifications were based only on aechanical c011position, but 
iaportant variations in soil behavior were not accounted for by a strictly 
..chanical classification. This led A. Atterberg (1911) to develop the simple 
tests ~sed on • oisture content that bear his naae. The Atterberg li• its are 
the liquid li• it, the plastic li• it, and the shrinkage li• it (abbreviations: 
LL, PL, SL) (other sy• boh have been used such as WL , WP , ~S ). 

Tw iaporunt points should be kept in • ind regarding Atterberg li• its. 
(1) They apply only to fines: either fine-grained soils or the fines portion 
of graded coarse-grained soils. (2) They concern thaselves solely with water 
content; no other basic soil property is involved. These facts reflect an 
iaportant fact regarding water in soils. In coarse-grained soils, water is a 
passing cOMpOnent, which • ay or aay not be present. In fine-grained soils, 
water is an essential co• ponent, which is nearly .slways present; • oreover 
water plays a fundaaental role in detenaining these soils' behavior. 

The Atterberg li• its are expressed as nuabers. usually not reported to 
• ore than two significant figures, representing si• ply water-content values 
below and above which different types of behavior prevail. The li• its are 
ct.rived froa si• ple, standardized tests which require a slight a• ount of per
sonal judgaent; hence"<> greater precision than two significant figures is 
warranted. The liquid li• it states the water content above which a soil be
haves like a liquid, but below which it behaves plastically. The plastic 
li• it states the water content below which the soil starts to behave like a 
solid, ar.d above which it behaves plastically. The shrinkage li• it is the 
water content below which further loss of water by evaporation does not cause 
a further reduction in voluae. Above the SL, changes in water content are 
associated vith changes in volu• e. Although the Atterberg li• its are strictly 
eapirical, there is vast correlation experience with thell. 
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Since the LL and PL .define respectively the upper and lower bound~ of 
plastic behav1or, the interval be.tween theta aay be tenaed the plastic range. 
The size of this interval is designated the plasticity index (PI). which is 
defined siaply as the difference between the liquid and plastic li• its (PI= 
tL - PL). 

The liquid li• it is deter• ined by •eans of a simple but specially designed 
laboratory device, shown in Figure 3-8. This device possesses a shallow. 
bowl-shaped brass cup. into which the •oist soil is packed. Into the s• oothed 
surface of the speci•en within the cup a groove of specific dimensions fs cut 
with a standardized grooving t?Ol. As the handle is rotated the cup is raised 
and dropped repeatedly. When a specified length of the groove just closes • 

. the nu• ber of drops or blows is recorded; the specimen water content is then 
deter• ined. 

FIGURE 3-8 

APPARATUS FOR DETERMINATION OF LIQUID LIMIT 

(Note: a slightly different grooving tool 
is specified by ASTM and AASHTO . ) (Courtesy 
of John Wiley & Sons. Inc . ) 

To detera1ne the LL a seriH of tests at different _,.ter contents is con
duct.d and a curve of blw count versus vat.er content plotted. The LL is 
arbitrarily defined H the vat.er content corresponding to 25 blws. 
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The plastic li• it detenaination involves a simple procedure of rolling a 
thread of plastic soil between one's hand and a glass plate. When a lie-in.
diaa thread of soil Just begins to cruable, the soil is at its plastic li• it. 

The shrinkage li• it is deter• ined by a procedure involving weights and 
• easured volu• es of the soil in a saturated and a dried-out condition. A 
si• ple explanation aay be found in Taylor (1948). The shrinkage li• it is less 
often used than the other li• its. 

Atterberg limit tests are also called soil consistency tests. Descrip
tions of specific procedures for these tests are given in the technical •an
uals listed in Table 3-3. 

3.2.5.3 Water Content and Specific Gravity 

Specific test • ethods for water content and specific gravity of soils are 
given in the technical aanuals listed in Table 3-3. These properties have 
already been defined and discussed above under •soil properties.• 

3.2.5.4 Density 

Soil density is a function of several factors. A basic factor is the spe
cific gravity of the soil grains. Usually, however, this varies over the nar
row range of 2.5 to 2.8. Another factor is the packing or disposition of the 
soil particles . If soil grains wre unifor• spheres, their densest possible 
packing would coaprise a void ratio of .35 (26 percent porosity). If saaller 
spheres were also present. the void ratio wuld be decreased. It can be 
appreciated that grain size distribution aay noticeably affect soil density. 
A third factor is the shapes of soil grains. Spheres, either of unifor• size 
or of a gradation of sizes, could be relatively readily vibrated into a dense 
condition. Sharp, angular particles wuld aore actively resist rearrangeaent. 
Platy particles could in principle be stacked very densely if they were all 
unifor• ly aligned. Froa a randoa orientation, however, it • ight be very dif
ficult to bring theta into a unifor• alignaent. A fourth factor, water con
tent. strongly affects density as discussed belov. 

With soil grains of a particular specific gravity, soil density can be 
increased only by coapaction. Coapaction involves densification of the grain
to-grain structure and expulsion or c0111>ression of trapped air. Increasing 
the soil density produces several practical and beneficial changes. Stability 
against future settleMnt is increased, as the potential for densification has 
already been partially exhausted. Strength, or resistance to shearfog defor
aation. is increased, because the potential for intervranular aoveeent has 
been partially exhausted. PerMability is decreased, because in reducing the 
vofd ratio the available flov channels have been aade saaller. 

Various construction • ethods and equipaent are used in practice for soil 
coapaction. Soae are better adapted to granular soils, others to fine-grained 
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co~sive soils. Coapacting equipaent is discussed later in this Handbook. In 
general. vibration techniques and s• ooth-wheeled rollers are better suited to 
granular s011s, and taaping roii~rs such as sheepsfoo~ rollers are • ore 
adapted to cohesive soils. Saooth-wheel~ r--,llers include aachines with both 
steel wheels and rubber tires. Besides the type of equipeent. the weir.ht of 
the equipeent obviously influences the degree of coq>action produced. 

Two types of laboratory tests are used to detenaine reference densities of 
soils, the coap:ction (•Proctor•) test and the relative density or aaxi• ta
•ini- density test. Good discussions of the principles of these tests and 
the soil types to which each is applicable are given in the Earth Manual 
(USSR, 1974) and Peck, Hanson, and Thornburn (1974). In general. the relative 
density (MXi..-aini-) test is applicable to granular, cohesionleis, free
draining soils, and the Proctor coapaction test is applicable to ~ilty and 
clayey soils of all types. Both tests provide reference values against which 
field-achieved densities can be. coapared and critically evaluated. 

The relative density test consists of placing the dry soil in a test con
tainer in a loose state and then in a dense state, using previously defined 
procedures. The densities detenained are respectivel} designated zero and 
100 percent relative density. Loose placeaent i~ achieved by a specified 
gentle pouring action, and dense placeaent by vitration under specified condi
tions for a specified ti• e . . The actual dr.1 bulk densities in the two li• iting 
states are then detenained. The relative density of any other speci• en of the 
soil is calculated with a siaple fonaula relating its dry bulk density to the 
blo li• iting values (sN equation 3. 9 above). 

CoapKted granular soil is generally used as a bearing llellber, that is. as 
a foundation. In a cover systea, this would • ost likely be in the foundation 
or buffer layer (SN below). An accepted lower li• it for densified granular 
soil is 70 percent relative density (Earth Manual, p 280.) References to 
relative density test procedures are given in Table 3-3. 

The coapaction or • oisture-density test is coa• only known as the Proctor 
test, after R. R. Proctor. who first proposed it in 1933. It is based .on the 
fact that for a given soil and a given coapactive effort. the degree of coa
~ction achieved is found to be a function of water content. At soae inter
Ndiate water content, aaxi- coapaction. as • easured by • axi• ua dry density, 
will be achieved. If t~ soil is either wetter or drier, the saae a• ount of 
coapactive effort will produce a lower density. An exaaple of this effect is 
seen in Figure 3-9. 

The peak of the coapaction curve denotes the opti• ua water (or 1110isture) 
content and the aaxi- dry density (or dry unit weight). These tenas are 
extensively used in specifications for construction control. as discussed 
below. A •zero air voids• curve is usually drawn above a c011paction curve, as 
shown in Figure 3-9. Such a curve is readily coaputed if the specific gravity 
of the soil grains is known, and represents coaplete expulsion of air, leaving 
only water in the soil pores. It represents the upper li• it for densification 
by coapacticn. 
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FIGURE 3-9 

TYPICAL COMPACTION (MOISTURE-DENSITY) TEST RESULT 
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(from Standard Proctor test on a CL soil according 
to Unified soil classification system) 

The Standard Proctor test involves 12.375 foot-pounds of compactive ef,vft 
per cubic foot of soil (a 5.5-lb c0111pacting rod dropped through a height of 
12 in. a total of 75 tiaes. that is. 25 blows per lift for each of three 
lifts, on a soil speciaen 1/30 cubic foot in volume). The USBR uses slightly 
different test diaensions. but the effective effort is the same. Another 
standardized test. tenaed the Modified Proctor test. involves approximately 
4-1/2 tiaes as auch input effort. through a heavier rod and a higher drop. 
The Standard test, developed by R. R. Proctor. mode1ed compactive efforts pro
duced by field construction equipment in the early 1930 1 s. The Modified test 
110deled heavier equipaent developed later for use on airfields. An instruc
tive discussion is given by Lutton. Regan and Jones (1979) on the use of tests 
with lower effort than the Standard Proctor test for modeling the generally 
lower efforts applied in landfill compaction. References to detailed test 
procedures are given in Table 3-3. 

It is iaportant to re.llber that a coapaction curve. such as Figure 3-9. 
applies on:y for a specific c011;:>action method. A different procedure applied 
to the saae soil ~ill shift the curve both vertically and laterally. A 
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greater compactive effort will yield a higher maximum dry density at a lower 
optimum moisture content. 

The principle of construction control by means of moisture and density is 
illustrated by Figure 3-10. Assume that a given soil has been tested in the 
laboratory by the Standard Proctor test, and that the compaction curve shown 
is the result. Optimum moisture content is 18.8 pct, and maximum dry density 
is 106.2 pcf. Assume further that the soil has been tested for some property 
of interest, say permeability, at different conditions of dry density and 
water content, and permeability satisfactory for project purposes has been 
found to exist at dry density greater than 102 pcf and within a moisture range 
of 16.8 to 21.8 pct. The compaction curve shows that a density of 102 pcf can 
be achieved, using standard compaction, within the moisture-content range from 
15. 3 to 22.9 pct. The cross-hatched field in Figure 3-10 indicates the range 
of acceptable conditions for the compacted soil. Now 102 pcf is 96 percent of 
106.2 pcf. the maximum dry density. If performance or end-result specifica
tions are usP.d, they will be written to say that compaction of this soil must 
be to a minimum of 96 percent of maximum dry density within a range from 2 pct 
dry to 3 pct wet of optimum moisture content, based on the results of. the 
Standard Proctor compaction test. In this way, laboratory compaction informa
tion is translated into simple specifications which the contractor can apply 
in the field . 
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FIGURE 3-10 

RELATION BETWEEN LABORATORY TEST RESULTS 
ANO STANDARD CONTRACT SPECIFICATIONS FOR 

COMPACTION (SEE TEXT) 
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A clear explanation of construction control using COlll)action tests and 
criteria is given by Hilf (1974b). Useful discussion of various test aethods 
is given by Spigolon and Kelley (1984). Figure 3-11 represents data froa 
three projects of the USBR. Laboratory coapaction curves are coapared with 
curves of actually placed fill. Note that the laboratory curve gives an 
approxiaate prediction of field results, but the laboratory curve can be 
either high or low, relative to the field. Note also the variability of 
aoisture-density relations aaong the three soils. 

FIGURE 3-11 

FIELD AHO LABORATORY COMPACTION CURVES FOR SOILS 
PLACED IN DAH EMBANKMENTS OF THREE USBR PROJECTS 

(FROM HILF, 1q74b) 
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Coapacted soils are generally placed at a aoisture content near opti• um. 
The following effects are true, however: aaxi•U11 as-placed soil strength is 
developed dry of opti• ua; aaxi• ua soil iapenaeability is developed wet of 
opti• ua; NXi- density, of course, is at opti• ua. 
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3.Z.S.S Strength 

Strength of materials includes tensile, coapressive, and shear strengths. 
Soils effectively have no long-tena tensile strength, and since aost soils 
fail in shear, for all practical purposes strength of soils 11eans their shear
ing strength. 

Froa the cover designer's standpoint, the only reason for concern with 
soils' shearing strength, other than for trafficability purposes while the 
cover is being constructed, is where there is a threat of slope failures. 
Lutton, Regan, and Jones (1979) have discussed the problem of slope stability 
with regard to cover installations, and reviewed pertinent tests. There is no 
reason to aaplify their discussion in this Handbook, other than to point out 
one or two general facts. 

The subject of slope stability in soils is COIIPlicated and has received 
• uch study and research. It would be • isleading to ~uggest that a Handbook of 
this nature could give more than general guidance if a potential slope
instability problem is suspected. A aanJal dealing with the 111atter that has 
been widely used in both governmental and private practice is Oeparuaent of 
the Arwry, 1970. 

Ona si• ple yet valid stateaent is that in virtually all cases, water is 
the leading •bad actor• in causing slope failures. Slopes tend to fail under 
conditions of high ground aoisture. This • ay be seasonal, due to prolonged 
rain or heavy snowaelt; it aay be situational, as when quick dr~wdown of a 
reservoir leaves a saturated earth eabank• ent; it ,aay b2 a result of poor 
design, as where slope drainage sho~ld have been provided for, but was not. 

Taylor (1948) gives a very clear and thorough explanation of the factors 
involved in slope stability and in the shearing strength of soils. Peck, 
Hanson, and Thornburn (1974) discuss factors affecting slope stability, and 
soil strength tests that • ay be applied in slope-stability studies. They 
state, however (1974, p 101): "The shear strength of soils, in spite of 
extensive research, reaains a coaplex and controversial subject; the vast 
Ji terature is confusing even to the spec i a 1 is t." 

In view of the above, it is recoaaended that any slope-stability proble• 
at a hazardous waste site be referred to a coapetent and recognized geotechni
cal expert. 

There are • any different soil strength tests with varying applications. 
However, because these tests are not directly applicable to cover soils, they 
are not listed in this Han1book. For naaes and designations of soil strength 
tests the reader should consult the technical 11c1nuals listed in Table 3-3. 

3.2.5.6 Consolidation 

Consolidation refers to a process of densification of a soil under load, 
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accoaplished through a slow escape of water froa th• pores. It will be of 
little concern within the soil of a cover syste11. It aay well be of concern 
fn the waste itself, however, or fn the soil underlying ft. Consolidation fs 
of faportance to the foundation engineer, because ft controls the settletaent 
that wfll occur beneath hfs structures. If SOM parts of a structure settle 
aore than others (differential settleaent), the structure will tend to defona 
and perhaps crack. Susceptfbflity to consolidation is tenNd "coapressibil
ity." Consolidation and subsidence of wastes is the subject of current EPA
sponsored research. 

Coapressibility of soils is tested in a device called the consolidoaeter, 
and the test is coaaonly called the one-diaensional consolijation test. Han
ual references are cited fn Table 3-3. 

Consolidation C011Hnces when a load, such as a structure, is iaposed on a 
soil. Before the load is 9laced, the soil is in equilfbrfua, that is, ft is 
fully consolidated with respect to the force syste11 in effect. The soil is 
neither settling nor swelling. 

The iaposition of a load {or conversely the excavation of a aass of soil) 
introduces a ne-.- force syste11, and there is an i-diate tendency to adjust to 
ft. The process of consolidation co.aences. The r,:e of consolidation fs 
controlled directly by the pen1tabilfty of the soil, whereas the ultfaate 
aaount of consolidation is related to the coapressfbflfty of the soil skeleton 
and thus to the nature of the soil particles. As an illustration of the rate 
effect, see Figure 3-12(a) and (b), showing typical tfae curves for laboratory 
consolidaticn of a sand and clay. The sand responds very fast and the process 
is nearly coaplete in a short tiae. The clay responds • uch 110r1 slowly and 
the process continues over a long tf• e. In both cases the rate is greatest 
initially and decreases progressively thereafter. 

Because of the direct relation between consolidation rate and peraeabil
fty, the latter can be coaputed froa data froa a consolidation test. This is 
not c011110nly recoa• ended, however. 

Natural soils have, as a rule, been in place for aany years or centuries, 
and thus are consolidated to equilfbriua under their local force syste11. 
Waste duaps, on the other hand, were fot'Nd relatively recently and are likely 
still to be in the process of consolidating. Horeover, • aterfals in the waste 
aay be decoaposing. Waste duaps • ay be inherently susceptible to differential 
consolidation. In a discussion of "inadequate foundations," the Earth Hanual 
(USBR, 1974b) lists several categories, one of which is Ntalus piles, spoil 
piles~ and duaps.N The loose and rand011 aanner in which • aterial is placed in 
these deposits leads to their poor quality as foundations. Unfortunately, 
uncontrolled waste sites fall directly into this category. Thus subsidence, a 
recognized serious threat to the integrity of cover systeas, is probably to 
SOM degree inevitable. Careful placeaent and coapactfon of the buffer or 
foundation layer of the cover systN is probably the best way to • ftfgate the 
prob lea. 
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FIGURE 3-12 

TIME CURVES FOR A TYPICAL LOAD INCREMENT IN A 
LABORATORY CONSOLIDATION TEST: (a) FOR SANO, 

ANO (b) FOR CLAY 
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(froa Taylor, 1948; courtesy John Wiley & 
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3.Z.S.7 Peraeabilfty 

PenNabflity aay be the ac,st i•portant property of cover soils, inasauch 
as the principal purpose of the cover systea ts to act as a roof and retard 
the inflow of water. Penaeability is a Masure of the easft with which fluids 
aay flow throUQh a soil. Peraeability fs related to porosity, the capacity of 
a soil to hold fluid, but ft is related to aany other factors as well. Per
aeability is concern•d with tiae, whereas porosity is not. Penaeability is 
directly analogous to electrical conductivity, theraal conductivity, or si • i
lar Mterial properties with regard to any other type of flow. 

Penaeability h~s been extensively discussed in the literature of civil 
engineering, ground-water hydrology, and petroleua engineering. The latter 
field is concerned with 110re than one type of fluid, whereas the foreer two 
deal in general only with water. When • ultiple fluids are involved, one • ust 
deal with the intrinsic 1eraeability, which is detenained only by attributes 
of the porous aediua. S gnificant attributes are those pertaining to flow 
channels through the Mdiua: size of channels, their shape with regard to 
both cross section and tortuosity, surface roUQhness, and other surface fac
tors such as electrostatic conditions. By channels, of course, is aeant the 
enonaous nUllber of possible flow paths within the soil pores. The unit of 
intrinsic penaeability is the darcy, and its diaensions are length squared 
( e . g. , c• 2 , ft 2 ) • . 

When ·a fluid in contact with soil is capable of react in~ with the soil 
particles, a coaplicating effect is introduced, since such 1nteraction 111ay 
actually change th• intrinsic pe.--abflity by changing the soil structure. 
This is a subject of great current interest with regard to the use of clay 
:iners for waste or other liquid i• poundaents. 

Rate of flow of a given fluid depends on properties of the fluid, 110st 
i ·:iportantly viscosity, as well as on properties of the aediU11. By specifying 
a given fluid at a given te•perature, such factors as viscosity and fluid den
sity are fixed, and it becoaes possible to define a simple coefficie~t for the 
penaeability of a ;iven soil to that fluid. The coefficient of peraeabflity 
is so defi~ed, the fluid being water at Z0°C. In ground-water hydrology the 
tena "hydraulic conductivity" is used; it is precisely synonymous with coeffi
cient of peraeability as here defined. The conventional symbol in soil 
aechanics for coefficient of peraeability is (lower case) k (in ground-water 
hydrology, upper case K is used for hydraulic conductivity) . The factor 
k , co.-only siatply called the penneability, is the (sole) soil-dependent tenn 
in the siniple equation known as Darcy's law, which de5cribes laminar fluid 
flow through porous .aedia. Thus Darcy's law is: 

Q = kiA with tenis as follows: 

Q = a voluaetric flow rate 
k = coefficient of per111eability 
i = hydraulic gradient 

.A= an area nonul to the Man direction of flow 
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Hydraulic gradient i is a potential gradient, a Masure of the driving 
force associated with the flow. Jt 1s the quotient of the difference fn 
(toul hydraulic) head betwen any two points divided by the linear dhunce 
betwen the points. • Being the quotient of two linear quantities, it 1s di
Mnsionless~ As can be Sffn froa the df•ns1ons in Darcy's lw, k has the 
di•nsions of I velocity. Jt is in fact, however, a volumetric flow rate 
passing through a finite area, 1nd ft 1s well to ~HP thfs fact in • ind. The 
velocity identified by a given k fs sOMti•s tenaed the superficial veloc
ity, fn contrast to the SffPlge velocity, the actual ••n sJ)ffd with which 
w.ter fs aovfng through the sofl. It fs I sfaple Mtter to undersund that 
the superffcf1l velocity sunds to the s~ velocity II the pore volume of 
the soil stands to the toul volu., thus: 

V 
superficf1l = n (= porosity) 
VSffPlge 

This relationship is illustrated fn Ffgure 3-13. Furtheraore, ft is neces
sary, strictly speaking, to use the effective porosity, that fs, the volume 
friction of those pores that actually participate fn flow. Particularly in 
very fine soils, auch of the pore space MY be effectively •dead storage,• 1s 
1 result of electrostatic or cheaical binding of the water in place. Thus the 
seepage velocity will 1lw1ys be faster, 1nd My be auch faster, thin the 
superficial velocity. 

FIGURE 3-13 

SKETCH SHOWING RELATION BETWEEN DARCY c•suPERFICIAL·) 
VELOCITY V ANO SEEPAGE VELOCITY VSEEPAGE 

PIP! CROSS-SECTIONAL 
AREA A 

SOIL 
POROSI ':",. n 

I , 
- WATER ... I 

. . 

PISTO!I MO"IING TO RIGHT 
AT VELOCI7Y V 

....,, 7_. 

WATER PJ.OWS TO RICKT AT VOUIM£TRIC PLOW RAT! Q. 

Q • V A • WITHIN SOI L, WATER MOVE.S TOWARD RIGHT 
l 

AT KEAN V!LOCITT V•••P•r.• • n, V 

• Allong the Mny explanations of seepage and other hydraulic phenoaena in 
soil, one of the clearest is by Taylor (1948). 
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In civil enginNrfng k is cust.oeArtly expruHd in centi•ters per sec
ond. However, several other units are in use. One is the •fnzer, used by 
U.. U. S. Geo10Cjlfcal Survey and ct.noting gallons per day per square foot. 
Others that •Y be fflCountered aN inchH per hour, fHt per day, etc. All 
perae~t ltty units expNssed in velocity or voluaetric-rate-per-ana units can 
eastly be reduced to centi•ters per second. 

Peraeabtlfty is a very siaple property to conceive but Ny be a very in· 
tricate one to deal with in fact. for one thing, fn contrast to uny other 
properties, it varies over enoraous ranges. Another difficulty relates to the 
fact that a •asured perNabi 1 ity is an average. describing the average flow 
over pem.ps • f11fons of flow .annels. If one la~ channel develops, as by 
a crack or erosion of a tube .nrougta the soi 1, the flow uy increase suddenly 
by •nrfo1d. Jn testing for perNabil tty. it is essential that no anoulous 
1 a~ channe 1 be pr.sent. Thus. if • pe,..ab 11 f ty test is curt ed out in a 
cylinder, ft is essential that no flow-channel be •vailable along the cylinder 
walls. 

PeraeAbility uy be and coaaonly is anisotropic, thus. greater in so. 
directions than others. Pe,...ability relates to flow channels. and thus to 
the structure of a stdi•nt or soil. Where platy • ineral grains are present 
(recall that the cl•y • inerals fona platy grains) there is a tendency toward 
horizontal orientation. Natural soil deposits coaaonly show higher perNabil
ities horizontally than vertically; the factor aay be as high as 102 or even 
102 (US8R, 1974b, p 59), although ft fs us~lly less (Olson and Daniel, 1981). 
Jn natural deposits. gross layering of different beds contributes strongly to 
the grHter horizontal flow c~city. Reaolded soi ls aay tend • ore toward 
isotropy; but placing and c~ctfng in layers introduces a definite horizon
tal bias, which 1110rks in favor of the cover designer, whose Nin interest i: 
in reducing vertical pe,...abf 1 ity. 

Consider the effect of thickness of a clay barrier layer. Darcy's law 
shows that the voluaetric flow rate for a given area depends only on perNa
bt l ity and hydraulic gradient. The gradient for percolation is constant at 
unity. Therefore, the flow rate is a function solely of the perNabilfty. 
Thus, for steady-state saturated conditions, the sw flow rate or flux wuld 
pass through a 2-in.-thfck layer or a 20-ft layer of the s .. aatertal. An 
advancing wetting front, however. would take longer to reach the bolt.OIi of the 
thicker layer, the tr~nsit ti•s being proportional to the thicknesses. The 
rate of aovftlent of• wetting front should correlat~ approxfaately with the 
seepage velocity, •ntfoned above. The thicker layer, of course, wuld be 
aore stable and durable. And since steady-state saturated conditions will 
virtually never really occur, tM delay pro'iided by tM thicker layer provides 
aore tf• for drainage oft"- soil by evapotranspiration and for the bene
ficial effects of unsaturated f101o1 (discussed below). 

Darcy's lav 15 quantitatively valid for saturated flow under luinar con
ditions. Such conditions represent a state of coaplete regularity. Devia
tions froa Darcy flow occur in tw separate directions. On the high-flow side 
is turbulent flow, on the low-flow side is unsaturated flow. 
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Turbul-,,t flow occu" with R•ynolds nuabers abc~• l c•rtain val~ (consult 
texts In 5011 aechanfcs or hydraulics). Turbul•nt flow aay occur in v•ry 
coarsrgrafMd 10111. such 11 the drainage layer of a cov•r systea. Under 
saturated turbul-,,t flow. the volu..tric flow rat• falls off fractionally fr011 
the Darcf1n value. V•ry large flow rites ,re still likely. and this condition 
presents no probl•. 

Unsaturated flow is 1 ..ch 110re realistic expectation in cover systeas . 
Unsaturated flow uy be conceived of as a situ.lion where only a fraction of 
the possible flow channels in a soil are being utilized. Heasureaents of 
pe,-.t,llfty for unuturated conditions ar• c011plicated but have bun per
foratd. A typical result of such •asurtetnts is shown in Figure 3-14. As 
the dtgrH of saturation decreases. the apparent penaeability of the soil 
falls off sharply. Just 11 with the air-bubble effect atntioned below. this 
effKt works to the advantage of the cover designer in practice. A clay cover 
will protNbly seldoll be coapletely saturated. Thus the effective penaeabflity 
of the soil will usually be less than the noainal penaeability derived fro• 
tests conducted ~ndtr saturated conditions. 

A priaary source of error in laboratory peraeability aeasureaents is the 
evolution of air bubbles froa the water which block soil pores and artifici
ally reduce peraeabflity. for this reason good laboratory procedure requires 
the use of deaf~ water. In practical field use in a cover syste• . this 
effKt works to the advantage of the cover designer. In fact it 111ay be a 
priN contributor to the lower effective penaeability governing unsaturated 
flow. 

Pe,-abilfty tests aay bt aade by either the constant-head or the falling
head tKhnique. In the constant-hied techniG~e the test is run at steady
state conditions. all the tentS in Darcy's equation except k are measured~ k 
ts solved for. In the falling-head technique the driving head, and therefore 
the flow. ire both allowd to d.c1y exponentia1ly with tiN; using the 
1xponentf1l·dec:1y law and aakfng two or aore joint aeasureiaents of head and 
ti• aake ft posslbl• to c011pute k. Sketches illustr~ting the two tech
niques are given in Lutton, Regan, and Jones (1979) and elsewhere. The 
const•nt·he•d .. thod fs appropriate for high•r flow rates and thus 1110re per
vious soils; the falling-ti.ad Nthod is suited to lower flows and ~ess per
vtous sotls. 

It aay be noted tMt a peMNabflfty test does not involve arbitrary stand· 
~rd proce·~res, equfPNnt, or nuabers (cf. Liquid Li•it test. Proctor compac
tion tests). Therefore, any apparatus that properly •easures flows and heads 
h capabie of yielding correct p•raeability values, so long as complicating 
factors such 11 air-bubble evolution and wall lea~age are recognized and 
accounted for. Thus, perae1bf11ty ttsts art not as highly standardized as 
soae other tests. 

The very saall perae1bflity of highly fapervious soils may be quite diffi
cult to .. asure 1ccur1tely. Tht situation is so111ewhat analogous to that of 
quantitative chellical 1nalysis. C011Ponents that are present in parts-per
m111fon or parts·per-bfllfon ranges 111y requirt different and 1110re exacting· 
techniques than those present fn larger quantities. A listing of published 
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FIGURE 3·14 

EFFECT OF DEGREE OF SATURATION ON PERMEABILITY 
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Experi•ntal data for penwability of 20-aesh Del Monte sand, and 

calculated penaeability fr011 equation 

(frQII Johnson and Kunkel. 1963) 
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.,.,_ability-test proceduns is given in hble 3-4. but it should be noted 
that .,.,_ability testing is less wll sUndardfzed thaln other tests. putic
ularly at the low-perwe~flfty end of the range. Jefon a given test is used. 
ft should be c~nfully noted for what types of soil thalt test is valid. For 
inst.Mee. the s~rd perweM»ilfty test described by ASTN and AASHTO (SN 
bel'1W) is specffinlly li• ited to granular soils. down through the range of 
fine sand and silt. These organiutfons halve no published perae.t>i lily test 
peruining to clays. The current • ost-favored lM>Oratory test Mt.hod for per
Mabflfty ·of clays involves a rubber confining aecbrane. si• ilar to thalt used 
in triaxial s~r tests. This technique is described in •USCE (1980). Peraea
bflfty of clays uy also be MHured in the consolicbwter (USCE. USBR). Sev
eral p11pen oHl1ng vtth perweabflity NHureaent _,.,.. presented at an ASTM 
sy• posfu• on f• perNM>le barriers for soil and rock held in June 1984 in 
Denver. CO. 

Non reliable inforutfon on peraeabflity aay be derived froa field thaln 
rro• l.eor~tory tests. The tests .in Table 3-4 include thrH field tests. al 1 
fro• the Earth Nanu.1 (USSR. 1974b). These tests are siaple. and halve lf• iu
tfons H •ntfoned by Auvfnet and hpfnoH (1981); • oreover they take ti• . 
and requfn the extended pnsence of a technician fn the field. Nenrtheless. 
their use aay be varrant.ed. Field perNabilfty aay also be NHured using 
Nthods developed by Hvorslev (1949) and presented in La• be and Whitun 
(1969). 

The special difficulty in Nasurfng very low soil peraeabilitfes vas ac
knowledged by ASTN with the publication of Special Technical Publication 746, 
•pe,..abflity and G~!.er Contaafnant Transport• (Zi•ie and Riggs, 1981 ). 
devoted to the subject. A ~r in this volUN by Olson and Daniel (1981} 
addnsses dinctly the probl• of •asure• ent of low perNabilities, discuss
ing pitfalls and probleas as wll as various Nthods thalt have been used. 
Another paper in the vol UN (Auvfnet and Espinosa. 1981) describes a case his
tory of the design and construction, including perNability testing, of a 
clay-lined cooling pond. In the opinion of the preparers of this Handbook, 
the insights provided in Auvfnet and Espinosa's paper are especially enlight
ening fc~ anyone concerned vfth the field use of coapacted clay in a vater
nUrdfng ~licatio11. 

Peraeabilfty iest proceduns described in standard • anuals are listed in 
Table 3-4. Conversion factors betwen various peraeaoility units • ay be found 
in Table 3-S. 
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TABLE 3-4 

STANDARD PERtlEABILITY TESTS 

MIIINl Des1gn1t1on Title of Test 

ASlM D-2434 Permeability of Granular Soils 
(Constant ~ad) 

AASHTO T-215 Permeability of Granular Soil 
(Constant Head) 

-... . 
USSR E-13 Permeability and Settlement of Soils 

USSR E-14 Permeability and Settlement of Soils 
Containing Gravel 

USSR E-15 ()ie-diinensional Consolidation of Soilsa 

USBR E-18 Field Penneability Tests in Boreholes 

USSR E-19 Field Penneability Test (Well Pennca-
meter Hethod) 

USSR E-36 Field Penneability Test (Shallow-well 
Penneameter Method) 

USCE App. VII (3) Constant-head Penneability Test with 
Penneameter Cylinder 

USCE App. VII (4) Falling-head Permeability Test with 
Penneameter Cylinder 

USCE App. il I (S) Permeability Tests with Sampling Tubesb 

USCE App. VII (6) Permeability Tests with Pressure 
Chamber 

USCE App. VII (7) Penneability Tests with Back Pressure 

USCE App. VII (8) Penneability Tests with Consolidometerc 

aA subsection of USBR E-15 contains directions for canputing penneability by 
the fa 111 ng-head method. 

bUSCE App. VII (5) p~rtairis to undisturbed soil samples. 

cNot recocmended. 
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ca per s 

ft per cay 

ft per yen 

Dlrcy 

l'etnzer 
~llons per cay per ft2 

tn. per hr 

TABLE 3-5 

PERMEABILITY CONVERSION FACTORS• 

C11 per s ft per Diy ft per Yur 

2.835 ll lol 1.0348 ll 106 

3.53 ll 10-4 365 

9.67 ll 10•7 2.74 ll 10•3 

9.68 ll )0-4 2.75 1.001 ll 103 

4.72 ll 10•5 1.34 ll 10•1 48. 8 

7.06 ll 10-4 2 729 

Oircy 

1.033 ll 103 

3.64 x 10-1 

9. 99 ll 10-4 

4.a8 ll 10-2 

7.29 ll 10•l 

·------ -----

l'etnzer. 
~llOM per 
d•y per tt2 tn. per hr 

2.l2xl04 1.42 ll 103 

7. (8 0.5 

2.05 ll 10•2 1.37 ll 10•3 

20.50 1.37 

6. 70 ll 10-2 

14.9 l 

•1111ttply the untt 1t the left by the l'Ulber tn the colwn to get the unit 1t the top of the colu,1111. All 
untts ue bued on I teaper1ture of &0•F or 15 . fi•C (froa Johnson. 1981) . 

3.2. 5.8 Shrink/Swell Behavior; Activity 

Certain clayey soils have a high tendency to swell o~ wetting and shrink 
on dr-Jing. Such behavior correlates with a clay-mineral property known as 
activity. 

A= Pl 
C 

where Pl is plasticity index and C is percent clay-size material (<2 µ•). 
or. 

A= _li_ 
C - n 

with n varying between 5 and 10 (Hitchell. 1976). The activity of clays 
varies froa 0. 1 to 7. as shown by Table 3-6. However. virtually all of the 
upper range is occupied by saectites (saectite is effectively synony,aous with 
aontaorillonite). Active clays mean highly expansive. highly coapressible 
soils . Where such soil is used in a cover syste•• there is a potential for 
disruption through cracking on drying. 

Expansive soils are generally well known in the areas where they occur 
fr011 construction pr~bleas with foundations and highways. The great prepon
derance of such soils classify as CH in the uses (discussed below). Sugges
tions for dealing with expansive soils in landfill cover applications are 
given by Lutton. Regan. and Jones (1979). Research on identification of such 
soils was reported by Snethen. Joh~son. and Patrick (1977). For the highway 
engineer. 0g,-:~y (1975. pp 447. 518) recoaends, for clay soils. C0111Paction 
soaewhat wet of opti- and to no greater than about 90 percent of Standard 
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TABLE 3-6 

ACTIVITIES OF VARIOUS HINERALSa 

Mineral 

Sllectites 
Illite 
Kaolinite 
Halloysite (2H2 0) 
Halloysite (4H20) 
Attapulgite 
Allophane 

afrot1 Mitchell (1976). 

bActivity, A= Plasticity Index 
i <2 µ11 

Activityb 

1-7 
0.5-1 
0.5 
0.5 
0. 1 
0. 5-1. 2 
0. 5-1.2 

AASHTO (Standard Proctor) density, in order to av~id postconstruction swelling. 

Standardized tests of shrink/swell behavior of soils are listed in 
Table 3-3. 

3.2. 5.9 Cispersivity 

Certain clays show a property known as dispersivity. This is a tendency 
to go into colloidal suspension, and thus to erode very readily. On a micro 
scale, clay particles change from a flocculated to a dispersed state. Nondis
persive soil in contact with flowing water requires a certain threshold veloc
ity before it will start to erode. Dispersive soil, in contrast, requires no 
threshold velocity; colloidal particles pass spontaneously into suspension in 
st i1 l water. 

Dispersive soil is a serious problem in some earthfi11 dams, where piping 
erosion can lead to failure . In a cover system dispersivity involves mainly a 
threat of soil erosion, either surface erosion or internal erosion where, in a 
layered cover, a layer of dispersive fine-grained soil might be in contact 
with a granular, pervio4s soil. 

The transfer between flocculated and dispersed states is an electrochemi
cal surface process and is sensitive to the chemistry of both the clay mine
rals and the pore fluid. Dispersivity appears to be associated with sodium 
saturation of clay-mineral surfaces. Given such surface saturation, the na
tural pore fluid of such a soil will be sodium-rich. When this soil is ex
posed to either pure water or a dilute solution low in dissolved sodium, ion 
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exchange, flushing of the adsorbed sodium, and dispersive erosion tend to 
fol low. 

Oispersivity is not revealed by colllfflOn engineering soil indices such as 
Atterberg Li•its. Clues to dispersive soil may be found locally in the form 
of deep gully or tunnel erosion of exposed soil surfaces . Several tests have 
been developed, which are simple, inexpensive, and quite reliable . These are 
the pinhole test; saturation extract analysis; Soil Conservation Service (SCS) 
dispersion ("double hydrometer") test; and crumb test. Descriptions and dis
cussions of these tests may be found in Sherard, Dunnigan, and Decker (1976), 
Mitchell (1976), papers in Sherard and Decker (1~77). The pinhole test may be 
found in USCE (1980 revision; Appendix XIII). The pinhole test is commonly 
regarded as the most reliable single test, but several authors in Sherard and 
Decker (1977) recommend corroboration by more than one test method, particu
larly in vi~ of the .simplicity of the test procedures . The crumb test, for 
example, involves simply dropping a crumb of soil into a beaker of water and 
observing its reaction. 

Two techniques have been used successfully to counter the erosive effects 
of dispersive soils. One is treatment with hydrated lime; the other is the 
use of graded filters where the threat of internal erosion exists within an 
earthfill dam. Possible dispersive-soil problems in a cover system should be · 
amenable to treat.Jllent by one or both of these techniques . Lime may have the 
side effect of increasing permeability, however. 

The cover designer should be aware of the threat of dispersive behavior 
when using bentonite to amend a soil to achieve impermeability . The high
swelling Wy0111ing bentonite that is most desired as a sealant contains sodium
saturated clay and is subject to the dispersive tendencies mentioned above . 
When bentonite is used, the gradation of the material used with it is very 
important. It is necessary to achieve a filter effect by having sufficient 
granular fines to stabilize the bentonite against dispersive erosion. 
O'Appolonia (1980) reports on the danger of piping failures where such a pre
caution is not followed. According to D'Appolonia (p 415) the use of ben
tonites treated with certain polymers may also assist in preventing piping 
failures. Since bentonite contains highly active clay minerals, it is also 
susceptible to attack by organic solvents or other chemicals that may be pres
ent in wastes. Bentonite is further discussed below in section 3. 3. 1. 2. 

3.2.5. 10 Other Soi1 Properties and Tests 

Other soil properties and tests may be of interest for specialized pu~
poses. Soil infonaation required for the purposes of designing for vegetation 
is discussed in section 4.3 below. Factors that may be of interest include 
soil reaction (pH), cation exchange capacity, and organic content. The reader 
is referred to Black (1965) for technical infor-mation on soil analysis or 

- testing for agricultural purposes . The discussion above under permeability 
suggests the relative complexity of water-related phenomena in unsaturated 
soils . . For a discussion of capillary phenomena, the interested reader is 
referred to the discussion of capillarity in Taylor (1948) . Other sources 



(e.g., Snethen, Johnson, and Patrick, 1977a; Brady, 1974) explain the phenome
non known as soil suction. Many of the specific behavioral coaplexities of a 
soil relate to its mineralogical cOIIJ)osition. Mineralogical analysis of fine
grained soil is COfllplicated. Qualitative and semiquantitative analyses are 
relatively reliable, but quantitative mineralogical analysis of clays achieves 
nowhere near the precision of che• ical analysis or even of mineralogical anal
ysis of coarser-grained aggregations. The chief analytical methods are X-ray 
diffraction and differential thermal analysis; these are explained in Mitchell 
(1976) and elsewhere. Mineralogical analyses should be undertaken by special
ized laboratories. 

3. 2.6 Engineering Characteristics of Soil Types 

Rankings and evaluations of the various USCS Groups have been made for 
various purposes. Table 3-7 shows an evaluation with regard to use in roads 
and airfields, prepared by the U. S. Anrry Engineer Waterways Experiment Sta
tion. Table 3-8 shows an evaluation and ranking with regard to earth dams 
and associated features, prepared by the U. S. Bureau of Reclamation. 
Table 3-9 shows a set of rankings prepared by Lutton. Regan, and Jones (1979) 
for categories of engineering behavior that are pertinent to cover systems. 
Since these authors were concerned with municipal as well as hazardous waste 
disposal sites, several categories appear in Table 3-9 that are not discussed 
in this Handbook. 

Table 3-10 sumarizes soil properties obtained in more than 1500 soil 
tests performed by the Bureau of Reclamation, arranged according to soil clas
sification groups, including frequently occurring boundary groups {Hilf, 
1974a) . Host of the soils were fro• the western United States; some were from 
foreign sources. The geographical distribution is not believed to have af
fected the classifications. 

The cover designer considering the use of soils for construction of the 
various co.ponents of a cover system, as discussed below in Chapter 4, can 
refer to these tables for information as to which types of soil are best 
suited for which co~ponents of the system. However, it should be clearly 
understood that for design purposes, material properties for the specific site 
in question • ust be used, rather than general properties from these or any 
other tables. 

3.3 Soil Additives 

Soil additives refer to manufactured co111111ercial products, specially proc
essed natural • aterials, or the by-products of a commercial process that, when 
added in the proper quantities, will improve the characteristics and perform
ance of a soil. Generally, soil additives are employed to improve the soil's 
performance in the areas of stability and permeability. Stabilization in
volves the process of blending or mixing an additive with a soil to improve or 
control the volume, stability, strength, stress-strain characteristics, and/or 
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CHARACTERISTICS OF uses SOIL GROUPS PERTINENT TO ROADS AND AIRFIELDS 
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TABLE 3-8 

ENGINEERING USE CHART FOR uses SOIL GROUPS, WITH EMPHASIS 
ON EARTH DAMS AND RELATED FEATURES 
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TABLE 3-9 

RANKING OF UNIFIED-SYSTEM (USCS) SOIL GROUPS WITH REGARD TO COVER-RELATED ENGrnEERitlG BEHAVIOR* 

Best group 1ppe1rs first, 1110rst group 1ppe1rs lut; groups sep1r1ted by c~s hive equ1l rank. 

Tr1fftc1b111ty 1 CO/NO-GO: 
Tr1fftc1b111ty 1 Stfckfness: 
Tr1fffc1bf1fty 1 Slfpperfness: 
lapede Miter Perco11tfon: 
Assfst W.ter Percohtfon: 
l• pede Gls "fgr1tfon: 
Asstst Gls "lgr1tfon: 
Ffre Resfsunce: 
W.ter-erosfon Resfst1nce: 
Wtnd-erosfon Resht1nce: 
~st Control: 
Crick Resfst1nce: 
Reduce Frttze Actton: Fist Freeze: 
Reduce Frttze Actfon: Sltur1tton: 
Side Slope - See!)!9e: 
Side Slope - Or1tn1ge: 
Dlscour1ge Burrowing: 
l~pede Vector Emergence: 
Support Vegetltfon: 
Future Use, Nitural: 
Future Use, Foundltfon: 
Sfde Slope St1blllty: 
Dfscour1ge Bfrds: 

cw, CP, SW, SP; Sit; Qt; SC; GC; CH; Cl; ftt; ti.; Ol; 
cw, CP; SW, SP; Qt; SM; ti. i Ol; GC; SC; CL; ftt; CH 
cw, CP; SW, SP; Qt; Sit; GC; SC; tt., Ol; Cl; ftt; CH 

CH; CL; tQt; ti.; GC; SC; Qt; SM; SW; QI; SP; CP 

CP; SP; CW; SW; Sit; Qt; SC; GC; ti.; ftt; . C.; CH 

CH; Cl; ti.; GC; SC; SM; SP, Qt; SW; CP; QI 

QI_; GP; SW; at, SP; SM; SC; GC; ti.; Cl; CH 
CH; CL; ti.; GC; SC; SM; SP, Qt; SW; GP; QI 

CW, GP; SW, SP; CC; Qt; Pt; SM; SC; OH; CH; ftt; Ol; 

QI, GP; SW, SP; Qt; SM; GC; SC; ti., Ol; CL; ftt; UI 

CW, GP; SW, SP; 6"; SM; GC; SC; Ill, Ol; a.; ftt; CH 
QI, GP, SW, SP; SM; QI; SC; GC; ti.; Ol; CL; OH, flt; 

CH; Cl; Ill; GC; SC; SM: at, SP; SW; CP; QI 

QI, CP; SW, SP; CH; QI; SM; SC; GC; CL, Ol; ftt; ti. 
CH; Cl; ftt; ti.; GC; SC; Qt; SM; SW; QI; SP; GP 

GP; SP; QI; SW; SM; Qt; SC; GC; ti.; ftt; CL; CH 

CW, GP; SW, SP; Qt; Sit; Ge; SC; ti., Ol; Cl; flt; CH 
CH; ftt; CL; SC; GC; ti.• Ol; SM; Qt; SP, SW; CP, QI 

SC; Sit; Pt, ti.; ftt, Ol; GC; QI; Cl; CH, OH; SP, SW; 

SC; SM; Pt, ti.; ftt, Ol; GC; Gft; CL; CH, Of; SP, SW; 

CW, GP, SW, SP; SM; Qt; SC; GC; CH; CL; ftt; ti. i Ol; 

•deter• tne on blsts on 11bor1tory testtng• 
•111 sotls ire su1t1ble• 

• After Lutton, R.eg1n, 1nd Jones (1979); see text • 

OH; pt 

Cl; ... 

CH 

CP, CW 

GP, QI 

OH; Pt 
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TAILE l-10 

AVEIAGE PltOP£lTIES f6 SOILS1 

Prcctor C!!!!!!cll-
ft.at.. 

Soil Dry Draaily Opli-
CluaHl- la,-.... W.t•r v.,. h~•lllltty. C!!!l!rHI 11111 llf 

coll- hr C•lc c-t•at, ... ,, .. ... f 20 , .•. , . . f )0 , ••. , • • ,,..... foot P•rc .. t • htt Prr Y•or 

QI >119 <13 . l (*) Z7,000t 
ll,000 

" >110 <12.4 (*) '4,000t 
34,000 

CN >114 <14.5 <·> >O.l 
GC > 115 <14.7 (*) >O.l 
SW ll9t5 ll. ltl. 5 O. l7t• (*) 
s, IIOtZ 12.411.0 0.SOtO.Ol <15. 0 
SN 11-tll 14. 5t0. 4 0.41i0. QZ 7. 514.8 

Sit-SC llhl IZ .8t0. 5 0.41t0 . QZ O. lt0. 6 
SC IIUI 14 . 710. 4 0. 41t0.0I O. ltO. Z 
NL IOltl 19. 210. 7 0.6lt0. QZ 0.5'10.Zl 

NL·Cl !Ohl 16.8t0. 7 O. S4t0.0l O. IJJ0.07 
·CL IOltl 17. 310. l 0.5't0.0I O.OltO. Ol 
Ol (*) (*) c•> (*) ... IZ14 >6 . ltl . Z I. IStO. lZ 0.16t0. IO 
OI t4tl ZS. Stl. Z O. IOt0.04 O. OSt0.05 
OH (*) (*) (*) (*) 

'a.wd OIi USU eiq1erlence; '" lHl. ,,_ Hilt (197 .. ) . 

n .. t .. t.ry h1dlc1lu ,0 perc"'l COAflctfflce ll• lh of U.. 1wer9 w1l11e . 

a Denoles l111ufflclenl dlU, > 11 grHler """'· c h leu u...i . 

hrc .. t hrcnt 

< 1.4 (*) 

<0 .8 (*) 

<I.Z <l .O 
<I.! <Z. 4 

l.4t* (*) 
o.aso.J (*) 
I. 210. I l.Ot0. 4 
l.4t0. l Z. 9tl.O 
1.ZtO.Z Z. 4t0.5 
I.StO.Z Z. 6.tO.l 
1.0tO. Z Z. ZtO.O 
l.4t0. Z Z.6.t0.4 

(*) c•> 
Z. Otl.Z l.lt0.8 
Z.6tl.l l.9tl.5 

(*) (•) 

Skorl•I Slf'fllll~ 
C 'aat • 

•·•·'- , ... ,. 
(*) c·> 
(*) (*) 

c•> (•) 

(*) (*) 
5.7t0.6 (*) 
l . lt0.9 c·> 
7. 4to. , Z.9tl.O 
7.lll.l Z. lt0. 8 

10. '11.Z 1.6.tO. ' 
9. 7tl. 5 1.h* 
9. hZ.4 l.Zt• 

IZ.6tl.5 1.~. l 
(*) (*) 

IO.St4 . l Z.bl.l 
14. 9t4.9 l.6t0.16 

(*) (*) 

llote: One foot per year ~h lflf)roalNt.ely 10·• centl• -ters per 11cond (prechely, 9. 665 • 10·7 ca/He) . 

~ l 
l 

toe f 

>0. 79 

>0.74 

>0.67 
>0. 60 

0. 7~.QZ 
0. 74t0.QZ 

0.67t0.0Z 
0.66t0.07 
0. 60t0.07 
0.62SG. 04 
0. '2tD.06 
O.S4t0.04 

(*) 
0.4710.05 
O. lSt0.09 

(*) 
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durability of that soil. An additive 110dfffes the permeability of a soil by 
altering the soil's pore size and/or pore size distribution or by creating a 
ceaented structure within the soil. 

A requfr ... nt to us, a soil additive fs • ore likely where a • ultflayered 
cover systH fs constructed. The • ultflayered cover concept is discussed fn 
Chapter 4. EltMnts of I cover syste• that. ight employ soil additives for 
these purposes are tht foundation layer and the barrier layer. A site's fn
abilfty to provide a stablt surface on whfch to construct an appropriate cover 
• ay fn so•e cases bt ovtrcOM through the utilization of the proper sof 1 addi
tive. Lfkewfst SOIH •at,rials' applicability as a barrier to percolating 
water aay bt enhanced with tht use of an appropriate additive. 

3.3. 1 COMOn Soil Additives and Their Applications 

The 110st comonly used soil additives art bentonite, li1H, portland ct· . 
• ent, fly ash, and bitu,ainous materials. Jn the selection of one or more of 
these additives, certain factors ~ust be cons .idered which will ultimately 
dtterafne thtfr effectiveness. These factors are: purpose for IIIJ)rovfng the 
soil, soil type, dtgrtt of soil qualtty Improvement desired, and environmental 
conditions (gtoch .. fcal nature of site, weather, etc.). The cht111ical nature 
of tht wastes should also bt considered in selecting a sofl additive. 

With tht txc1ptfo11 of bentonfte, each of the above-mentioned soil addf tives 
has been used for both stabilization and lmpertMabillzation. Bentonfte serves 
only to decrtase a soil's penneabfllty. 

3.3. 1. 1 Soll Stabilization 

For stabflfzation Ffgurt 3-15 and Table 3-11 provide initial guidance in 
selecting a bitUl9fnous •aterfal, portland cement, lfM, or lime/cement/fly-ash 
• ixturt. Enter Figure 3-1~ with the percentages of gravel, sand, and fines; 
dtttr• fnt tht area (lA, 2C, 3, etc.) where the l1~tersectfon of these three 
percentages lits. Given this area number, refer to Table 3-11 for guidance 
for the initial selection of the btst·suited additive. Note the restrictions 
in Table 3-11 regarding Atterberg li • its and gradation. For example, a soil 
containing 60 percent gravel, 30 percent sand, and 10 percent fines falls 
within area 28 of Ffgurt 3-15. Tablt 3-11 Indicates that bituminous mate
rials, lfN, and 11N/ce11ent/fly-ash could be considered. Portland cement Is 
elf• fnattd, as only 40 percent of tht material passes the No. 4 sieve. If 
soil ttsts fndfcat, a PI of 17, then lime or a comblnati~n of lime, cement, 
and · fly ash will bt tht better addftfvJ for stabilization. However, this is 

- ·- ·initial guidance only, and the best additive can only be determined by labora
tory studies such as those outlined fn "Soil Stabilization for Pavements" 
(Departments of the Affly, Afr Force, and Navy, 1982). 
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FIGURE 3-15 

CHART FOR SELECTING SOIL-STABILIZING ADDITIVES 
(TO BE USED WITH TABLE 3-10) 
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TAil£ 3•11 

GU1D£ fOlt SELECTING A STABlLIZlllG AOOlTIY[ 

IHtrtctton 
Type of on Percent 

Sot11 Shbtltzfng Restrtctton on LL P1utng 
Aru Clan. Addft1ve •ec-nded Ind Pl of Sotl No. 200 Steve R-rks 

1A SW or s, (1) 11tiafnou1 
U> Portland c-nt 
(l) L1.-C-nt•fly Ash PJ not t.o excffd 25 

11 SV-SN or (1) lftuafnov1 PJ not t.o ucted 1 0 
SP.SN or (2) Portland Ct"eent Pl not to uceed 30 
SW-SC or Cl) Lf• Pl not less t.Nn 12 
SP.SC (4) Lf.-CIINflt•fly Ash PJ not to excffd 25 

IC SN or SC (1) lltuafnus Pl not to ucffd 10 Not to uceed 
or SN-SC 

••• b 
JOI by wetght 

(2) Portland c-nt 
Cl) Lt• Pl not less t.Nn 12 
(4) Lf.-C-nt·Fly Ash PJ not to exceed 25 

2A GV or GP (1) ll1liafnov1 Mlllrlal should not be 
uni fora-graded. 

(Z) Portllnd c-nt Mlt1rtal should contain at 
l1Ht 4SI by wetght of 
Nt1rt1l pas1fng No. 4 
st eve 

(J) Lf.-C-nt·fly Ash PJ not to excffd 25 

a GW-GN or (1) lftuatnovs PJ not t.o IXCffd 10 Well-graded .. tertal only · ~ 

GP-GN or (Z) Portlllld c-nt Pl not to exceed 30 Matert1l should cont1tn at 
GW-GC or le11t 4SI by wtfght of 
GP-GC .. terfal pautng No. 4 

steve 
Cl) Lt• Pl not IHI thin 12 
(4) Lt.-C-nt·fly Ash Pl not to IXCffd 25 

zc CiN or GC (1) lttuafnov1 Pl not to IXCHd 10 Not to IXCHd Well·gr1oed Nt1ri1l only 
or CM-CC 

b 
JOI by weight 

(Z) Portland c-nt --- ... terlal should cont1ln at 
least 4SI by weight of 
Nt1rl1l panlng No. 4 
sieve 

(J) LI• Pl not less thin 12 
(4) Lf.-C-nt·Fly Ash Pl not to exceed ZS 

J CH or CL (1) Portl1nd c-nt LL 1111 t.Nn 40 and Organic and strongly acid 
or MN or Pl Ins tlWI 20 soils falling 11!thln this 
NI. or OH '"' ire not ,usc,ptlblt 
or OL or to 1t1blllz1tlon by ordt• 
Nl·CL nary ••n• 

(Z) LI• Pl not ltss t.Nn 12 

1h1trfctfon on liquid lfaft (LL) and pl1sttctty Index (PJ) h tn ICCOrda,ice 111th Met.'lod 103 In MIL·ST0·621A. 

bPI < 20 • 50 • Nrcent p1nt!?9 
- 4 

Source: •s.11 Shb11111tfon for P,v ... nts• (Dep1rt.Nnll of the Ar-,, Air Foret, and Navy, 1!,82) . 
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3.3. 1.2 Pertieability Reduction 

Bentonite, portland ceaent, li111t, fly ash, ~nd bituainous aaterials have 
111 been used in aodffyfng the peraeabilfty of soils. Ceaent, fly ash, linie, 
and coabinations of tho reduce the peraeabtlity of a granular soil through 
cutntation at fnterparticle contacts and by increasing the percent fines in 
the • aterial. Tht disadvantage of these additives is that a relativPly rigid 
layer is foraed, which fs susceptible to daaage from settltMnt or heave. 
Therefore, a stable bast • ust be provided to insure the integrity of a hydrau
lic barrier constructed using a ceunt-, fly-ash-, or li11e-110dified soil. 
Although the various types of bituainous additives provide a greater oegree of 
flexibility, soils •odifitd with the• art still vulnerable to the effects of 
differential settleaent. Also, the use of bftU111inous materials is normally 
restricted to coarse-grained soils or soils that pulverize easily . 

The addition of liM to a clayey soil typically increases that soil's 
penieabi 1 ity. 

Bentonite is a natural •aterial rich in montmorillonite-type clay . Hontmo- 
rillonite is distinguished fro• other clay minerals by its extreme fineness, 
high water absorbency, and swelling characteristics upon coming into contact 
with water. This swelling characteristic enables a soil-bentonite layer or 
bentonite M • brane to de•onstrate a "self healing" action . By this it is meant 
that soiae of the cracks that for111 in a soil-bentonite or bentonite-only mem
brane {due to installation practices, subsidence, or drying) will close upon 
c0111ing into contact with infiltrating water. In this respect, bentonite 
possesses a distinct advantage over relati~ely stiffer materia~s such as soil 
ceaent and asphalt concrete. However, bentonite is not without problems. The 
perfonaance of bentonitt is greatly affected by ~he quality and type of ben
tonite. Soae deposits have been found to contain sand, silt, and other clays. 
Generally, a Wyo• ing type bentonite has been fouod to be satisfactory over the 
years froa the standpoint of impurities. Also bentonite has experienced prob
leas with piping and diffusion through sands and gravels (with large ~ore chan
nels). Studies have shown that sodiuai bentonite is significantly affected if 
placed in an environaent rich in calci1.111 ions (CRREL, 1978; also see discus
sion under "dfspersivity, 11 sec. 3.2.4.9 above) . Calcium-sodium ion exchange 
can have a pronounced effect on bentonite's ability to act as a sealant . Or
ganic solvents and other nonpolar cheNicals can also have a harmful effect on 
bentonite. 

3.3 . 2 Soils Suitable for Stabilizati on/Modification 

The type of soil to be modified will usually dictate the feasibility of 
using certai~ soil additives. Generally, the ease with which an additive can 
be blended into a soil is a function of the soil type. For many additives 
(particularly bitumen and cement) the degree to which they can be uniformly 
distributed in the soil will be critical to their performance . As a rule 
of thumb, as the PI and percent fines in 3 soil increase, the pulverization 
of that iaaterial becomes more difficult. As pulverization becomes more 
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difficult, the harder it becomes to obtain a unifon1 distribution of the addi
tive. In general, bftu• fnous •aterfals and portland cement work best in 
coarse-grained soils that pulverize easily, while lime is usually used on 
fine-grained soils, as ft lowers the PI of the soils to which it is added. 

The detailed guidance in Table 3-11 is in accord with these rules of thumb. 

3.3.3 Soil Blending 

Although not involving a soil additive as such, the process of blending 
ooe type of soil with another does touch on the purposes of using soil addi
tives. By cOlllbfning soils with different gradations it may be possible to 
obtain a 11aterial 111teting the desired specifications for stability and/or 
impermeability. Through the addition of coarse- and/or fine-grained soil, a 
well-graded • aterial having improved strength and drainage characteristics may 
sometimes be obtained. 

3.4 Nonsoil Materials 

3.4. 1 General 

"Nonsoil iaaterial~" as used here, refer to any materials or supplies 
(e.g .• pipes). other than a natural soil, that may be used in the design and 
construction of a cover syste• • These include several materials mentioned 
above as soil additives. Others discussed below include materials that serve 
to fon11 an iapenneable component of the cover system; bulk materials poten
tially useful in construction. originating as industrial wastes or residues; 
materials and supplies that serve special functions. such as drainage pipes 
and tiles: and permeable synthetic fabrics known as "geotextnes" which serve 
a variety of engineering funct-ions including strengthening, stabi 1 izi ng, and 
separating soils. 

3.4.2 laipenneable Materials 

Impermeable materials restrict or direct the movement of water and/or gas 
within a cover system. The most co11111on types of nonsoil impermeable materials 
are bituminous materials such as asphalts and tars; polymeric membranes; and 
concrete and cement. 

3.4.2. l Asphalt 

The most common forms for asphalt encountered as a barrier are: (1) hot
sprayed asphalt/ta~ membranes; (2) asphalt emulsions; (3) reinforced, sprayed 
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asphalt aeabranes; (4) asphalti~ concrete; and (5) prefabricated asphalt lin
ing. A hot-sprayed asphalt melllbrane consists of a relatively tough, high
viscosity, high-softening-point asphalt or tar. Usually, a hot-sprayed mem
orane does not contain any filler or aggregate. The asphalt or tar utilized 
for this purpose • ust be ductile enough to confona to the irregularities of 
the base •aterial and to resist cracking during its service lifetime, yet 
strong enough to withstand the stresses i111posed upon it during the construc
tion of the overlying cover layers . 

An asphalt e11ulsion consists of three basic components : asphalt, an emul
sifying agent, and water . The emulsifying agent disperses the asphalt cement 
in water, creating a mixture that is stable enough for pumping, prolonged 
storage, and • ixing. Ideally, the emulsion should break down quickly upon 
c011ing into contact with the surface to be treated, and shoul_d retain all the 
adhesion, durability, and water-resistance of the asphalt cement from which it 
was fonaulated. Generally, asphalt emulsions are classified according to 
behavior in an electrical field and according to rapidity with which the emul
sion will revert to asphalt cement {coalesce). Asphalt emulsions are clas
sified as anionic, cationic, or nonionic, depending upon which direction the 
positively charged particles in the emulsion move when an electric current 
is passed through it. Emulsions are further grouped as slow-setting (SS), 
• edila""setting (HS), or rapid-setting (RS) . The prefix "C" is added to the 
asphalt eaulsion grade if the mixture is cationic . For example, an RS-2 
et1ulsion is either anionic or nonionic, and a CRS-2 is cationic . 

Where tensile-strength requirements exceed the strength of a sprayed
asphalt • ellbrane (~uch as on steep slopes), a mat of reinforcing material is 
added to the • ellbrane. This reinforcement (normally a geotextile) is placed 
on the ground, and the asphalt is sprayed over it . Geotextiles used for this 
reinforceHnt have included fiberglass mats, polypropylene, and polyester . 
The selection of the geotextile should be based on the facts that the geotex
tile could be exposed directly tc the environment and that it must possess 
sufficient openings to allow asphalt penetration . Delaminations in reinforced 
sprayed-asphalt aembranes have occurred in the past as a result of the rein
forcing material's being attacked by microorganisms or by the geochemical 
nature of the soil, as well as of inadequate penetration of the asphalt into 
the reinforceaent. 

Asphaltic concrete is a mixture of hot asphalt cement and well-graded, 
high-quality aggregate, compacted to form a uniform, dense mass. The tyµe of 
asphaltic concrete that would be used as an impermeable barrier layer is simi
lar to that used for highway surface courses, with the exception of having a 
higher percentage of mineral filler and asphalt cement . 

There are basically two types of prefabricated asphalt lining material . 
One is manufactured in the form of a panel or b_oard, while the other is pro-

.. duced in rolls, much like roofing. The prefabricated asphalt panel is stronger 
and more durable than the rolled lining, but the rolled lining is more flexible 
and less expensive. Unlike the other two types of asphalt barriers, the seam
ing process for prefabricated asphalt panels must be accomplished by hand. 
Table 3-12 compares prefabricated as~halt lining with the other two types of 
asphalt barriers. 
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TABLE 3-12 

1 ADVANTAGES/DISADVANTAGES OF VARIOUS FORMS OF ASPHALT CONSTRUCTION 

llatfflal Adt•UQn Dl!ldwMUQH 

Not·S.reye4 .. ,r.., Ide tf gllt I .-r- .. hqulres up ta l passas ta 1..-
~-: wl- Nrrl•"· Sun IRtafrlly. .. Aapllllt II. GOOd ..,.11.01 lit:,. II • Speclal hNth•t and starage 

equlpae,it required. 
c. C.. lie NC ..... lcall:, c. IIDn wh•r.01• to .S-0- frca 

h11Ulled. planU and •IMls tMft 
uplla l t CIIIICrete. 

d. Does net....,. ••ta.- d • TIie sub9rade soil -t lie 
..... ......... t ...... urefull:, pr.pared to,_. 

si-ar,, or la~ ooJects. .. ea. p,Netrata t1gllt .. S..SC.,t111le to crackl"I dl;rl"I 
MlrfKe$ ta plug cold->oNU..r lnstollat1on. 
vol• MIii OIMft _, __ 

,. Very ..,.. •latuns ,. l'n»tectfw• cower Is es1111tfal. 
resist plMt l11tru- ,. C-t support aucll traffic I IN !letter. 

("'- or .,.,.lcular). 

"· l'oor reslsu,,ce to oils ud 
0"9MIC sohe11ts. 

II. Ta" a-t. S- as tor 
aspllalt. 

a·II. S- as for aspl\alt. 

g. Ta" ala ... 11 wltll I. Ta" are .,,.. susc1;1t1ble to 
: •t aoer-oata. -u..rl"I affects tllM 

i as:,Mlts. 

S- tars require lllgll I 
J. I taaperatuNs. 

4 t. Durlft2 appllcatfo.-,, wapors .., 
llunl ,-...-1 tllat c- lllto I 
contact W1 u, Ula. 

~It a. Does IIOl haw• eatltfl• .. utaftsfwe curt,.. tf•s aa:, lie 
EaulsfN sfwe ..,1,....t l'Mds. required. 

II. Does IIOt NqU i N a II. Subgrade soil requires caNful 
petrol- to Mite It preparation. 
liquid. 

c. CM be applied 111 c • C-t support aucll traffic. 
.,.t casts without 
the .,_ of Addi· 
tfonal IIHt. 

d. Hu the abfllty to coat d. MIIN wulNrable to pla11t and 
~ aoer-oata s11rtacu. &niMI attack tllM Hpllalt 

concrete. .. Tne" Is little o:- no .. l'n»tect1ve cower ts esse11tlal. 
~art>on •Inion. ,. Can pe11etra•• tlgllt ,. Poor Nslsu,,ce to oils ahd 
surracu. organic solve11ts. 

(COlltfnued) 
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TABLE 3-12 (cor~inued) 

llllterlal AdvMtavff Disadvantages 

lal•forced, a. GrNter fatigue .. C."f11l selection of fellric is 
Stir~ (leMile) St""!ltJI required. 
Alpllelt t11M unre I 11f orced 
.... r_s upt,elt -r-s. 

b. Ney be placed on b. Cost 1s gl'ffter than ,_"in-
S\Ntler slopes Ulu forced -rane. 
,_"lnforced 
-r-. 

c. Gl'ffter tur res In- c. O.l•lnetlon .. Y occur f,-
MCeU.... • icl"OOM)anlsas or soil 
,_reinforced. chaistry. 

d. Equ I PN11t llffds are d. Susceptible to cracking in 
not too eat.eM I,,._ cold wat.ller lnsullatlo11. 

e. Protective cover Is euentlal. 

f . "°" vulnerable to plant and 
.,.1 .. 1 attack Ulan esp.'lalt 
concrete. 

..0 g • DIily H good H the Hp/lalt or 
Hl)Mlt -lsion sprayed on 
it. 

Aspllalt a. Prowides a very st•- .. •-1,..~ specialized hutfng, 
Concrete Ille "°rlllng surface storing, and construction 

fro• ...,lch to con- -1-t. 
s truct U>e rest of 
t.lle C-r. 

b. letter resistance to b. ._Ires • ore highly skilled 
alt.ell fro• plMt ,-.... .-I than sprayed 
roots and buM"OWI ng -r-. 
Mi .. h U.... spreyeo 
-r-s. 

c. Will soe,port traffic c. Relali,,.ly stiffer Nterlal 
better UIM sprayed wltll l'e99rd to subsidence. 
-ra.-.es. 

d. Poor res Is tanc:e to o fl s and 
Ol"gMiC SO l ..... ts. 

e. Ylllnerellle to cracking during 
cold wau..r fnstallatfon. 

l'refabrlca\ed .. C.. be fr,., ta lled . . C-slve. 
AspMlt ..... ,.. ft ,s dlfff-
ll• lng cult •.o operate 

i • echinery (H,,..lt 
dhtrfbuton, paven, 

' rollen, etc. ) ' 
i b. Does not requi re u.. b. Susc-.,tfble to cracking during '! c,,. degree of •ub91'- cold .,..u,er Installation. 
" co• pactfon as the 
' '· ot.ller types of 
~ •sphal~ .. t.er1•1s. 
~ 

c . C... be .....,fact.,r,td c. ,_1, are very heavy. 
~ llllder g"ater qua 11-

I ty contro I than 
field con>truct.d 
.. urfals. 

I d. Equli-ent needs . ... d. C-t withstand npfd changes 

I 
.. 1n1 .. 1. I• slll)grade elevation . .. Resist teufng. e • S.- are not 11s ... 11y a\ 

strong as panel -terlal. 

I 
f. The fabric • !Kt be ChoHII 

ca ref 1111 y as • le l"OOM)an has 
..:, attack U-. 

1, 
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For addition-11 information on asphalt consult "Asphalt in Hydraulics" 
(Asphalt Institute , 1976) . 

3.4.2.2 Synthetic Membranes ("Geomembranes") 

- . ... -.. · 

The use of synthetic metlbranes in the waste-disposal field now spans over 
two decades. Basically, these membranes fall within one of three categories: 
elastoaers (rubbers), thermoplastics (plastics), and combinations of elastomers 
and thenaoplastics. Butyl rubber, ethylene propylene rubber (ethylene pro
pylene diene 110noaer, EPDH), and neoprene are the 110st co111110nly used rubbers, 
while polyethylene (PE), polyvinyl chloride (PVC), and chlorinated polyethylena 
(CPE) are c011110nly used plastics. Chlorosulfonated polyethylene (CSPE), a 
c011110n coaaercial variety of which is Hypalon,* and DuPont's 3110 (no longer 
marketed) exhibit qualities found in both the rubbers and the plastics. Poly
ethylene is available as low-density (LOPE), high-density (HOPE), and linear 
low-density (LLDPE) polyethylenes. Table 3-13 presents these various types of 
polyaeric aeabranes, their advantages and disadvantages, and general infonna
tion concerning their engineering and physical characteristics. 

When considering the use of a polymeric llellbrane to fulfill the functions 
of the hydraulic barrier, one • ust first explore the g~neral advantages and 
disadvantages involved with choosing this type of barrier over asphalt, soil 
ceaent, etc. Generally, the advantages include: (1) a variety of c0111pounds 
are available; (2) sheetin~ is ~roduced in a factory enviroMent; (3) poly
aerie lletllbranes are flexible; and (4) they are relatively si111ple to install. 

The disadvantages generally associated with polyaeric membranes include: 
(1) the chetlical resistance of the polyaeric aetlbrane • ust be obtained for 
each job; (2) seaaing systeas are •aterial-dependent and are usually con
sidered the weak link in a lletlbrane; and (3) •any polyaeric llellbranes are vul
nerable to attack froa biotic, aechanical, and environaental sources. Attack 
by biotic agents • ay be controlled by adding biocides. Pinholes have been a 
problea with soae llellbranes in the past, but recent iaproveaents in membrane 
aanufacture have -.-rkedly reduced the problea. 

The hydraulic barrier in aost cases aay be underlain by other layers 
(e.g., gas collection and foundation) , isolating it froa heavy concentrations 
of the hazardous chellicals. However, site conditions allowing a ccntractor to 
place a llellbrane directly on a contaainated soil are within the realm of 
possibility. Even if not directly in contact with a sol id conta• inant, a 
polyaeric llellbrane • ay be affected by the che• ical coaposition of any gases 
intercepted in a gas-collection layer located beneath the liner. With these 
points in • ind, consider the specific advantages and disadvantages listed 
above. Polyaeric • ellbranes are available in a wide .variety of compounds 
suitable for coaing in contact with various chellicals. However, no one co.
pound is resistant to the entire spectru• of chemicals that • ight be encoun
tered at an uncontrolled hazardous waste site. Also, it is highly unlikely 
that any one type of hazardous cheaical will be encountered by itself. 

• Registered tradeaark of E.I. DuPont de Neaours & Co., Inc. 
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Usually, conditions at a Superfund site involve a variety of che• icals over a 
range of concentrations. Therefore, polymeric membrane candidates should be 
tested with a representative mixture of che• icals and concentrations or, 
ideally, with actual samples from the site under study. By using actual 
samples fr011 the site, the designer obtains a better understanding of the 
polymeric llellbrane's limitatio~s, as well as establishing a degree of confi
dence in the use of the material. 

However, the cover designer should keep testing requirements in perspec
tive. Because the covering membrane lies above the wastes, it will not be as 
directly exposed to aggressive liquids as an underlying liner or a sidewall. 
~ossible threats are capillary upward • igration of liquids, which is con
sidered unlikely, or upward migration of vapor through a pervious foundation 
soil, possibly followed by condensation on the underside of the mell'lbrane. 
Tests exposing various polymeric materials to various waste fluids have estab
lished certain incompatibilities (Haxo et al., 1980, 1983). Howev~r, all such 
tests were by dirP.ct exposure to liquids, and as far as is known, no testing 
has been done with membranes exposed to vapors. There is reason to believe 
(H. Haxo, Jr., personal communication, 19 May 1983) that the cover environment 
•ay be markedly less severe than that of a liner or sidewall as regards chem
ical attack . 

A big advantage polymeric membranes have (fr0111 a materials standpoint) 
over barriers that are fabricated in the field (such as soil cement, asphalt 
concrete, soil-bentonite • ixtures, etc.) is that polymerics are manufacturP.d 
in a factor/ environ111ent, where quality-control measures -can be used that are 
either impossible or impractical to use in the field. However, each type of 
aeabrane is subject to its own particular set of actual or potential probleas, 
as .shown in Table 3-13. · 

Polymeric aeabranes aanufactured in >11411 widths are seaaed together in 
the factory to fora large panels. These factory seaas 3re generally of high 
quality. However, for 110st jobs these panels IIUSt be seaaed in t~e field. 
The field sea is potentially the weakest link in the integrity of the com
pleted meabrane, although high-quality sea• s are conionly achieved by modern 
seuing •thods and quality-control practices. The quality of a field sea• is 
controlled by: (1) the coapatibility of the seaaing systea w~th tha polymeric 
material; (2) the skill of the seaaing crew; and (3) the ability of the seam
ing systea to perfor• in adverse conditions (wet. cold, dusty, hot, etc.). 

Selection of a certain aetlbrane •aterial •ay require the use of a certain 
seaming systea, and for one reason or another a given seaaing system iaay not 
be usable at a given site. Therefore the aesigner • u~t be infor• ed regarding 
seuing systeas. A~ seen in Table 3-13 there is not a single seaaing systea 
that will work for every type of polymeric aaterial. The seaaing aethods 
coaaonly used are: (1) adhesive/solvent systells; (2) systeas using heat only; 
and (3) systells using heat and extrudite. Usually, the best source of infor- . 
aation concerning the proper seaaing systet1 to use is the product's 
aanufacturer. 

Seaaing with adhesives and solvents has been the 110st widely used 11ethod 
over the years. Although the words •adhesivesM and "solvents• have been used 
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synonymously in seaming operations, the two are separated here to address 
adhesive tapes separately. Adhesive tapes have been used with materials that 
resist solvent attack (such as butyl rubber and then polyethylene sheets). A 
fair amount of skill is involved with its use as the alignment of the two 
sheets •ust be very good and usually the entire length of the sheet is seamed 
at one ti~e. The tape is basically a double-faced tape (sticky on both sides) 
which is placed along the edge of one sheet, has the protective backing re
moved, and then has the second sheet placed on top of ft (Figure 3-16(a)). 
The same type of lap joint is used in a solvent seam (Figure 3·16(b)). How
ever, the ,ffectfveness of a solvent seam is attributed to the solvent's 
ability 1.u attack the polymeric membrane making ft "tacky." Solvent joints 
involve the application of the solvent (brush and spray applications have been 
u~ed) to both sheets. overlapping, and applying pressure for a sufficient 
length of time (Figure 3-16(b)). With s,lvent seams, sufficent time must be 
allowed for the seam to cure before imposing any load on ft. This curing time 
allows the bond strength to develop. A modification of the lap splice is the 
tongue-and-groove splice (Figure 3-lG(c)), connonly used with EPOM and butyl 
rubber sheeting. 

Heat welding systems (heat only) basically melt the sides of the membranes 
to be joined and follow the heat witt, pressure (Figure 3-17), thus creating a 
fusion welding of the two membranes. If properly done, this method provides a 
strong, high-quality ;eam. However, this system is very sensitive to wind, 
dust, cold, and rain. 

The third seaming system is extrusion welding. This technique employs 
110lten plastic (nonnally the same material as the polymeric membr3ne) and 
extrudes it on top of (Figure 3-18) or in between tt.e membranes (Figure 3-19) 
to fora a sea•. This is the seaming method used in joining high-density 
polyethylene (HOPE). 

Seams are subject to two failure • odes, shear and peel (Figure 3-20), both 
of which • ust be considered when evaluating field sea• ing. 

To date, geoaetabranes have been used • uch aore as liners than as covers. 
The infor• ation presented in this Handbook is largely based on experience with 
geoaeabranes in liner applications. Because of their different respective 
positions, lletlbranes in liner service should be aore subject to attack by 
liquid cheaicals, while those in cover service should be 110re vulnerable to 
vapors, ozone, or biotic agent~ . 

3.4.2.3 Concrete and Ce• ent 

The use of ceaent in a hydraulic barrier aanifests itself in two areas: 
concrete and soil-cement. 

(1) Concrete. Concrete has been used in the past to line water-holding 
structures. However, concrete was utilized • ost for this purpose at a time 
wh~n the engineer had a very lf• fted selection of hydraulic-barrier materials 
(Kays, 1977). Problees with cracking, leakage at construction joints, costs 
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FIGURE 3-16 

TYPICAL ADHESIVE/SOLVENT SEAMS 

lap Jo1nt 

-4 
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FIGURE 3·17 

HEAT WELDING 

PRESSURE 

I l l 
I 

3-58 

-~ ' .. - ..... . 
.. . .: :'- ~ i .... . - ~ ,·.:::t~•;t"f4~:.=.'.!:'~r.:; ~-~.:-~J _.;~~---!.,,,;__• 

~-~~-- --• ~ 0 - -• L L --· .. • 

- . I 



----------- -------···- ·--- -

FIGURE ;,-18 

EXTRUSION WELDING SYSTEM - TOP-LAID 

NO EXTRUDITE 
BETWEEN SHEETS 
HERE EDGES OF SHEETS ARE MELTED 

AND EXTRUDITE IS MIXED IN 

ORIGINAL SHEET EDGE 
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FIGURE 3-19 

EXTRUSION WELDING SYSTEM - INTERMEHBRANE 

PRESSURE 
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FIGURE 3-20 

SEAM FAILURE MODES 

seam 

i 

a. SHEAR 

b . PEEL 

of labor and aaterials, and the advent of cheaper, 110re flexible materials 
have kept concrete fr011 being used extensively as a hydraulic barrier in the 
field of waste di~posal . For these reasons the discussion of concrete ~ill be 
li• ited to thi s section and not iocluded in the section on des i gn. 

The folloving f~ctors are iaportant in the design of concrete (reinforced 
and nonreinforced) as a hydraulic barrier (in a cover system) : 

• Subgrade 

• Side slope 

• Concrete • ix 

• Joints and waterstops 

• Type of reinforce• ent (reinforced concrete only) 

• Curing 
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In reinforced versus unreinforced concrete, there are advantages and dis
advantages connected with either. Unreinforced concrete is cheaper, and is 
usually considered hydraulically tighter, as closer joint spacing is usually 
required. With smaller panels, less space will be created at joints due to 
contraction of the concrete. On the other hand, unreinforced concrete is 
highly dependent on a stable substrate and is more susceptible to cracking due 
to thennal effects while exposed. A good source of information on the design 
and testing of concrete is the US Anrt Corps of Engineer's "Handbook for Con
crete and Cement." A discussion of concrete in construction may also be found 
in Backstro• et al. (1974). 

(2) Soil-cement. Soil-cement is created by a process in which onsite 
soils, or soils i11ported fr011 other areas, are mixed with portland cement and 
water, and co• pacted. Soil-cement has been used to line water impoundments 
and canals and t.o provide embankment protection for dams and shorelines. 
Soll-ceaent has found its greatest use in areas where clay or clayey soils are 
not found within econ011ical distances of the site, but sandy soils are avail
able. Because soil-ce•ent is a relatively brittle material, careful attention 
• ust be given to the supporting substrate. Also some special consideration 
• ust be given to the bonding of lifts and to curing; these items are discussed 
in Chapter 4. 

Soil-ce•ent is essentially a mixture of portland cement and a sandy, 
usually well-graded soil (•aximua aggregate size - 3/4 inch). As a general 
rule. any soil that can be pulverized easily and contains less than 50 percent 
silt and clay is suitable for soil-cement construction (Kays, 1977). 

Generally there are two categories of soil-ceaent; coapacted soil-cement 
and plastic soil-ceeent. Coapacted soil-ce•ent differs fro• the plastic mix 
in the aaount of water added to the • ixture. Coapacted soil-ceaent is com
pacted at or near the • ixture's opti• UII •oisture content. Plastic soil-cement 
has a consistency like plaster or •ortar, which require 110re water and cement 
than the standard • ix. Although the coapacted soil-ce•ent • ix is more com-
110nly used. plastic soil-ce•ent has been shown to be pra~tical for small areas 
or where larger equ1paent cannot be used. 

In the design and construction of a soil-ceaent hydraulic barrier the fol-
lowing criteria • ust be :onsidered: 

• Ceaent quality 

• Ceaent content 

• Opti- 110isture content 

• Density 

• Peraeability 

• Effects of freeze-thaw cycles 

• EfJects of cycles of wetting and drying 
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• C011paction (field control) 

• Bonding 

• Curing 

Table 3-14 presents s011e general guidance for the average cement content 
l"'!quired for different types of soils. HO"lever. the soil-cement mixture 
should be designed on the basis of a laboratory testing program. Table 3-15 
presents~ list of design criteria and some representative laboratory tests 
used to acquire these parameters . 

One of the paraaeters important to t~e suil-cement layer's ability to func
tion as a hydraulic barrier is permeability. Table 3-16 gives some examples of 
the penaeabilities of cement-treated soils. From Table 3-16 one can see that 
as the percent-by-voluae ceaent content increases, the coefficient of perme
ability decreases for a given soil. However, cement content is not the only 
factor by which the penaeability of soil-cement is affected. The degree of 
COlll)action plays an equally illlJ)ortant role. A rule of thumb has been that a 
soil-c~nt layer must be c011pacted to at least 95 pertent Standard .Proctor 
density. Howe~er. this will be borne out or refuted in the laboratory testing 
prograa. 

The nature of the fluids to which the barrier may be exposed is another 
aatter that should be considered. Acids and alkalies may attack. the cement. 

Methods of constructing a soil-cement layer are described in Chapter 5. 
•construction.• 

The cost of a soil-cement layer depends primarily on two factors, the cost 
of processing and the cost of cement. The cost of processing includes the 
costs of processing aaterial. hauling materials to the site. water for curing 
and • ixing, central-plant • ixing. transporting the soil-cement at the site. 
spreading, coapacting. and curing. The cost of cement includes delivery and 
contractor's cost. The cost of processing is somNhat quantity-dependent. 
The Portland Cement Association (PCA) lists approximate 1982 costs as follows: 

Less than 5,000 cubic yards - $13.75/cu yd 

s.ooo to 10,000 cubic yards - $12.00 

10,000 to 40.ooo cubic yards - $10.50 

40,000 to 100,000 cubic yards - $9.00 

More than l~0,000 cubic yards - $8.25 

The PCA also states that a 6-inch layer of soil-cement costs about $0.50/ 
square foot ($27.00/cubic yard) installed. 
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TABLE 3-14 

AVERAGE CEMENT REQUIREMENTS FOR EXPOSED 
SOIL-CEMENT SLOPE PROTECTION 

Unified Soil 
Classification 

Symbol 

GW 
GP 
GM 
GC 
SW 
SP 
SM 
SC 
CL 
CH 
HL 
HH 

Average Cement 
Content (percent 

by weight) 

7 
7-8 
8-9 

9 

7-8 
7-11 
8-12 
9-12 

12 

12 

TABLE 3-15 

REPRESENTATIVE LABORATORY TESTS FOR 
SOIL-CEMENT DESIGN PARAMETERS 

Paraaeter 

Cement Quality 

Cement Content 
OptimUII Moisture Content 
Haximlll Dem=ity 

Permeability 

Freeze-Thaw Effects 
Wet-Dry Effects 

Soil Classification 
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Laboratory Test Designation 

ASTH ClSO, CSA AS, AASHTO H85, 
ASTH C595, AASHTO H240 
ASTH D558 
ASTH D559 
ASTH DSGO 
ASTH 02434 

ASTH IJ560 
ASTH D5f'.j 

ASTH 02487. AASHTO Hl45 
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TABLE 3-16 

PERHEAB IL ITY OF CEMENT-TREATED SOILS 
~-nl - CtNnl 

Sol I lluabtr Ory Moh lure Content k, Cottflc ltnl MSHTO ••11ulrt• 
or SNl>I• O.nally , Content , Percent Type or or p,,...ablllly , USDA Grtdtllon An1li1h, Percent Pu1tn11 Sol I .. nl byb 

ldenllflcat.lon pct Percent by Vol- Soll •CtNnl H per yur Tulur, m ~ 1n ~n 2!RI .ns .IRIS Clan• Voli.e 

Standard 1011 . Z 10,1 0 Coap1clld 41,7SO Coar11 .(100$ pau 120 ; 0$ PUI 130) A·l·b(O) 
Ott.ewa Hnd IIZ, I t . 4 S.7 Coapaclld 6,940 Hnd 

117. 6 9. 7 11. l Coapacltd 76. 3 

SP 1011, 0 Plullc Z, 460 Sand 100 " ta 7l ' • l A·3(0) 
II H·Z6 91. 6 z4 : 1 a Plullc 130 
Jct.ho "·' zo. 1 • Plullc llO 

100. 3 II . I zo Plullc o. a 

Gr--' OlC....e 103. Z ll . 7 0 Coap,cled 16 , JOO Sand 100 100 100 ·~ 1100 A·l • a(O) 
Hnd 104. 7 ll . 6 S. l Coapacled 47l za z 

107. 4 12.l 10. l Coap1clld 21 . 4 

PCA 10II IOI. 0 IZ . Z 0 Coapacl1J 746 Sand 100 100 100 ti 7 A·l(O). 10 . 0 
No , 7011 l:>O. t ll . 3 l . I Coap1clld S6Z 
Florida 103.6 12 . J 6 . 3 Coapacltd 192 

105. J 12. 0 , .z Coapacled ZI. I 

'f PCA HII 100. I 14 . t 0 Coapacltd 4,'60 Fine 100 100 100 t6 1l lZ z A•Z•4(0) 1.0 
en No . s-z "·' 14. 7 3. I Coapacled I , 3st llnd 
UI Jllfnola 104.0 IS. I 6.l Coapacltd st. S 

.104.1 15 . 1 t . Z Coapacltd 11. S 

PCA aol 1 104 , 1 10. 6 0 Coapacltd Z,400 Coarse 100 100 t6 SI s 1 A•3(0) 7. 0 
No . HM 107, Z t . S l.l CoaplClld HI Hnd 
Maine 111 . 7 10.l 6. 1 CoeplCltd 3'.Z 

113. 4 10. Z ,., Coapacltd 7.6 

PCA 1011 104. t 10. l 0 Coap1cltd 1,640 Sand 100 100 100 11 4 A·l(O) 8.S 
No. '86l· Z 106. 6 JO . I l . l Coapacltd 90. l 
Meryl and 112. 4 10. l , .. Coapacltd ZS . 6 
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3.4.3 Peraeable Materials 

Peraeable nonsoil aaterials include bulk residual or vaste aaterials froa 
various industries, drainage pipes and tiles, and geotechnical fabrics known 
as •geotextiles.• Residual aaterials coaprise both organic and inorganic 
wastes. 

In considering any aaterial, the designer vill consider its functional 
suitability and cost. At any given site, a residual aaterial aay be available 
locally at low cost. If so, the designer -,st detenaine whether the aaterial 
is suitable for cover applications. Residual aaterials proxy for soils, and 
sMre a good deal in coaaon vith theta. Residual aaterials possess a gradation 
and various •asurable bulk properties, and aay be classified by the uses. A 
residual aaterial is likely_ to be si• ilar to a natural soil vith the saae uses 
group syabol, although so.. qualitative differences are likely. 

3.4.3. l Organic Residual Materials 

Organic residual aaterials are generated largely by the paper and forest
products industries • . In the saae vay that organic soils are generally unde
sirable froa an engineering viewpoint because of inferior •chanical proper
ties, organ1c residuals are generally undesirable in the saae vay. Paper-• ill 
s11Ms, probably the •ost coaaon organic residual, are fine in size, low in 
density, high in water content and difficult to dry out. Sawdust and vood 
chips, vhich foraerly were •ostly burned, are now largely recycled vi .thin the 
forest-products industry. These, however, • ight find application in a cover 
systea as a soil -nd•ent to proaote vegetative growth. Such use should be 
planned vith guidance froa coapetent agronoaical experts. 

3. 4.3.2 Residual Materials froa the Mining and Metallurgical 
Industries 

The largest quAntities of inorganic residual aaterials are generated in 
tJle • ining and •tallu~ical industries. These aaterials include • ine and pit 
vastes, • ine • 111 tailings, furnace slag, and others. An extensive research 
progr• was conducted for the Federal Higtftilay Ad• inistration on the potential 
~s• of • ining wastes as highway •aterials, and reported in four voluaes under 
the gener~l title of •Availability of Mining Wastes and Their Potential for 
Use as Hi~ Material• (Collins and Hiller, 1976i Collins, 1976a, 1976b; 
Collins and Miller, 1977). Those parts of a cover systea that function as a 
foundation or as a subsurface drainage - • ber have counterpar~s in highway 
construction. In addition, both highway engineers and cover designers face 
the probl• of ~ndling surface drainage and of preventing erosion on slopes 
or in cMnnels. The above-naaed series of reports presents a walth of infor
aat1on on • ineral waste nterials, includir.g practical ·use experience in vari
ous hig~ AP,S>11cat1ons and an extensive di~cussion of the econo• ics of 
shipping bulk •aterials by truck, train, and barge. 

~ 
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In general, • ineral residuals of coarse grain size are more useful t r. an 
fines. Thus slags, waste rock, and the coarser fractions of various mi ~e~al 
tailings tend to find acceptance as •aterials for highway use. The fines tend 
to be unacceptable because, being the products of crushing and grinding of 
rock, they are nonplastic rock flours or silts , having little or no cohesion. 
Such •aterials are highly susceptible tc erosion, highly susceptible to frost 
heaving where that is a proble•, and lacking in surface-active properties such 
as cation exchange capacity, so that they are infertile. Thus fines, to some 
extent including fly ash (discussed below), may find applications as additives 
or blending •edia, but generally fail to find productive uses as an unaccom
panied •ateri a 1. 

3.4. 3.3 Fly Ash 

Fly ash (FA) is a residual •aterial of a s011ewhat special character. For 
one thing, FA is generated in large .and fairly constant quantities; for an
other, it has achieved acceptance as a standard construction material in the 
concrete industry, being the subject of three ASTM specifications (C-311, 
C-593, C-618). FA has received • uch study, research and testing, and as a 
• aterial is well documented. In the context of the electric utility industr;·, 
where •ost FA is produced, i t is a residual product requiring storage and 
disposition; but in other contexts it is definitely a resource and a raw 
•aterial. 

Most FA is fonaed during the cOllbustion of pulverized coal. At the high 
tellperatures during firing, the noncOIDbustible • ineral utter in t~e coal is 
fused into •olten .droplets, which on cooling congeal to fona glassy spheres. 
Microphotographs of FA show it to be an asse• blage of nearly perfect spherical 
particles. The specific gravity of FA is lower than •ost cOMOn soil • inerals, 
averaging about 2.4, and there is reason to believe that soae of the FA spheres 
are hollc,-,. Chellically the FA is siliceous, aluainous, and iron-bearing, with 
variable lesser quantities of other oxides, •ainly Cao, MgO, Na20, and S03. 
The percentage of silica (Si02 ) varies between about 30 and 55 pct. There is 
a systeaatir. tendency for Western-US FA's to be high in liae (CaO) and for 
Eastern ones to be lc,-,. Because any lot of FA reflects the coal fro• which it 
was fonaed, the chetlistry of .FA's is variable. 

Considered as a soil, FA is a fairly unifonaly graded silt, with median 
size (D50 ) ranging roughly between 20 and 40 • icrons. FA is extreaely non
plastic, as • ight be expected fro• its spherical grain structure. As is 
COMOn with silts, FA is seriously erosion-prone and frost-action-prone. As 
expressed by DiGioia and Nuzzo (1972), FA is "a dusty nuisance when dry and an 
unaanageable quag• ire when saturated," but can be easily handled and coapacted 
at inter'Mdiate vater contents. For a set of Western Pennsylvania FA's, these 
authors indicated •axi- dry densities in the Modified Proctor test (see 
above) ranging betwen 77 and 89 pcf. The densities are quite low in co• pari
son with •ost soils, and reflect the low specific gravity of FA. 

Most FA's are pozzolan1c, and this property has been the basis of •ost of 
FA's industrial use. A pozzolan is a siliceous or siliceous-alu• inous •aterial 
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which, in the presence of 110isture, will react with liae to fora a ceaentftious 
coapound. Most FA's are also distinctly alkaline. 

There are obvious econoaic incentives to develop uses for FA. Several 
organizations pro110te established uses and the search for new ones, and there 
have been several research syaposia, both in North Aaerica and abroad, devoted 
to ash utilization. A sUMary of applications and technology was published in 
1970 by the U. S. Bureau of Hines (Capp and Spencer, 1970). The established 
avenues of application for FA are in the field of ceaent and conc~te; as a 
light-weight aggregate in concrete and building blocks; in engineering soil 
stabilization; as a mineral filler in asphalt • ixes; in agriculture; and in 
brick aanufacturing. The soil-stabilization and agricultural applications aay 
be pertinent to cover systeas. 

The vegetative c011ponent of a cover syste• aay benefit froa mixing of FA 
into the plant-supporting soil. The silty size of FA pr0110tes a loaay soil 
texture, which is favorable for plant gr<ntth. FA aay be a source of nutrients, 
and aay be capable of delivering theta over extended periods. Moreover, the 
alkalinity of FA aay act as an effective neutralizer for acid soils. Seasoned 
ash is preferable to rav ash, as the latter aay show s011e plant toxicity; the 
eleaents producing the toxicity are quickly leached avay i_n the seasoning pro
cess. The cover designer is advised to consult research reports for detailed 
discusssions of FA's agricultural effects. 

In engineering soil stabilization, FA 1 s pozzolanic properties coae into 
efft:et. Greater or lesser aaounts of lime, depending on the liae content of 
the FA, need to be added for the stabilization reaction to occur. A careful 
review of such use has been published by Sarenberg (1974). Materials to which 
LFA (liae, fly ash, aggregate) or LCFA (liae, ceaent, fly ash, aggregate) sta
bilization is appropriate are coarse-grained soils (gravels and sands) and 
other coarse-grained aggregates such as crushed rock ~nd various slags. This 
requireaent agrees in general with reco-aended practice in "Soil Stabilization 
for Paveaents• (Oepts. of the Arsy, Air Force, and Navy, 1982). Various fac
tors are i• portant for prod~tion of an acceptable result, including proper 
• ix, proper c011paction, and proper curing conditions and time. The result is 
a relatively hard, rigid • aterial with good durability and diaensional sta
bility. According to Barenberg (1974, pp 186-7) the stabilized material has 
the property of autogenous healing. 

Published permeability data on FA-stabilized soil are scarce. Parker, 
Thornton, and Cheng (1977) reported on permeability testing of two Arkansas 
soils with which a Western-US fly ash with very high li• e content (20.0 per
cent Cao) had been • ixed. Only one of these soils, a SP-SM (USCS). was an 
appropriate type for FA stabilization; the other was an organic clay (OH), an 
uncoaaon soil. Barenberg (personal c~nication, 24 March 1983) reports that 
the stabilized • aterial can be • ade quite iapervious, and that k values as low 
as 10·• ca/sec can b@ achieved with proper gradation and c011paction. 

Whether FA should be considered for use in a cover systea, other than for 
agricultural purposes as discussed above, requires ju1gaent on the part of the 
designer. Placed over an unstable, settleaent-prone foundation, an FA
stabilized soil, or any stabilized soil, is threatened with cracking, an 
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obviously undesirable condition for prevention o~ percolation. If there is 
assurance that th~ wastes are reasonably stable and if a thick enough stabi
lized layer can be placed, strong enough to bridge • inor underlying slu• ping, 
it is reasonable to expect that a durable and effective cover could be pro
duced. There is no known actual experience to date with the use of such a 
design. 

3.4.3.4 Other Residual Materials 

Other residual •aterials include boiler bottoa ash and slag, incinerator 
residues, foundry sand, plant sludges, reservoir and channel silt, dredged 
•aterial, and COlll)osted sNage sludge (Lutton, Regan, and Jones, 1979). Any 
of these •ay in special circu• stances be considered for cover applications. 
The cover designer should deter• ine a given •aterial's properties and, by 

· coaparison to soils or other known aaterials, decide whether the •aterial can 
suitably be used in the cover. 

c 3.4.3.5 Pipes and Tiles 

Subsurface drainage systeas have been constructed using a variety of •ate
rials. These aaterials have included sands and gravels; pipes of va~ious aate
rials (vitrified clay, concrete, steel, plastic, etc.); and ge9technical fab
rics. Of these aaterials, sands and gravels have the longest history of use 
as underdrainage •aterials. The use of sand and gravel can be priaarily 

o-- attributed to their durability, low cost, and availability. 

A systea eaploying only sand and gravel has a lower drainage capacity than 
o.ne that includes a systea of pipes and/or drainage tiles to intercept and 
transport the infiltrated water to an outlet. Design and construction consid
erations for such a systea are presented in section 4.7. The pipes and tiles 
used in the drainage layer should •eet the strength and durability requireaents 
i• posed upon theta by the site conditions as well as carry their designed flow. 

Current specifications covering the quality of the aaterials are presented 
in Table 3-17. These specifications should be used as guidance in deteraining 
a product's acceptability for use in a drainage installation. However, there 
are soae acceptable •odificatfons to these specificatior.~, given site-specific 
conditions. For txa•ple, ff a clay tile will not be subjected to da•age froa 
freezing and thawing before, during, and after installation, the testing 
related to free!e-thaw effects can be aodified or waived. 

Huch .of the use of buried pipe and tile has been in the field of agricul
tural drainage. Information on this subject can be obtained froa NDrainage 
for Agriculture• (Van Schilfgaarde, 1974). Materials and aethods are partic
ularly discussed in Fouss (1974) and Willardson (1974). Agricultural drains 
are also discussed in Bouwer (1978). 
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TABLE 3-17 

DRAINAGE-MATERIALS SPECIFICATIONS {LEE ET AL., 1984) 

Clay drain tile 
Clay drain tile, perforated 
Clay pipe, perforated, stand1rd, and extra 

strength 
Clay pipe, testing 
Concrete drain tile 
Concrete pipe for irrigation or drainage 
Concrete pipe or tile. deterwining physical 

properties of 
Concrete sewer. storw drain, and culvert pipe 
Reinforced concrete culvert. stora drain. and 

sewr pipe 
Perfor1ted concrete pipe 
Portland ceaent 
Asbestos-ceaent non-pressure sewer pipe 
Asbestos--ceaent perforated underdrain pipe 
Asbestos-cment pipe. testing 
Pipe. bitullinized fiber (and-fittings) 
Hcaogeneous perforated bitullin1zed fiber pipe 

for general drainage 
Hcaogeneous perforatf:d fiber pipe, testing 
L•inated ... 11 bitull1nized f1ber perforated p1pe 

for agricultural, land. and general dninage 
L•inated ... 11 bitullinhed fiber pipe, physical 

testing of 
Styrene ru*r plastic drain and building sewer 

pipe and fittings (perforations. if needed, 
are specified 1n ASlM D 2311) 

Plastic drainage tubing, corrugated 

Pipe. corn,gated (al111in111 alloy) 
Pipe, corrugated (iron or steel. zinc coa~'d) 
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Specification 

ASTH C 4 

ASiM C 498 
ASTH C 700 

ASTH C 301 
ASlM C 412 
ASlM C 118 
ASlM C 497 

ASTH C 14 
ASlM C 76 

ASlM C ffl 
ASlM C 150 
ASlM C 428 

ASlM C 508 
ASlM C-500 
Fed. Spec. SS-P-1540 
ASlM D 2311 

ASTI4 D 2314 
ASlM D 2417 

ASlM D 2315 

ASlM D 2852 

Soil Conservation 
Service Specification 
Fed. Spec. W-P-402 
Fed. Spec. W-P-405 
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3.4.3.6 Geotextiles 

The tera •geotextfl•• or •geotechnic11'; flli>ric• refers to an uncoated 
synthetic textile product lhllt c•n be incorporated into an engineered structure 
1111d the uses of ""'ich do not require it to be vatertight. Geotextfles usually 
fulfill five bllsic functions (or coabin11tions ther.of): 

• Ffltr11Uon 

• Drainage 

• Sepllr11tion 

• Refnforceaent 

• Araoring 

lllble 3-18 defines these functions aore fully. 

These functions c•n be used for• variety of practical applications. Hov
ever, the designer should note that in perfoniing its priaary function. the 
geotextile aay be perfoniing • $econdllry function that the designer • ight ex
ploit. Tllble 3-19 presents exa• ples of soee pr11ctic11l applications of geotex
tflH H wll H the priaary •nd secondllry functions associated vith thell. 

After prfaary •nd secondllry functions have been established. the next step 
is deter11ining the • ost suitable geotextile for the ~l fcation at hllnd. An 
evaluation should be bllsed on four chllracteristic •reH: 

• Constructibility 

• Ourllbility 

• MKhan1c•l chllr.cterfstics 

• Hydraulic chllracteristfcs 

Within uch arH. the designer • ust consider a group of properties in deter
• ining a geotexttle's suitability. Although these properties • ay vary soee
lllhat. bebileen fabric funct.fons, .. ny 11re held fn coaaon. T.t»le 3-20 presents 
these properties as they relat.e to the different chllr11ctertstic areas (cri
teria for sel.ctfon). 

Geotechntcal fllbrfcs are aanufactured froa a variety of synthetics, in
cluding polypropylene, polyester, polyethylene, nylon, polyvinylfdene chloride, 
and fiberglass. The • ost coa• only used are polypropylene 11nd polyester. The 
physical properties of all these • aterf•ls c11n be vuied considerllbly by v11ry
ing the additives used 1n the • anufacture MCI the •thods of processing the 
fflaents. Therefore, ureful consider11Uor. • ust be given to the types of 
polyaers present in a geotextile and the aanuf11eturing process thllt produced 
ft. Generally. the s- scrutiny should be aipplfed to geotexttles H to 
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Function 

Filter 

Drain 

Separation 

Reinforceaent 

Ar'110r 

TABLE 3-18 

DESCRIPTION OF GEOTEXTILE FUNCTIONS 

Description 

The process of allowing water to escape easily froe a 
scil unit while retaining the soil in place. The water 
is carried Nay by soae other drain (e.g • • rock or rock 
with pii,e). 

The situation where the fabric itself is to carry the 
water away froa the soil to be drained. 

The process ~f preventing two dissi• ilar •aterials fr011 
• ixing. This is distinct fr011 the filtration function, 
in that it is not necessary for water to pass through 
the fabric. 

The process of adding •echanical strength to the soil
fabric syste•. 

The proc:ess of protecting the soil fr011 surface erosion 
by soae tractive force. Usually in these situations, 
the fabric serves only for a li• ited tiae. 

Source: Bell. Hicks, et al. (1980) 

synthetic aeabranes, as regards their coapatibility with substances and condi
tions to vhich they will be exposed in service. 

The aost c011110nly used • ethod of general geoteY.tile classification is by 
11anufacturing process. Gel>textiles are classified as woven, nonwoven, and 
knitted. Woven fabrics are ude as the naae i• plie~. The geotextile is manu
factured in a process si• ilar to that vhich produces clothing •aterial. Weav
ing tends to produce fabrics with relatively high tensile strengths and 110duli 
(ratio of tensile stress to tensile strain) . HO\':'aver, these fabrics have a 
relatively la-, elo~tion at rupture, and their aodulus is ~reatly dependent 
upon the orientation of the fibers to the load. If the fabric is loaded on a 
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TABLE 3-19 

APPLICATIONS ANO CONTROLLING FUNCTION OF GEOTEXTILES 

PriNry 
Function 

Filter 

Drainage 

Erosion 
Control 
(Araor) 

Reinforceaent 

Separation 

App 11 cations 

Trench Drains 
Pipe Wrapping 
Base Course Drains 
Frost Protection 
Structural Drain 
High Eabankaents 

Retaining Walls 
Vertical Drains 
Horizontal Drains 

Culvert Outlets 
Seeding, Mulchfog 
Ditch Araoring 
Eabanlalent Protectio~ Scour 

Reinforceaent over soft ground 
Retaining Structur~s 
Fill Reinforceaent 

Paved Roads 
Working Platfona' 
Railroad 
Agg~te Su,-faced Roads 

Source: Adapted froa Be11, Hicks, et al. (1980) 

Secondary Function(s) 

Separation Dr~in 
s.p.ration, Reinforceaent 
Drain 

Reinforceaent 

Filter 
Filter 
Filter 
Filter 

Drain, Separation 
Drain, S.S,.ration 

Reinforceaent 
Reinforceaent 
Reinforc ... nt 
Reinforc ... nt 

bias, a draaatic decrease in the fabric's .:>dulus occurs (although the ulti
aate breaking st~ngth aay increase). Also, the unufacturing process is the 
aost expens he. 

Nonwoven fabrics are produced in a process by which continuous fil-nts 
or staple fibers are laid on a supporting screen or belt (to fol"II a ut) and 
then bonded by one of the processes described belov (Horz, 1983): 
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TABLE 3-20 
IMPORTANT CRITERIA ANO PROPERTIES FOR EVALUATING A GEOTEXTILE 

Crttertoa 

Constrvcttbtltty 

~nbillty 

flec,.._tc•1 
CMrutert st tcs 

Hydrau11c 
Acttoa 

Fabrt, Strength 
Teaperature Subility 
UY Light Stability 
llet Ind Dry Subi H ty 
n ... bility 
Thfctness 
W.1ght 
Absorption (Wet Weight) 
Plmcture Ats ts tance 
Cutting Restsunc~ 
Modulus 
S.-C1ftc Gravity 
nexibtlfty 
Tur Restsunce 
Se• Strength 
Ultraviolet-light Stability 
Chmial Stability 
r.ologial Stability 
Theral1 Stabfl ity 
llet ... nd-Dry Stabflity 
Abrasion Ritstsunce 
Aniall. Vegetable. and Insect Resistance 
TeMfle Strength 
Fatigue 
Sela Strength 
.. nt Strength 
Puncture lies 1 stance 
Tur Strength 
fatigue 
Creep - Sutic 
Creep - OyNaic 
F,1ct1on/Adhes1~ 
Rodulus - Static b 
flodulus - Dynatc 

Th1ctness 
PeraHbilfty 
S1pll0ft1ng C.~city 
Puaptng Ritstsunce 
P1p1ng lestsunce 
Iatrus1on Atsisuace 
Clogg1~ Atstsunce 

•An lily aot be 1lllf0f"Ullt for nery app11at1oa 

bAppltable to retnforclNtlt fuac:ttoa ei,ely 

Source: Adlpted froa Bell. Nicks. et 11. (1980) 
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Needle punching. Bonding by needle punching inv?lves pushing uny 
barbed needles through the fiber aat norul to tho plane of the 
fa!>ric. The process causes the fibers to be aechanically entangled. 
The resulting fabric has the appearance of a felt 111t. The size of 
the needles deter11ines the sizes of the largest openings in the 
fabric. but the COlll)lex structure of the utted filaaents deter11ines 
the overall peraeability and pore characteristics. Needle-puni:hed 
fabrics can be foraed by needling a single Dat thickness or by nee
dling several aat thicknesses together. 

0 

Heat bonding. In thfs process the aat fs laid and then the fibers 
are bonded at SOIM or all of the points ~re fibers cross one an
other. This can be done by incorporating fibers of the saae polyaer 
type but having different aelting points in the aat or by using 
heterofilaaents, that is. fibers COlll)OSed of one type of pol)'ll@r on 
the inside and covered or sheathed with a pol,111er having a lower 
•lting point. iiith heterofilaaent bonding, up to 100 percent of the 
fiber crossover points ca!'! be bonded, the nuaber of bonds being con
trolled by the percentage of heterofilaaents in the ut. 

-
• Resin bonding. Resin is introduced into the fiber aat. coating the 

fibers and bonding the contacts between fibf>rs. 

• COllbinatfon bonding. Soetti•s a cOllbinatfon of bonding techniques 
is used to facilitate 111nufacture or confer desired properties. 
Since needle punching tends to leave the fibers relatively free to 
110ve with respect to each other, heat or resin bonding can be coe
bined with it to inc.-..se the di•nsional stability of the fabric. 
Very open woven fabrics arc also S\Jaeti•s coated to fix filaaent 
positions. 

Coabinatfon fabrics are fabrics which cc..bine tWG or 110re of the fabrica
tion techniques pnviously described. The 110st coaaon cOllbination fabric is a 
nonwoven aat t.Nt ti.ls tMten bonded by needle punching to a woven scri•. The 
nol"M>ven aat uy be cm one Qr !>oth sides of the woven bad. i ng. 

The knitting process is not a coaaonly used •anufacturing process. In 
fact. only two fabrics are known to be aade by this process (Horz. 1983). One 
is ft!Ployed in surface erosion protection, while the other is used for unidi
rectional soil reinforceaent. The advantages of the knitting process are that 
the strength properties can be varied unidirectionally or aultidirectionally, 
it is possible to knit tube shapes, and the process is less expensive than 
we.1ving. 

Table 3-21 presents general guidance as to the types of geotextiles that 
have been applied in various practical uses. 
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TABLE 3-21 

GEOTEXTILES USED FOR VARIOUS PRACTICAL APPLICATIONS 

USE 

Drain Filter 

Separation: Light Duty 

Separation: He~y Duty 

Reinforcment: Light Duty 

FABRIC 

Lightweight Bonded and Lightweight 
Needled Nonwoven and Slit Film and 
Monof11ament Woven 

Lightweight Bonded and Lightweight 
Needled Nonwoven and Slit Film Woven 

MediUlllllleight Bonded and Hediumweight 
Needled Nonwoven and Slit Film Woven 

Monofilament and Slit Film Woven and 
Heavy 'teedled Nonwoven 

--------------------------------------------------------------------------
Reinforcement: Heavy Duty 

Erosion Conrol: Light Dut;y 

Eros ion Contra 1: Medi III Ou t;y 

Erosion Control: Heavy Out;y 

Silt Fences 

Drainage 

Source: Bell. Hicks. et al. {1980) 

,,_.ltifilament Woven 

Lightweight Bonded and Lightweight 
Needled Nonwoven and Slit Film and 
Monofilament ~oven 

Slit Fil• and Monofilament Woven and 
Medilllftileight Bonded and Hediunweight 
Needled Nonwoven 

Very Heavyweight Needled Nonwoven. 
Heav~ight Woven. and Special Heavy
lllll!ight Cmbi nation Woven-Nonwoven 
Fabrics 

Lightweight Bonded and Lightweight 
Needled Nonwoven and Slit Film Woven 

HeavYNeight Needled Nonwoven 

3-76 

... -···--- --~-- -·--· -. ...- . ~ ..., ........ ~ . .., ...... --· 

-------

I 
! 

. ' 



•-'-..-~~-~[11!11111!1!1~~--a!P.'!"!~--..,......-----------------~ .::.----------'"!'lll'-------------- .. 

I 
I 

CHAPTER 4 

DESIGtl OF A COVlR SYSTEM 

4.1 Introduction 

4.1.1 aasic Considerations 

In designing a cover system, three basic issues must be considered: 

• Design life of cover system 

• Primary function of cover 

• Future use 

The term "design life .. refers to the span of time during which the cover 
systee (all of its ele• ents) will perform as exoected. This time requirement 
will be one of th~ primary 110tivators as to the· types of materials that can be 
used, as well as the overall design philosophy. For instance, if installing a 
cover over an uncontrolled hazardous waste site is all that is to be done, 
then the ''design life, .. for all inten~s and purposes, may well be considered 
indefinite. On the other hand, if the cover is installed in conjunction with 
a system that will ultiaately render the site safe within a finite period 
(such as leachate recovery and treatment program), then the cover design 
should reflect this. However, beyond a certain len~th of time the tems 
permanent and te11porary become arbitrary. Generaily, if an engineered product 
is expected to last for more than 50 years it is considered permanent. There
fora, the cover-system designer is faced with the decision of either using a 
material that will last the "design life" of thP cover system or designing a 
syste• that allows those ele•~nts that will not last the design life to be 
replaced without affecting the cover's efficiency. An example of this can be 
seen in the choice of a material to act as a hydraulic barrier in a cover 
system with a design life of 30 years. Given site-specific conditions, the 
designer aay choose a material such as a clay which could normally be expected 
to last t..,e entire "design life" of the cover (if not disrupted by vegetation). 
The designer • ight also elect to use a polymeric material with the stipulation 
that it be replaced or a reinstallation aade over the old cover system within 
the required ·lifeti• e of ~he cover. The normal lifespan of most polymeric 
llellbranes is generally considered to ue 20 years, but this is uncertain, 
because few field installations of melllbranes have been in place this long. 
One aay note that Governaent regulations as well as financial considerations 
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(such as estimating future costs with the degree of confidence necessary) 
normally act as an incentive toward usiny materials that will last the design 
life of the cover system. 

A factor that ties in c~osely to the "design life" concept is the function 
that the cover is designed to fulfill, whether it should function as a "leaky 
roof" or as a "watertight roof." The type of roof will depend on the decision 
as to h~w much water will be allowed to percolate through the site. If the 
function of the cover is to reduce ~he flow of contaminants leaving a site to 
some acceptable level, then the cover's design should reflect this. It the 
cover system is expected to i,1tercept any water percolating toward the waste, 
then the designer must choose a system and materials that ~ill meet that end 
with a required degree of confidence. 

In considering the futu~e use of a site, the designer, along with the 
regulatory agency, should consider whether the public will ever have access to 
the site. Th~s is an important question from the standpoint that many normal 
land-use activities (farming, installing septic tanks, basements and water 
wells, etc.) will penetrate the cover system and violate its integrity. These 
land uses may also place the public in close proximitJ to where the waste was 
placed. This raises a question in the basic philosophy of the design of the 
cover system. If the cover system (in conjunction with the remedial action as 
a whole) will ser~e to isolate or encapsulate the waste and the future use of 
the site includes access to the public, then will the waste sti 11 be poten
tially harmful when and if the cover is penetrated? This question relates to 
the choice of the cover system's primary function (leaky or watertight). A 
watertight cover is essentially fut;le unless the public is unequivocally 
denied access during the design life of the system. Althoug~ the question of 
future use may have been decided before the designer is involved, it is an 
important overall consideration. Moreover, if it is not resolved, the cover 
designer might be blamed in the future for a failure th~t was not under his 
control. 

One of the greatest challenges facing a cover system may be maintenance, 
over the long term, of both an intact, impervious hydraulic barrier and a 
stable vegetative community at the surface. The natural tendency of vegetation 
is to establish itself in diverse convnunities, with some species projecting 
their roots downward, seeking water from deeper levels than others. In the 
process, the roots not only break up the soil, but tend to penetrate any 
barrier that stands in their way . The long-term :;tabi"I :r./ of membranes, 
either synthetic o~ of clay, exposed to root attack is unc~mo,1strated. 

4.1.2 Structure of a Cover System 

Figure 4-1 presents a schematic of the elements that may be found in a 
multilayered cover system. Not all elements may be required for any given 
site, but it is likely that cases will exist where all of the cover elements 
are required . Which elements are needed will be determined. on a site-specific 
basis. 
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FIGURE 4-1 

STRUCTURE OF A COVER SYSTEM 

SURFACE (VEGETATIVE SUPPORT) 

FILTER(S) 

BIOTIC BARRIER 

DRAINAGE 

HYDRAULIC BARRIER 

FOUNDATION (BUFFER) 

FIL TER(S) 

GAS CONTROL 

WASTE 
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The upperaost layer it called the surface or vegetative layer. Its pri-
aary requireaents are to: 

• Provide for vegetative grovth 

• Mini• ize wind and rain erosion 

• Resist cracking 

• Resist freeze-thaw deterioration 

• Preserve slope stability 

• Provide protection froa the eleaents for the layers below it 

• Provide a c0111patible host • aterial for the site's surface water 
aanageae~t prograa 

• Provide an aesthetically pleasing appearance 

The second layer shown is a filter layer. Its function is to prevent 
• igration of fine particles in the surface layer into the coarser-grair.ed 
layer illllediately below. Filter layers are required whene~er aaterials of 
strongly contrasting gradation are placed adjacent to one another and ground
water percolation is possible. A filter layer aay or ..ay not be needed in a 
given cover systea. 

The next layer's purpose is to resist the intrusion of plant roots and 
burrowing ani• als. Although the presently • ost feasible aethod of controlling 
penetration of plant roots lies in the careful selection of short-rooted 
grasses. research is underway by various facilities (Los Alamos National Labo
ratory. Pacific Northwest laboratories, Illinois State Geological Survey, 
etc.) on utilizing other aethods such as sand, gravel, and cobble mixtures and 
pelletized herbicides to prevent root intrusion into underlying wastes. Re
search aiaed at defeating burro-.,ing aniaals has also been pursued. 

Underlying the biotic barrier is the drainage layer, whose function is to 
intercept water that percolates through the upper layers and divert it to a 
collection and disposal syste•. 

The next layer is the hydraulic barrier, whose primary function is to pre
vent or iapede the passage of any downward-percolating water that comes into 
contact with it. Together, the barrier and drainage layers perfona the pri
aary function of a roof: intercepting the downw3rd flow of water and dispos
ing of it safely. 

Underlying all of the previously aentioned cover layers is the foundation 
layer, which provides a stable working surface from which to construct the 
rest of the cover system. It is essential to recognize that, up to this 
point. none of the cover elements is intended to act as a structural entity. 
In other words. the upper cover eleaents are not intended to hold the cover 
systea together; rather their integrity depends on the stability of the 
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substrate beneath th•. The foundation layer aay provide part of Uris sup
port, but it cannot be relied on as a subsidence preventative. The foundation 
layer should be considered as providing a vorking and supporting surface; but 
any aassive subsidence such as that generated by the collapse of waste pack
ages or soil bridges betwen packages, or cavities in the soil or rock beneath 
the wastes, should be handled in a stabilization prograa (which is not in
cluded in the scope of cover design). 

Betwen the foundation layer and the wastes aay be incorporated a gas
control layer to intercept any gases that aay evolve in the wastes and, by 
proper venting, relieve any pressure froa these gases that • ight build up 
behind the hyoraul ic barrier. If need be. a filter layer • ay be required as 
shown. 

At the base of the systea. of course. lie the wastes thet1selves. and any 
teaporary covering soil that • ay have been placed in the past. 

4. 1.3 Design Procedure 

Figure 4-2 presents a flow diagraa outlining a general approach to the 
problea of preparing a cover-systea design. figure 4-3 presents a flow chart 
for reviev of potential probleas. Every site requires a site-specific design. 
Therefore. the in1ti~l point of reference should be any site-characterization/ 
site-exploration vork ~ccoaplished. as discussed in Chapter 2. Froa the 
site's specific ~haracteristics. an idea can be gained of the deunds that the 
site will i• pose on the cover systea. With these detlands in • ind, the designer 
can establish how the cover sy~!ea • ust function to produc.? the desired end 
result (watertight or leaky roof; if leaky. how -,ch leakage is acc~table). 
Then, the cover ele• ents are chosen to fulfill these functions. For each 
ele• ent, a variety of aaterials (with their related installation practices) 
aay be used. These general • ethods and aaterials are evaluated according to 
their suitability to perfor• the ele•ent's required functions under the i• posed 
conditions, their availability in the vicinity of the waste site, and their 
cost . This evaluation will create a list of suitable • aterials for each cover 
eleaent, ranked relative to one another . By taking the 110st suitable •aterial 
for each ele•ent, a preli• inary "preferred• cover design can be foniulated. 
This preli• inary cover design is evaluated as to the compatibility of th~ 
different construction operations involved with each ele• ent's selected • ate
rial or • aterials. This evaluation will insure that the construction practices 
involved with the installation of one ele• ent .ill not adversely affect the 
perfor• ance of any other cover ele• ent. If a conflict exists that cannot be 
resolved by • odification of the • aterial or the construction process. then the 
next •ost suitable • aterial for that ele• ent (or ele• ents) should be evaluated. 
The end result of these series of selections and evaluations is a cover systea 
whose design, construction. and operational qualities have all been taken into 
consideration. 

The next. sect.ion, •Infiltration and Percolation.'' discusses the water 
balance operating at a cover ~ystea. In the sections that follow, cover 
ele• ents are treated in order fr011 the bott011 up (cf. Figure 4-1). The last 
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FIGURE 4-2 

GENERAL DECISION FlOWSHEET FOR COVER DESIGN FORMULATION 

;• ., 
~;.: ~--:--.-:...:;~:. .. _~. ,. ,;:~~ :·,:---i/~:4"~:-;":~-·-·.:-"-~ .. --::,;_,., r 

----__ .,._ 
----

.:. 1---~ .:. ----1 .:. 

- - -- - -- - -- -- --
- • •-

-• •---• - -

.._.... ....... ----

-+ ,_._,. ...... .._ --

... 

1 



\ ),, .. /.~ ' t ,. 

:~ 
,· ·'j 
. ·1 

f. 

• I ...., 

9 

·-·... , ... 

o...,. .... _. 
,_ CO>I• ---•OIi -.n111-

111 __ ,_tl 

-···... , .. ,~ ...... -. 

,., n 
FIGURE 4-3 

REVIEW OF POTENTIAL PR08LEHS 

'I'll 

NO 

l'IIOCIIO 
WIJH 0111011 

NO 

UH VIOIUflYI 
IT AIILIU flO• 

OU•COtlUCH, 
enuw 

IIIOUIIII0 

0III0N WUif 
IIICOlll'OIIAU 

CAl'AIILlfY POii 
,uru.11 llll'AIIII 

NO 

DI IION IIIUIT IIICU10I 
NONVIOIUflVI 

eu11,ACI ITAIIUUTIOII 



- . - . . 
. . . - - - - - - . - . - , . -- -

,.. . 

- - -- - - . ---· 

--- ---- -----

eleeent treated will be the surface water aanageaent plan. In soee respects 
this is the • ost critical eleeent in the cover systea, because 1t is surface 
water that the whole systea is designed to control. and a good surface watu 
aa~nt systea • ini• izes the load placed on other parts of the systea. The 
designer should keep the surface waler aanageeent problea in • ind as he designs 
the other eleeer.ts of the cover systea. 

4.2 Infiltration and Percolation; The Water Balance 

A key step in the design of a hazardous-waste-site cover systea is esti
aating the potential a.• ount of leachate that aay be produced. To aalte an 
enlightened esti• ate. it is necessary to understand how water • ay enter the 
cover, • ove through it into the waste cells, and ulti• ately exit as leachate. 
In this section, soee of the processes involved in leachate generation are 
discussed, and aethods for esti• ating the volu• es of leachate that • ay be 
produced are presented. 

This discussion is a • ore detailed treataent of the subjects • entioned 
under •hydrologic cycle• fn Chapter l. For a clear discussion of the prin
ciples involved, the reader is referred to Bouwer (1978). 

4.2.l General Water Moveeent Pat .erns in Waste Site Areas 

Water • oveeent patterns in the vicinity of a hazardous-waste disposal site 
are governed by the saae principles that control slbsurface water flow fo gen
eral. For exaaple, consic»r the siaplified soil/water profile presented in 
Figure 4-4. In the situation depicted, which is typical for • ost of the land 
aass of the earth. subsurface water • ay be considered to be distributed be
t-wen two • ajor ,-.gions; the zone of aeration and the zone of saturation. The 
zone of aeration aay be further subdivided in~o the soil-water, inter• ediate 
(vadose), and capillary zones. 

In the saturated zone, all voids are coapletely filled with water and, 
therefore. the soil • oisture content, on a volu• etric basis. is equal to the 
soil porosity. However, in the zone of aeration, soae of the void space is 
filled with air al• ost all the tiae. Exceptions occur as • oisture • oves 
ciowr'Nard froa the surface toward the saturated zone; for exa• ple. following a 
period of rain. The two principal zones are separated by a phreatic surface, 
or water table as it is c011110nly called (see Figure 4-4). 

Water froa precipitation or surface rur.on (e.g •• irrigation) • ay enter the 
top of the soil col&an in response to capillary and gravitational forces. 
This process is called infiltration. However. once water begins to • ove 
through t~e soil, the ter• perco1 ,tion is used to described its • otion. While 
infiltration and percolation are conceptually different, it is difficult to 
separate thell precisely. 
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FIGURE 4-4 

SI .. LJFIEO SOILI\MTER PROFILE 
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As w.ter infiltrates into the soil, it first enters ~t ts shovn on Fig
ure 4-4 as the soil-water ~OM. The thicltMss of this zoM varies with soil 
type and vegeution, but aay generally be considered to extend froa the soil 
surface down through the aajor root zoM . that is, the depth to ~ich aajor 
roots penetrate. In agricultural situations, the root zone aay be 3 to 4 ft 
Ulick, or even greater in soae cues. However, the design of ac,st cover sys
ten li• its the root zone considerably. 

If the water content of a soil is less t~n the field capacity, water is 
held stationary by a coabination of capillary and electrochetlical forces, and 
drainage (i.e .• downward percolation). for the ac,st part, cannot occur. If 
the soil water content exceeds tha field capacity, water will ac,ve deeper into 
the soil colaan in response to graviutional forces. Agrono• ists generally 

J 
1 
l . 
! 



define field capacity as the soil water content in equilibriUII with a soil 
suction of one-third of an ataosphere. Soil suction refers to the tensivn 
existing in soil water under unsaturated conditions; it is a C011Plex effect 
resulting froe capillarity, adsorption, osaosis, etc. 

As long as the water content of a soil exceeds the wilting point, plants 
can extract water froa the soil. However, at lower water content, they reuin 
in a penaanently wilted condition. Agronoaists usually ~efine wilting point 
as the s~il water condition at~ soil suction of 15 ataospheres. The differ
ence in the actual soil water content (li• ited by the field capacity) and the 
soil water content corresponding to the wilting point is called plant-available 
water because it is availabl• to sustain ~egetation. Soil water in excess of 
thefield c_,.city is called gravitational~. because it 111ay be expected 
to percolate under the influence of gravity. · Soil water content less than the 
wilting point is called unavailable wat•r. because it is tightly held and can 
neither percolate nor be extract~ by plants. 

The various relationships aaong the categories of soil water described 
above are shown graphically in Figure 4-5. Typical values for porosity, field 
capacity, and wilting point, along with other data to be described later, are 
presented in Table 4-1. (See the caution in section 3.2.6 against use of 
tabulated property values f~r design purposes.) For C011Parison purposes, 
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TYPICAL SOIL-WATER RELATIONSHIPS 
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TABLE 4-1 

TYPICAL SOIL CHARACTERISTICS 

Soil Texture Class Miitl 
Field Wfl tfng Hydraulfce 

Porosity Capacity Pofnt Conducthfty 
HELpl USOAb uscst In/Hr Vol/Vol Vol/Vol Vol/Vol In/Hr 

1 eos GW 0.500 0.351 0.174 0.107 11.95 
2 CoSl GP 0.450 0.376 0.218 0.131 7.090 
3 s SW 0.400 0.389 0.199 0.066 6.620 
4 FS SM 0.390 0.371 0.172 0.050 5.400 
5 LS SM 0.380 0.430 0.16 0.060 2.780 
6 LFS SM .0.340 0.401 0.129 0.075 1.000 
7 LYFS SM 0.320 0.421 0.176 0.090 0.910 
8 Sl SM 0.300 0.442 0.256 0.133 0.670 
9 FSl SM 0.250 0.458 0.223 0.092 0.550 

~J . YFSl Iii 0.2SO 0.511 0.301 0.184 0.33Q 
11 L Ml 0.200 0.521 0.377 0.221 0.210 
12 SIL ... 0.170 0.535 0.421 0.222 0.110 
13 SCl SC 0.110 0.453 0.319 0.200 0.084 
14 Cl Cl 0.090 0.582 C.452 0.325 0.065 
15 SICL CL 0.070 0.588 0.504 0.355 0.041 
16 SC QI 0.060 0.572 0.456 0.37 0.065 
17 SIC CH 0.020 0.592 0.501 0.378 0.033 
18 C Ot 0.010 0.680 0.607 0.492 0.022 

1Soil Classfffcatfon system used fn the HELP IIIOdel (see dfscussfon fn text). 

bSo11 Class1f1cation system used by the U. S. Department of Agriculture. 

cThe Un1ffed Soil Classfffcatfon System. 

dMIR • Mfni111a Inffltratfon Rate. 

CONf 
m/dar_°· 5 

3.3 
3.3 
3.3 
3.3 
3.4 

3.3 
3.4 
3.8 
4~5 
5.0 
4.5 
5.0 
4.7 
3.9 
4.2 
3.6 
3.8 
3.5 

eS<ae hydraulic-conduct1vfty values inay appear hfgh for respective uses classes because 
till ed agricultural soils wre considered fn HELP model develoi-,ent. 

'cON • Evapo~ation Coefficient. 
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porosity and the various •asures of soil water are usu. 1 ly expressed, in 
so11-science _usage, in voluae per voluae term. for exaiple, h' voids account 
for 40 percent of the vol um of a given soil, the porosity NY be reported as 
0.4. Occasionally, ft ts useful to report soil water values in lel'DS of 
inches. For exaiple, consider a 24-in. -thick layer of soil having a water 
content of 0.50 and a field capacity of 0.45, both expressed fn voluae per 
voluae tenn. for this case, the total gravitation.1 water in the soil layer 
is 1.2 in. That ts, 

total gravitational water= (soil 110isture content - field ca~city) 
(layer thickness) · 

or, total gravitational water= (0.50-0.45) (24) = 1.2 in. 

Depending upon the aount of 111ater that infiltrates, the rate at which 
water is reaoved by plants and evaporation, and the previous soil 111ater con
tent, wter My percolate through the zone of •ration to ·the saturated zone. 
The capillary zone represents a. transition froa the saturated zone to the zone 
of aeration that results because water rises in the saaller (capillary) inter
connected pores in response to surface-tension effects . The thickness of the 
capillary zone varies invenely 111ith the pore size of the soil, and Ny range 
f~ only a few • i 1 li•ten for fine gravel to hundreds or nen thousands of 
• fllf•ters for finer-grained soils. 

Within the saturated zone, ;,,ater 110veeent My generally be described by 
Darcy's Law. One ca.10nly used fo,- ts 

when 

Q/A = V = -ltdh/dl 

Q = the volu.trfc flow rate (L3n), 
A= the gross are. through which flow occurs (L2 ), 
V = the •oarcy velocity• (Ln), 
K = the hydraulic conductivity (Ln), 

dh/dL = the hydraulic gradient (LIL). 

(4. 1) 

The ~the sign indfcatel\ that. water flovs in the direction of a de
cnasing hydraulic gradient.. The gross area A through which flow occurs fs 
defined 110re specifically as the total area, of both pores and solid soil ~r
ticles, projected on a plane nonaal to the direction of flow. Sine• "'at.er 
cannot actually fl01i1 through the solids, it is obvious that the •Darcy veloc
ity• does not represent the actual speed with which fl01i1110ves. The relation 
bet.wen Darcy or superficial velocity and actual Sff~ge velocity is discussed 
in section 3.2.4.7, •pe,..ab111ty.• 

Darcy's Law was originally developed for slow flow through coa .. se-grained 
soils. Darcy's Law 1s widely used in ground-water studie!. since 110st ground
water flow is l•inar. Ho"lver, for dense clay soils and low hydraulic gradi
ents, Darcy's Law • ay predict 110re flow than actually occurs. The principal 
reason is that electroch•ical interactions between clay particles and water 
contained in very saall pores result in nonlinearities i~ the reJationship be
tween flow rate and hydraulic gradient. Flow rates predicted for clay soils 
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.net low hydraulic gradients are low 1nyvay. and any deviations ciw to this 
effect a" in the direction of evffl lowr flows. Thus treat.nt by Duey' s 
lw is conservative froe the s~int of the cover designer. 

'-raN!bility has been discussed at length in Chapter 3. Intrinsic e!,...
bility is solely a function of the aedh• through which flow occurs. vtnle 
hydraulic conductivity (or coefficient of pe,..ability) is I function of both 
the aedh• and the specific fluid. waiter. The bfo •asures of pe,..ability 
are "lated as folluws: 

l = (It) (~)/(p) (g) 

It= the intriMic peraeability (L2 ). 

It= t.he hydraulic conductivity (UT). 
~=the 1tinaa1tic viscosity of the fluid (Nill). 
p = the density of the fluid (N/L3 ). 

g = t.he graviutiOMI consunt (l./T2) 

(4.2) 

Beth intrinsic peraubility and hydraulic conductivity depend upon physical 
factors inclucl'ing porosity and particle !-ize. c:istribution. s~. and packing 
arrats;1 1rt. In ~ral. for unconsol ict.ted aedia. both It and It increase 
vith inc,...sing particle size. Cc;nversion fKtors aaGng c«-on units of 
pel"Nability uy '>e found in Table 3-5. 

Nost engi neeri ng-ori ented ~t.er-hydro 1 ogy t.ex tboolts and handbooks 
concentrate on flow in t.he zone of Hturation. It is o.sirable that a site be 
situated ... 11 aboft the water table. Md 11e>st hllardous-waist.e disposal sit.es 
should be so situated t.Mt the _,st.e. and ceruinly the cover systee. are 
vithtn the zone of Mratfon. (If the cover syst.ea is not vithin the zone of 
Nratton. t.he site has seve" probleas. aaong -"ich cover is relatively 
• inor.) Unuturat.ed flow is • o" co• plex tMn Hturated flow and is • ore dif
ficult to define and describe • at.heaatically. Much of the literature concern
ing unHturat.ed flow has been published by soil scientists. especially those 
interested in irrigation and plant uptake of waiter. 

f.,r sit.es t.Mt an near t.he 11Mter uble or are subject to flooding. reae
dial •asures other than co~r vill be required. 

O.rcy's LIIW can be applied to flow in the unsaturated zone. However. dif
f!culty arises because the unsaturated hydraulic conductivity. K • is a 
function of both the soil aoistu" content and the soil suction. uln unsatu
rated now; part of the pore space •s occ-c,ied by air. thus the area through 
vhtch _,t.er can flow is reduced. As a result. It is al--.ys less than 
the corresponding saturated hydraulic conductivit~. K. The relationship 
between It and It un be approxi• at.ed • atheeatically as: 

u 

(4.3) 
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"-, = the unsaturabd hydrau1ic conductivity (UT), 
It= the Hturated hydrau1ic conductivity (UT), 

S = the actual ct.grH 01 saturation (L3 /L3 ), 

Ss = the threshold c»gree of saturation (L3/L3 ), (that is, that 
0 fraction of pore s~ce occupied by nonaoving water held in 

pl.ce by capillary forces). 

This relationship aay be seen graphically in Figure 3-14 . 

4. 2.2 Cover as a Leaky Roof 

The principal objective of placing a cover systea over a hazardous-waste 
disposal site is to li• it the aaount of leachate that will be produced as 
water infiltrates and percoiates downward through the site. In this discus
sion , any vater that cortacts the 111astes is considered to ·be leachate. Hov
ever. unless an iaperaeable (usually synthetic) • eabrane is used, the cover 
systea vill not be coapletely iapenaeable . Therefore. the cover systet1 aay be 
tl'lought of as a sort of •1eaky root• over the disposal area. A typical three-
1.yer systea is shown scheaatically in Figure 4-6. The flow predi ctions that 
fora the rest of this secticn are based on this general leaky-roof • odel. 

Froa a conceptual viewpoint, it is rather easy to write a • ass balance for 
the flow of vat.er onto, across, and through a cover system. Such a stateaent 
is oft.en called a water ~lance. The aajor coaponents of the water balance 
for a hazardous waste site cover are presented on Figure 4-6. As shown, 
precipitation falling on the site aay be partitioned aaong runoff, infiltra
tion, and surf.ce evaporation(~ coapoMnt of evapotranspiration) . Surface 
n,non is not considered herein because good de!ign practice calls for surface 
grading to prevent its Ck;Currence. For the systea illustrated, water that 
infiltrates the cover aay be further partitioned aaong soil evaporation and 
plant transpiration (both are coaponents of evapotranspiration). lateral 
drainage, soil 110fsture storage, and percolation downward out of the cover. 
This last coaporent enters the vaste cells and. thus. represents eventual 
leachate production. That is, this water is unlikely to be reaoved by any 
process other than continued percolation through the vaste cells . For a par
ticular site, the fate of water that infiltrates is controlled priaarily by 
the soil aoisture content. Other factors such as teaperature. vegetation 
type. the vegetative growth cycle, etc . , are also iaportant. Unfortunately, 
actually constructjng a detailed vater balance is aore difficult than grasping 
the concept, since SOlllr of the coaponents are difficu l t to quantify. Never
theless. virtually all aethods of estiaating potential leachate production 
depend upon wat.er-~lance -:alcu1ations . 

4. 2.3 Precipitation 

Since cover systees for hazardous-waste disposal site, are noraally lo
cated well above the local ground-water table and are graded so as ~irtually 
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FIGURE 4-6 

SCHEMATIC THREE-LAYER COVER SYSTEM 
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to eli•inate surface runon, precipitation falling directly onto the site is 
the principal source of 110isture for any infiltration and p~rcolation that may 
occur. While precipitation may occur in several forms, only rain and snow are 
considered. Rain is by far the most important for most locations in the 
teaperate zc.ne. 

Because of the relatively small size of hazardous-waste disposal areas, 
the c011plicated techniques often used to generate weighted-average precipita
tion data for larger watersheds are generally not needed. Therefore, in most 
cases, hi5torical data for a nearby location will be satisfactory. However, 
it aay also be of interest to consider hypothetical data cor;·esponding to wet 

• periods having knO'tffl return periods . 

Snowaelt • ay be estimated by a variety of methods (Chow, 1964). For 
exa,;iple, the expression shown below (Soil Conservation Service, 1974) may be 
used to esti• ate the aaxi•ua snowmelt that may occur on a given day. 

SH= 0. 06 (T - 32) 
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'iifhere 
SM= the maximum snowmelt for the day (inches of water), 
T = the mean air temperature for the day (°F) . 

The above expression may be used to estimate the actual snowmelt only when 
T ~ 32°F (othentise melting is assumed not to occur) and when the total accu
mulated snowpack is equivalent to (or greater than) 0. 06 (T - 32) inches of 
water (othentise all accl.wllulated sr.ow is assumed to melt) . Snowmelt may be 
partitioned into runoff and infiltration using the same techniques discussed 
for rainfall in a subsequent section . 

4. 2. 4 Runoff 

4 . 2.4. l General 

As indicated on Figure 4-6 and discussed above, i nfiltration and runoff 
are important and closely related components of the water balance. In fact, 
it is not possible to estimate e i ther one without at least an implicit con
sideration of the other. In this section, some methods that may be used to 
estimate runoff (and hence infiltration) from precipitation data are briefly 
discussed. A somewhat more detailed discussion of the actual process of 
infiltration, and the various factors that influence it, is pres~nted below. 

It is reasonable to view haza~dous-waste disposal s i tes as very small 
watersheds. As rain falls (or snow melts) on such an area, some is inte~
cepted by vegetative (or other) surfaces that may be present, and, assuming 
that the infiltration capacity is exceeded. puddles fom in surface depres
sions. The scale of these depressions may vary over a wide range depending 
upon the nature of the cover-system surface. If precipitation (or sno\.T.lelt) 
continues long and hard enough , the capacity of surface depressions is ex
ceeded and runoff begins. In the typical case, this runoff is directed to a 
surface drainage system and conveyed away from the s i te . 

Selection of the runoff-estimat i on method best su i ted for a given applica
tion is influenced by a number of factors . These include the size and natur~ 
of the watershed; the precision required; the amount, quality, and type of 
data available; and the use that is to be made of the estimate . For example, 
to deter.nine whether the yield of a wate r~ hed i s sufficient to meet the long
term water-supply needs of a mun i cipali ty , an est imate of the average annual 
runoff may be suffic j ent . On the other hand, to s i ze a cu l vert, it is neces
sary to know the peak rate at which runoff will be produced for the design 
stom event. For hazardous-waste-site cover systems, both average and peak 
runoff rates may be ·important. 

Runoff-estimation methods for design of cover systems should be applicable 
to very small watersheds, be relatively simp,e and straightfon,ard to use, and 
have minimal data requirements . The data requirement is especially important 
since it is obvious that detailed rainfall/runoff data cannot possibly exist 
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for cover systems yet to be designed and built. Two conventional runoff
estimation methods that more or less meet these criteria are discussed below. 

4.2.4.2 Runoff Coefficients 

Runoff can be estimated directly from precipitation data if reliable run
off coefficients are available. The best-known runoff-coefficient technique 
is the so-called rational method. It is presented here because. for very 
small watersheds. it can be used with reasonable accuracy even when little 
site-specific data is available. 

4.2.4.3 The Rational Method 

The basic mathematical expression for the rational method is 

where 

Q = (C) (1) (A) 

Q = the runoff volume (cubic feet per second), 
C = the runoff coefficient (assuaed diraensionless). 
I= the average rainfall intensity (inches per hour). 
A= the watershed area (acres) . 

(4 . 5) 

The runoff coefficient is considered dimensionless because l acre-inch per 
hour is eq~al to 1. 008 cubic feet per second. The principal use of the ra
tional aethod is estimation of peak runoff rates for small watersheds (smaller 
than one square • fle), especially for culvert and stona-sewer design. 

The basic preaise of the rational meth~'d is that the peak runoff result
ing from steady, uniforaly intense precipi~~tion will occur when the entire 
watershed upstrea• of the design locaticn ju~t begins to contribute to the 
flow. This condition is aet at some elapsed tiae. t , after precipitation 
begins; t is called the ti~e of concentration. ltcis usually assu.ed to 
equal thectiae for water to flow froa the aost distant point in the watershe6 
to the design location and is noraally estiaated fro• consideration of the 
hydraulic characteristics of the _watershed. One ~xpression that has been 
suggested (Kirpich. 1940) for small agricultural watersheds is 

where 

t = (7 . 8 x l0- 3)(L)0· 77 

C 50.385 (4.6) 

t = time of concentration (minutes). 
L = distance fro• design location to furthest point in watershed 

(feet). 
S = averag~ ~lope of watershed along distance L (dimensionlest). 
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Once the time of concentration is known, an average rainfall intensity -car. 
be selected and the peak runoff rate can be estimated. Rainfall intensity
duration-frequency curves developed for various are~s of the country (U. S. 
Weather Bureau, 1955) are generally used to estimate the average rainfall 
intens i ty. Guidance for selection of runoff coefficients is presented in many 
textbooks and handbooks. Typical values are shown in Tables 4-2 and 4-3. The 
values presented in Table 4-2 are 110st directly applicable to stonas with 5-
to 10-year recurrence intervals. A principal criticism of the rational method 
as it is coaaonly used is that the runoff coefficient is assuaed to be con
stant, while it actually varies with both in:iltration and precipitation. To 
circU11vent this problet1 to soae extent, runoff coefficients aay be adjusted 
downwards to account for the effects of aore frequent stonas or stonas o~cur
ring after long dry periods, and aay be adjusted upwards for less frequent 
stonas or stonas occurr~ng during prolonged wet periods. Excellent discussions 
of the rational aethod are presented by Chow (1964), Viess• an et al . (1977), 
and Scha~ke, Geyer, and Knapp (1967) . The F~.::.;;ral Aviation Agency (1970) has 
presented graphical procedures for estiaating overland flow t i• es. 

The rational aethod as described above aay be used di rectly to est imate 
peak runoff and, thus, aake it possible to size runoff control features, such 
as inlets, catch basins, open channels, detention basins, and drainage pipes, 
for a stona of any desired recurrence interval . However, runoff coefficients 
aay also be used to estiaate daily, weekly, aonthly. etc .• runoff from corre
sponding precipitation data. For exaaple, consider the expression shown 
below. 

where 

R = (C) (P) 

R = total runoff for the period considered in saae units as 
precipitation, 

C = di•nsionless runoff coefficient. 

(4. 7) 

P = total precipitation for the period considered in saae units as 
runoff. 

Obviously, this exp~ssion suffers froa the saae li• itations as the rational 
aethod. Hawver, it aay be used to predict runoff with sufficie11t accuracy to 
construct, for exaaple, a aonthly water balance. if care is used in adjusting 
the runoff coefficient to account for the relatively saaller fractio11 of 
precipitation that will run off during ~latively dry periods, or in response 
to low-intensity rainfall (that is , it aay be reasonable to assuae !.hat only 
precipitation in excess of soae gi ven aaount will run off). 

Ot~r aethods utilizing runoff coefficients are discussed by Linsley and 
Frazini (1979), Chov (1964), Lisley, Kohler, and Paulhus (1958), and Viessaan 
et al. (1977). Synthetic-hydrograph aethods are very popular and aay be used 
to predict runoff froa specific storas. However, since their use is usually 
not justified for very saall hoaogeneous "'atersheds such as cover systeas, 
they are not discussed here. 
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Description of Area 

Business 

Downtown areas 
Neighborhood areas 

Residential 

Single-faaily areas 
Hultiunits. detached 
Hultiunits. attached 

Residential (suburban) 

Apartaent dwelling areas 

Industrial 

Light areas 
Heavy areas 

Parks. ceaeteries 

Playgrounds 

Railroad yard areas 

Uniaproved areas 

Stf'ffts 

Asphaltic 
Concrete 
Brick 

Drives and walks 

Roofs 

Lwns ; Sandy Soi 1 : 

Flat. 2% 
Average. Z-7% 
Steep. 7% 

Lwns; Heavy Soi 1 : 

Flat. 2% 
Average. 2- 7% 
Steep. 7% 

TABLE 4-2 

TYPICAL RUNOFF COEFFICIENTS 

fn:,a Aaerican Society of Cfvfl Engineers (1969) 
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Runoff 
Coefficients 

0.70-0. 95 
0.50-0.70 

0. 30-0. 50 
C.40-0.60 
0.60-0.75 

0. 25-0.40 

0. 50-0. 70 

0.50-0.80 
0.60-0.90 

0. 10-0.25 

0. 20-0.35 

0. 20-0.40 

0. 10-0. 30 

0. 70-0. 95 
0.80-0.95 
0.70-0.85 

0.75-0.85 

0. 75-0.95 

0.05-0. 10 
0. 10-0. 15 
0. 15-0.20 

0. 13-0. 17 
0. 18-0.22 
0.25-0.35 
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TABLE 4-3 

RUNOFF COEFFICIENTS FOR AGRICULTURAL LANDS 

Watershed cover 
Soil type Cultivated Pasture Woodlands 

With above-average infiltration rates; 
usually sandy or gravelly 

With average infiltration rates; no 
clay pans; loa• s and si• ilar soils 

With below-average infiltration rates; 
heavy clay soils or soils vith a 
clay pan near the surface; shallow 
soi ls above iapervious rock . 

4.2.4.4 The SC.i Curve Nu• ber Method 

0.20 

0.40 

0. 50 

0. 15 0. 10 

0.35 0.30 

0.45 0.40 

The Unit~ States Soil Conservation Service (SCS) • ust frequently aake 
runoff estiutes for saall vatersheds VMre little or no precipitation/runoff 
data are available. but soil types. topography, v•tative cover, agricultural 
practices, etc .• are fairly well defined. Over the YH"• this agency has 
devel~ a runoff-estiution technique for this kind of situation that is 
generally known as the SCS curve-nu• ber •UM>d. This technique is wll suited 
to estiuting runoff froa cover syst.e• s. A c~nion •thod, also developed 
by the SCS. uy be us~ to synthesize a hydrogr~h for a design stona, if such 
fs desirable (Soil Conservation Service. 1974). 

The SCS curve-nu• ber athod is bas~ upon the following eapirical 
expression. 

Q = [P - ~0.2~~S~]
2 

P + 0.8 S 

Q = runoff for the ti• period considered (L). 
P = precipitation for the ti• period considered (L), 
S = the potential retention (L) • 

(4.8) 

. The retention paraaeter, S • uy ~ thought of H the potential infiltration 
vhen precipitation begins. It is a function of the hydrologfc properties of 
the soil and vegetation. S is considered to~ a constant for a given stora. 
The so-called •curve nuaber,• CN • is actually •rely a transforution of S 
selected to uke plotting Hsier, and has no other physical significance. The 
relationship ~t.fffn S and CN is given by 

4-20 

., ... .. ~ I. ./ ~. . . -·. ~~ --~ ~ ..-;- -:-:-r- ... "'- --• -r- --• • _: 



-

CN 
_ 1000 
- S + 10 

CN = the curve ntaber (diaensionless), 
S = the potential retention (inches). 

(4. 9) 

By cOllbining equations (4.8) and (4.9), it is possible to estiaate ru~off 
directly froa rainfall if the appropriate value of CH can be established. 

Data froa aany saall watersheds suggests the following ewipirical relation
ship, which is iap~icit in equation (4 .8). 

Ia= 0.2 (S) (4 . 10) 

Ia= the initial abstraction, i.e . , all rainfall that occurs .before 
runoff begins (L). 

The potential retention, S (and thus the curve ntaber), is related to the 
soil 110isture content ~n rainfal? begins. For convenience, SCS has defined 
three general antecedent 110isture conditions: I. II, and III. These are de
fined as follOIIIS, in teras of the total S-day antecedent rainfall P.5 (Soil 
Conservation Service, 1974) : condition I, P. 5 < 1.4 in. (groo.,ing season) or · 
< 0. S in. (doraant season); condition II, P. 5 1.4 - 2. 1 in. (groo.,ing sea
son) or 0.5-1.1 in. (dcraant season); condition III. P. 5 > 2.1 in. (growing 
seaso~) or> 1.1 in. (doraant season). Antecedent 110isture condition I repre
sents generally dry conditions (soil 110isture content above the wilting point, 
however) such that the soil uy be plowed or cultivated satisfactorily; condi
tion II represents •aver~ge• conditions; and condition III represents very ~t 
(i.e. , essentially saturated) soil conditions. 

S (and also CN) is also a function of the hydrologic properties of the 
sofl(s) at the site. For convenience, soils are classified as belonging to 
hydrologic group A, B, C., or D. The characteristics of each group are suaa
rized in Table 4-4. Major soils of tne United States and Puerto Rico have 
been classified by hydrologic soil group. Extensive lists are presented by 
Chov (1964) and the Soil Conservation Service (1974). 

Another fKtor that affects S and CN is ref~r~ to as the •cover. " 
In this context, the tera •cover• fs used to describe any aaterial (usually 
vegetation) that covers the soil and provides protection froa the iapact of 
rainfall. The hydrologic condition of the cover is especially faportant and 
is generally described as poor, fair, or~- Poor conditions result froa 
row crops, saall grains, and fallow conditions. Good conditions arise froa 
vegetative covers such as close-seeded legwNs or grasses that enhance infil
tration c..,.:ity. Detailed gui«s.nce for describing hydrologfc condition is 
prewnted by the SCS (1974) and Chov (1964). 

Tw final fKtors that affect S and CN are land treat.Mnt practice arid 
land use. Since the •thod vas originally developed for ~ricultural areas, 
land treataent practices such as straight row or contour plowing and terracing 

4-21 

. '·.: __ ,. .... ~,.,. ,: 
~ -t.--

.. 

1 

j 

I 

' . · ... ::: 

l 
t ; 
i 
t 
i 



TAil[ 4-4 

ClASSIFICATIOII CE SOILS n IITl)IIQt.OCilC CHARACTERISTICS 

llydrologtc a.ta of Water ~ta of ... ,, 
So 11 "-P Trusatsstc111 h1ftltr1ttC1111 Potatf1l Getlenl Dtscrtptte111 

A Ntgll Htgll Low Coltststh19 chtefly of dttll. 11tl1 to •11tHS1ff17 
dr1h•tcl SlndS or 9rlffh. 

I fbler'lta fbler'lte l11UT9tcl11ta Coltststt119 chiefly of aodtr1ttl7 dee, to dee,. 
aodtr1tel7 11111 to 11tl1 dr1t11tc1 sons vttll aodtr-
1tal7 f1M to aodtr1tal7 COlrH taatll"1. 

C Slow Slow l11UT9tc111ta eo.ststt119 cllten, of sons vttJI 1 11,.,. thlt 
...-s .,._.rd aoweatttt of 111ter. or sons vttJI 
aodtr1tel7 f1M to f1M teatll,... 

D Y~ Slow Ytry Slow H1gll Coltststt119 cllttfly of clly sons vttJI • 1119'1 
swtlll119 pott11tl1t. so11s vttJt I perN!letlt h19h 
111ter tlbl•. sons vttJI I cl1yp111 or ct17 11,er 
1t or 11Nr tM wrf1u. 1nd wttow sons c,,,er 
11Nrl7 tapento.s Nttr11t • 

.__ ~·, 11tttld . 

ue usu.lly considered. Land use fs generally def;ned with respect to the 
type of vegetation that predoafnates. 

Curve nullbers represenutfve of various coabinations of hydrologic soil 
group. hydrologic condition of the cover. land use. and land treataent practict 
ue presented in T.t>le 4-S. The values shown are for antecedent soil aoisture 
condition II. and assuae U-.t initial ~straction is adequ.tely estiaated by 
equation (4.10). Curve nmbers appropriate for arry antecedent aofsture condi:
tfon can be estiaated froa T.t>le 4-6, if the curve nUllber for arry other ante
cede:it 110isture condition is known. The re·lationshfp betwen rainfall and 
runoff for various values of CH fs shown on Figure -4-7. To use this figure 
to estiaate runoff, one •r.ly enters along the .i:>scissa with the total aaount 
of precipitation for the ti .. period. reads up to the appropriate curve, and 
over to the estiaated runoff on the ordinate. 

4. 2. S Infiltration 

4.2.S.l General 

Infiltration is the process by which w.ter enters at the surface of a soil 
cohan. Any cover systea other than one with a rather iapervious IM!tlber at 
the ground surface (COIIPlr~le to an uphill-surfaced park~ng lot) will expe
rience infiltration. Whether the infiltrated w.ter ps on to produce 
r.rcolation depends on the design of the cover sysl.etl, and particularly on the 
apenious-barrier ..,.r. Infiltration fs a key C011P0nent in any w.ter

~lance analysis. Thus it is iaportant for the cover sysl.etl designer to hive 
an appreciation for the nature of the infiltration process, the factors that 
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TABLE 4-S I. .. 
RUNOFF CURVE NlllSERS FOR ANTECEDENT .«llSTURE CONOITION II I 

(ASStltlNG 1
1 

= (0.2)(S)) .. 
>: 

l 
Cover 1 

TrHtaent Hydro logic Hydrol29ic Soi 1 Group ~ 

land Use or Practice Condition A 8 C D 

Fallov Straight rov 77 86 91 94 
Rov crops Straight rov Poor 72 81 88 91 

Straight rov Good 67 78 as 89 
Contoured Poor 70 79 84 88 
Conwured Good 65 75 82 86 
Contoured and Poor 66 74 80 82 

terraced 
Contoured and Good 62 71 78 81 

terraced 
!ull grain Straight rov Poor 65 76 84 88 

Straight row Good 63 75 83 87 
Contoured Poor 63 74 82 85 
Contoured Good 61 73 81 84 
Contour · and Poo,· 61 72 79 82 

terraced 
Contoured and Good 59 70 78 81 

erraced 
Close-s~ Straight rov Poor 66 77 85 89 

Legumes or Straight rov Good 58 72 61 85 
rot.I.ion Contoured Poor 64 75 83 85 

·""°"' Contoured Good 55 69 78 83 . Contoured and Poor 63 73 80 83 
terraced - Contoured and Good 51 67 76 80 
terraced 

Pasture or Poor 68 79 86 89 
range fair 49 69 79 84 

~ Good 39 61 74 80 
Contoured Poor 47 67 81 88 
Contoured fair 25 59 75 83 
Contoured Good 6 35 70 79 

Meadow Good 30 58 71 78 
Woods Poor 45 66 77 83 

hfr 36 60 73 79 
Good 25 55 70 77 

Faresteads 59 74 82 86 
Roads (dfrt)b 72 82 87 89 

(hard surfKe)b 74 84 90 92 

aClosrdrilled or bnMdcast. 

blncluding rigtlt-of---ay. 
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100 
87 
78 
70 
63 
57 
51 
45 
40 
35 
31 
26 
22 
18 
15 
12 
9 
6 
4 
2 

TABLE 4-6 

COIUSPONOJNG CURVE NtllBERS FOR ANTECEDENT MOISTURE 
CQNDJTJONS I. JI. ANO Ill 

CURVE NtllBERS 
FOR ANTECEDENT MOISTURE CONDITIONS 

II 

100 
95 
90 
85 
80 

75 
70 
65 
60 
55 

50 
45 
40 
35 
30 

25 
20 
15 
10 
5 

FIGURE 4-7 

IUNOff VS. RAINFALL FOR VARIOUS SCS CURVE Nl.MBERS 
(CHOW. 196'; SOIL CONSUYATJON SERVICE. 1974) 
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affect infiltration, and hov the aaount of vater that will infiltrate under 
various design configurations can be estiaated. Each of these topics is 
considered in the folloving discussion. 

Over the past several years the infiltration proc11s has been the subject 
of a considerable aaocnt of both theoretical and applitd research. Unfortu
nately, the process is so coaplex, and is influenced by so uny factors, that 
no universally acceptable •ans of describing infiltration has yet been 
developed. The principal thrust of theoretical resHrch has been to foraulate 
partial differentt-1 equations for saturated and unsaturated flov through 
porous aedia and to develop general solutions for these equations. On the 
other Mnd, -.ch research effort has been expended in observing the actual 
infiltration process under various conditions, and then atteapting to describe 
it by aeans of specific eaptrical relationships. At present, it vould appear 
that eapirical descriptions are aon suitable for estiuting infiltration at 
hazardous waste disposal sites than are the potentially aore rigorous 
theoretical approaches. Hawver, in aost cases. the u1e of an indirect •ans 
is the best appre>Kh to estiaatfng infiltration. That ts, infiltration can be 
estiaat.ed siaply as the difference betwen tl'Mt aaount of vater available at the 
surface of a soil col1an (the sua of precipitation, s~lt and runon) and 
the s&a of the aaounts that run off and are lost via surface evaporation. 

4.2.S.2 Infiltration Velocity. Infiltration Capacity, and 
Infiltration Rate · 

The infiltration velocity ts the ti• rate at vhich water actually enters 
at the surface of a soil eolian at any given ti•. The infiltration rate, 
also called the infiltration cJoity, ts the aaxi- rate at vhich infiltra
tion can occur in a given situat on under specified conditions. The !9Uilib
rf1a infiltration C!f!City is the infiltration c~ity that can be sustained 
over a long period of ti• during vhich the infiltntton velocity is not 
lt• fted by the s14>Ply of water available at the surface of the soil collal. 
The infiltration caipKfty of a given soil can and~, vary vfth tfMe during~ 
given stora. H discussed below. 

4.2. S.3 Factors Aff.cting Infiltration 

The infiltration velocity is controlled or li• ittd in one of th~ vays. 
First, of course, ft cannot exceed the rate •t vhicn water h supplied .to the 
s11rface of the soil cohan. Second. ft cannot excffd the. rah at vhich ~ter 
can enter the soil cohan. Finally. ft cannot excffd the rate at vhich "'iter 
can ..,.rcoh1te through the soil colan. Thus, any factors that affKt the 
s14>Ply rate. the entry rate. or the percolation rate aay affect the overall 
fnffltr•tfon process. 

Partitioning betwen infiltration and NnOff is influenced strongly by the 
nature of~ son. and iaportantly also by the slope of the surface and the 
nature and quality of the vegetative cover. Infiltrat1on 11 prmoted by 
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coarse-grained soil, by flat ground, and by a well-developed vegetative 
covering. Runoff is proeoted by fine-grained soil, by sloping ground, and by 
absence or sparsity of vegetation. It would seea desirable to • ini• ize perco
lation in advance by • fni• izing infiltration and • axi• izing runoff, and indeed, 
with qualifications, t:1is is true. However, the conditions that favor runoff 
also proeote erosion, which fs a threat to the cover once constructed and 
which a,st itself be • inf• ized and controlled. Cover design, thus, largely 
involves trade-offs, of which control of infiltration versus control of erosion 
is one ol the • ost iaportant. 

During part of the year at northern sites, the ground is froun. During 
this period there is little or no infiltration. Either precipitation falls as 
snow. in which case the water reeafns above the g~und surface until the ti• e 
of tMW, or should teaperatures wa,. to the point of per• itting rain. rs the 
waler infiltrates, it will exchange heat with the fee dispersed in the soil 
and either the infiltrated water will freeze or the soil ice will thaw. If 
the foraer, percolation will be delayed; ff the latter, percolation will 
proceed. Quite different processes • ay take place. as teaperatures vary 
within a narrow range. 

4.2.5.4 ~ling the Infiltration Process 

The infiltration process was studied in detail by Horton (1933, 1939) 
during the 1930's. He suggested the expression sholim belov. which has served 
as the basis for the work of • any other researchers. 

f = f • (f - f )•-kt 
C O C 

f = the infiltration capacity (LIT) at a given ti• e. t (T}. 
fc = the equflibrfua infiltration capacity (LIT), 
'•=the initial infiltration capKity (LIT). 

(4.11) 

k z a Meay constant indicating that fnf1:tr.tion c.pacity decreases 
with ti• during a precipitation event (l/T). 

This eapfrfcally derived expression reflects nu• erous observations that, for 
• ost soils. infiltration capKfty decreases exponentially with ti• e. so long 
as water fs supplied to the soil surface at a rate exceeding the equil ibriua 
infiltration capacity. A definition sketch corresponding to equation (4. 11) 
fs presented on Figure 4-8. The curves shewn on Figure 4-9 are. however, 
s~t ac>re indicative of what usually happens. Curve nuaber 1 represents a 
situation in which the soil profile is never saturated because the rate at 
which --.ater fs supplied to the surface is always less than the equil ibriua 
infiltration capacity. If such a case no runoff occurs. Curves 2. 3, and 4 
represent responses to increasing rates of supply, all of which exceed the 
equilibri1a infiltration capacity. In each case there is a period during 
which virtually all tt.e --.ater supplied to the surface infiltrates. However, 
once the soil surface is Hturated (indicated by tsot) the infiltration rate 
decreases gr~lly until ft approaches the equilibr1ua infiltration capacity. 
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In theory. equation (4. 11) aay be used to describe infiltration only after 
the soil surface becoaes saturated and so long as the surface water supply 
rate exceeds the equi:ibriua infiltration capacity. These li• itations • ay be 
circuavented by considering the infiltration rate to be a function of soil 
aoisture content rather than tiae. For exaaple, Holtan {1961) and Overton 
(1964) have suggested the fo~lowing express,on. 

where 

f = f + A {S - F)p 
C 

f = inf;ltration ~apacity. 

(4. 12) 

fc = equilibriua "nfiltration capacity, 
S = available soil 110isture storage capacity (i.e .• porosity • inus 

antecedent soil • oisture content), 
F = total water infiltrated. 
A= a nuaerical coefficient. 
P = a nuaerical exponent. 

Huggins and Honke (1970) have suggested the following rearrangeaent of equa
tion (4. 12). In this fora di• ensional consistency is aaintained and A and 
P are subject to physical interpretation. 

f = fc • A [5r: Fr (4.13) 

T = total soil porosity (L). p 

and other variables are defined as above. With this arrangeaent. A • ay be 
Sffn to have the saae units as f and f • and • ay be interpreted as the 
•axi- potential increase in the infiltrition capacity above the equ~libri1.1111 
value. P, which i~ di•nsionless. is related to the rate of decrease of 
infiltration capacity with increasing soil 110isture content. B~cause the 
value in the brackets cannot excHd unity. larger values of P aust be dsso
ciated with 110re rapid rates of decrease in infiltration capacity. 

Equation (4. IJ) c~n be used only if S. F • and T are deterained for a 
layer of soil having a definite thickness. usually ca11~ the control depth. 
The control depth • ay be either the depth to a soil layer that significantly 
i• pedes percolation (i.e .• controls the percolation rate). or t~ depth at 
which the hydraulic gradient approaches unity. Even though it • ay be difficult 
to select a suitab~e control depth. ar. expression such as equation (4. 13) is 
preferAble to one like equation (4 . 11) because it is applic~le even when the 
surface w.ter supply rate is less than the equili~~iua infiltration capacity. 
Thus, equation (4. 13) can bt used to predict the recovery of infiltration 
capacity that occurs during such periods. 

Holtan et al. ( 1975) have presented a soaewhat different fc,na of equa
tion 12 that expresses infiltration capKity as a fur.ction of predictable 
factors. 

f: fc + (GI) (a) (S)1•4 
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where 

·-· - - •-----

f = infiltration capacity (inches/hour), 
f = equilibrium infiltration capacity (inches/hour), 
Gl = vegetation growth index (percent oi plant maturity). 
a= vegetation parameter related to surface-connected porosity and 

plant root density (inch/inchl 4), 
S = available soil 110isture storage (inches). 

Specific values for GI and a for various types of vegetation are presented 
in Holtan et al. (1975). Typical ranges for f are 0.3 to 0.45, 0. 15 to 
0. 3~. 0.05 to 0. 15, and Oto 0. 05 inches/hour far hydrologic soil types A, B, 
C, and D, respective!y (see Table 4-4). 

A ntab~r Of infiltration models have been developed by assuming that a 
distinct boundary (wetting front) moves through th~ soil column as infiltra
tion and percolation occur. The wetting front concept is illustrated on 
Figure 4-10. If the surface water supply is rep,esented by a pool of water o.f 
negligible depth, Darcy's Law may be applied to yield an expression such as 

0 that shown below. 

f=K L+S 
S -L-

f = infiltration capacity (LIT), 
K = satcrated hydraulic ~onductivity {L/T), 
~=distance fr011 soil surface to the wetting front (L), 
S = cap.illary suction at the wetting front (L). 

FIGURE 4-10 

SOIL PROFILE AS INFILTRATION OCCURS 

WET SOIL 

DRY SOIL 
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This expression, reported by Green and Ampt (1911), has served as the basis 
for several infiltration models which have appeared in the literature in 
r~cent years. The principal difficulty with such a model is predicting the 
capillary suction. 

The American Society of Civil Engineers (i949) has presented a simple 
empirical technique for estimating infiltration. The key to the n,ethod is the 
infiltration capacity one hour after excess precipitation (i.e .• ,recipitation 
at a rate greater than the equilibrium infiltration capacity) begins. This 
infiltration rate, given the symbol f 1 • may or may not be a good estimator 
of f . Typical values of f 1 for three classifications of bare soil are 
showncin Table 4-7. For vegetated soils, the values in Table 4-7 ~hould be 
multiplied by the vegetation cover factors presented in Table 4-8. 

TABLE 4-7 

TYPICAL f
1 

VALUES FOR BARE SOILS 

Soil Classification 

Sands and other soils with open structur~s 

Loams typical of better agricultural regions 

Clays and other soils with dense structures 

Fro~ American S~ciety of Civil Engineers (1949) 

Vegetation Type 

Permanent forest and grass 

Close-growing crops 

Row crops 

TABLE 4-8 

VEGETATION COVFR FACTORS 

Cover Quality 

Good 
Hedium 
Poor 

Good 
Medium 
Poor 

Good 
Medium 
Poor 

From American Society of Civil Engineers (1949) 
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fl (inches/hour) 

0.50 - l.00 

0. 10 - 0.50 

0.01 - 0. 10 

Cover Factor 

3.0 - 7.5 
2.0 - 3.0 
1.2 - l.4 

2.5 - 3.0 
1.2 - 2.0 
l.1-1.3 

1.3 - 1.5 
l.1-i.3 
1.0-1.l 
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4.2.5.5 Measurement of Infiltration 

The 11easureaent of infiltration in the field is discussed by Bertrand 
(1965). Infiltration rates, capacities, coefficients, etc., can be estiaated 
for specific existing sites fr011 data gathered during various types of field 
investigations. For exaaple, infiltr0111eter studies employing rainfall siaula
tors or saall area flooding techniques can be used to deteraine in situ infil
tration rates. Unfortunately, different experiaental procedures aay result in 
substantially different estiaates for the saae site. 

Infiltration can also be estiaated indirectly from precipitation data and 
runoff hydrographs. However, in aost cases. hydrographs that distinguish 
overland flow fro• interflow (lateral flow of perched water) are not available. 
Thus infiltration voluaes deten1ined by this aethod are usually less than what 
actua 11.y occurs. 

4.2.5.6 Design I111plications 

Many of the factors that influence infiltration are not subject to ccntrol 
by designers and builders of hazardous-waste-site cover syste111s. However, 
notable exceptions include soil type. vegetation type, surface slope. runon 
control, etc. Unfortunately, trade-offs aaong these control?able factors 
coaplicate the design process considerably. For example, dense bare soils 

C placed on steep slopes will initially iapede infiltration, but are subject to 
severe erosion probleas. On the other hand, a good grass cover on a loamy 
soil will effectively control erosion, but will retard runoff and promote 
infiltration. However. the grass will also serve to ret10ve water fro• the 

• cover systea via transpiration. Thus, it should be clear that designing and 
evaluating cover systeas are c011plex processes that require careful considera
tion of many coapeting factors. 

The foregoing discussion emphasizes the importance of choosing a compre
hensive design and evaluation procedure that allows one to predict cover 
systea p~rforaance fr011 data of the type available during the design phase of 
a project. Two such procedures are presented in the section on inethods of 
water-balance analysis. 

Another important practical item is the way infiltration ra,e varies with 
time. Referring to Figures 4-8 and 4-9, note that as a rainstonn continues, 
infiltration rate declines to a certain level and then remains there. regard
less of the duration or intensity of the stona. Any excess water delivered by 
a long or hard rain does not infiltrate but leaves the system as runoff. It 
does not affect the internal structure of the cover but only the surface-water 
~ollection and drainage system. Thus the latter, but only the latter. must be 
designed with eaergency flow rates in mind. 
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4.2.6 Ev..,otranspiration 

Ev..,otranspiration is the principal •ans by which soil 110isture is reaoved 
froa vegetated soil. The process is quite coaplex. and the noaenclature used 
in describing it can be confusing. Therefore. brief definitions of soae of 
the 110re c~ly used teras are presented below. Evapotranspiration proceeds 
rapidly with high teaperatures. direct sunlight. strong winds. and a dry 
ataosphere. Active evapotranspiration correlates. thus. with the spring and 
suaer portion of the annual cycle and. on a saaller scale. with tt~ dayti• 
portion of the diurnal cycle. Certain regions regularly experience very windy 
seasons; evapotranspiration proceeds actively during such tims. Along with 
tiaevise variations, there are local geographic variations also: evapotran
spiration is 110re active (in the northern hetlisphere) on south-facing than on 
north-facing slopes. An excellent discussion of evapotranspiration is pre
s~nted by Chov ( 1964). 

4.2.6.l Basic Principles and Noaenclature 

Evaporation is the process by which water is converted froa the liquid 
into the gaseous state through the transfer of heat energy. The tera soil 
evaporation is used to describe the evaporation of water that has infiltrated 
i~to the soil, and the tera surface evaporation to describe the evaporation of 
water fr011 pools, depressions, or plant or soil surfaces. 

Transpiration is the proc~ss by which water that has been absorbed froa 
the soil by pl~nts is released to the at.eosphere. The v~st aajority of the 
total water transpired escapes through saall openings (called sto1nta) in the 
leaves. Evapotranspiration is a collective tera used to denote the cOllbination 
of evaporation and transpiration. For a hazardous-waste disposal-site cover 
systea. evapotranspfration aay be considered to be the sua of surface and soil 
evaporation and plant transpiration. Of these three cOlll)onents, transpiration 
is alaost always auch 110re iaportant quantitatively than the other two. 

Consuaptive use is a tera used frequently by agronoaists and others inter
ested in agricultural production. Usually, it represents the sua of all the 
water absorbed by plants (whether incorporated into cellular aaterial or 
transpired) plus that evaporated fr011 plant, soil, or snow surfaces, or froa 
surface depressions. Thus, the teras evapotranspiration and consuaptive use 
are often used interchangeably. 

Pan evaporation is defined as the a110unt of water evaporated froa a stand
ard container, called a pan, under allbient cliaatological conditions. The 
U. S. Weather Service uses what is called class A standard pan. The class A 
standard pan is aade of unpainted galvanized iron, is 4 ft in diaaeter, 10 in. 
deep, and is suspended 6 in. above the surface of the ground on a wooden 
fraae. The water level in the pan is kept at 2 to 3 in. below the ri• and is 
measured each day by aeans of a hook ·gauge. The Weather Service collects pan 
evaporation data routinely at numerous sites, as do other agencies. Sumary 
data are widely available in hydrology textbooks and are presented in the 
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Cliutic Atlas of the United States (National Oceanic and Atllospheric Admini
stration. 1974). Historical data for specific locations are available fr011 
the National Cliutic Center as wll as agricultural and cliaatologic research 
fKflitfes. 

Potential evapotranspiration is defined as the evapotranspiration that aay 
be expected so long as the supply of soil 110isture to plants is essentially 
unrestricted. However. the rate at which evapotranspiration can actually 
occur is severely li• ited when soil 110isture content drops • uch below field 
c~ity, because plants have increasing difficulty in obtaining water. Thus, 
actual evapotranspiration. that is, the aaount of water actually transpired 
And evaporated under the existing conditions, cannot exceed potential 
evapotraQspiration. 

As a rule, evapotranspiration at a given location exhibits a cyclical 
pattern having an aMual period. While several factors aay be iaportant, this 
pattern is influenced 110st dra• atically by the growth cycle of the vegetation. 
Thus, the lowest evapotranspiration rates generally occur in the winter when 
the g~h rate is nil, and the highest rates occur during the s~r at the 
peak of the g~ing season. 

4.2.6.2 Esti• ating Evapotranspiration 

Surface-water hydrologists have given • uch attention to estiaating evapo
ration froa free water surfaces such as streaas, lakes, and reservoirs. 
However. while nuaerous theoretical and eapirical equations have been pub
lished. this kind of evaporaticn is usually esti~ted directly from pan evapo
ration data. For exaaple, reservoir or lake evaporation has been observed to 
be reasonably wll ;ipproxiaated as about 70 percent of pan evaporation for the 
saae site. While free water surface evaporation is only a sm~ll part of the 
total evapotranspiration fro• a vegetated area, it is interes~ing to note that 
potenti~l evapotranspiration is also fairly 1o11ell approxi • ated as 70 percent of 
pan evaporation. Thus, at least during the 1o11etter portions of the year. it 
• ay be possible to esti• ate evapotranspiration fr011 a hazardous-waste disposal
site cover systea using this rule of thumb. Howeve,, it • ust be remembered 
that as the soil 110isture content drops appreciably b~low field capacity, the 
rate at vhich evapotranspfration can occur will be severely limited by the 
availability of water to plants. 

A nu• ber of theoretical and empirical equations for estimating evapotran
spiration froa vegetated soil systems have appeared in the literature. Several 
of the 110re c~nly used ones are presented and discussed by Chow (1964). 
One of the liost useful expressions is the Penaan equation as 1110dified by 
Ritchie (1972) and presented below. 

PET= l.28(A)(H) 
25.4(A + 0.68) 

(4. 16) 
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where 
PET= the potential daily evapotranspiration (inches). 

A= the slope of the saturation vapor pressure curve. 
H = the net daily solar radiation (langleys). 

(A langley is a unit of solar radiation equivalent to one gr• calorie per 
square centi•ter of irradiated surface.) The slope of the saturation vapor 
pressure curve. A • aay be estiaated froa the following expression. 

A= 5304 (e) (21.255 - 5304/T) 
(T)2 

T = the aean daily teaperature (°K). 

(4. 17) 

(Teaperature conversion: °K = °C + 273; e.g •• 293°K = 20°C.) The net daily 
solar radiation, H. aay be estiaated fr011 the following equation. 

where 

H -= (1 - L)(R) 
58.3 

L = the albedo for solar radiation. 
R = the incident daily solar radiation (langleys). 

(4. 18) 

Values of average albedo (portion of incident radiation that is reflected) for 
various types of land surface aay be found in textbooks in cliaatology and 
hydrology (e.g .• Critchfield. 1974). 

Thornthwaite and Mather (1957) introduced an eapirical aethod for esti
aating evapotranspiration froa bare soil and vegetated areas. which has been 
widely used. The principal disadvantage to the aethod is that extensive 
tables found in the original reference (Thornthwaite and Hat~er. 1957) are 
required to aake the estiaates. This technique is part of the iaanual water
balance aethod discussed below. Example applications are given in Fenn. 
Hanley. and OeGeare (1975). 

In suaaary 1 evapotranspiration accounts for the aajor portion of the soil 
aoisture lost fr011 a typical well-vegetated cover syste•. Thus. care should 
be used in arriving at the ntaerical values used in estiaating percolation. 
Water-balance aethods that take into account the fact that evapotranspiration 
rate is a function of soil aoisture content are • uch to be preferred. Both 
the aethods discussed below include this feature. The coaputerized aethod 
calculates potential evapotranspiration by equation (4. 16). but li• its actual 
evapotranspiration, depending upon the availability of soil • oisture to the 
vegetation. The • anual • ethod inakes use of the Thornthwaite • ethod (Thornth
waite and Mather, 1957), which also takes soil • oisture content into account. 
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4.2. 7 "-thods of W.ter-Balance AnAlysis 

As previously discussed, virt.UAlly all •t.hods of estiuting leachate 
production or percolation require soae fora of WAter-bAlance procedure. The 
principal fKtors that affect the difficulty involved are the quAntity and 
quality of the dAu availAble and the accuracy desired. Two published proce
dures are considered belov. Thi! first fs a unual technique that is suiuble 
for constructing a mnthly water bAlance. While greater accuracy could be 
obuined by using a daily ti• period, the aonthly procedure is very useful in 
U,.t it requires a • inf- of dau and effort, and has been shown to produce 
reHonable results. The second procedure considered is an easy-to-use coaputer 
aodel that ~rates on a daily ti• period. Lutton, Regan, and Jones (1979) 
discuss other WAter-bAlance procedures applicable to cover systees. 

4.2.7.1 A ~nual Water-Balance Method 

Fenn, Hanley, and DeGeare (1975) have published a sfaplified • anual proce
dure that can be conveniently used to construct• • onthly water balance for a 
hazardous-waste disposal-site cover systea. While the aethod can also be used 
with a daily ti• period, such a use would appear fapractical given the coapu
tational effort involved. 

(l) 
balance 
• ined. 
belov. 

where 

Estf• ating percolation. Percolation is calculated by a siaple • ass
procedure after other coaponents of the water budget have been deter
The fundaaental • athetlatical relationship • ay be expressed as shcNn 

PERC = P - RO - CST - A£T 

PERC = percolation, 
P = precipitation, 

RO= surface runoff, 
CST= change in soil-aoisture storage, 
AET = actual evaporation. 

(4. 19) 

All teras in equation (4. 19) • ust be expressed in the saae units. The general 
procedure to be used with equation (4 . 19) is sua• arized below. For • ore de
tailed discussion, coaplete with nuaerical exa• ples. see Fenn, Hanley, and 
DeGeare (1975). 

Precipitation data corresponding to the selected ti• e period • ust be used. 
For a • onthly balance, the logical choice is historical aean • onthly precipi
tation ff the goal is to estiaate average percolation production. However, if 
it is desired to esti• ate peak rates of percolation, hypothetical data for a 
very wet year aay be used. Thus, the choice of prKipitation data depends 
upon the intended use of the results. 

Surface runoff is estiaated dirKtly fro• precipitation by aeans of runoff 
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coefficients. Typical coeffic i ents are presented above in the section on 
runoff. Infiltration, I • is estiaated indirectly as the difference betwen 
the precipitation, P. and the runoff, RO (i . e . • I = P-RO) . 

The potential evapotranspiration, PET • is esti• ated by the Thornthwaite 
Mtnod (Thornthwaite and Mather, 1955, 1957). This technique requires the use 
of tables present~d in the references indicated. The potential evapotranspi
ration • ay be thought of as the aaxi • ua evapotranspirat i on that can occur, 
assuaing an unli• ited supply of soil aoisture . 

The difference between the esti• ated infiltration and the potential evapo
transpiration (i.e •• [I-PET)) is used to detenaine whether the soil-• oisture 
storaTI should increase or decrease during a given • onth. A r.~ative value of 
(I-PET indicates that infiltration is not sufficient to iaeet the evapotran
spirative deaand, and hence, soil-110isture storage may be expected to decrease, 
ass1.aing that plant-available water is present. A positive value of [I-PE!) 
indicates t~at 110re water infiltrates than can be lo~t to evapotranspiration. 
Thus, soi.1-1101sture storage • ust increase, unless the soil aoisture content is 
already at field capacity. 

In 110st locations there is an annual wet/dry cycle . Thus , the soil
• oisture storage for the last month in the · yearly cycle having a positive value 
of [I-PET] • ay be assu.ed to correspond to the field capacity. That is, the 
soil-110isture storage at the end of that • onth may be estimated as the product 
of the depth of the soil and the dimensionless field capacity . Normally, only 
the soil depth corresponding to the root penetrat i on zone i s considered. 

The assuaption that soil moisture is at field capacity at the end of the 
last • onth having a positive value of [I-PET] (i . e., the end of the wet period) 
is a reasonable one, and is very convenient since it is necessary to begin the 
actual water-balance calculations with sonie known val11e of soil-moisture 
storage. Thus , this provides a logical starting point . 

Once a starting point has been determined, the soil - mo i sture storage at 
the end of the wet season, it i s poss i ble to estimate the amount of percolation 
to be expected for each month using equation (4 . 19) . However, for months when 
[I-PET] is negative, actual evapotransp i rat i on is limited by the amount of 
soil • oisture available for plant use . Thus, during these months, actual 
evapotranspiration, AET • is less than PET . Tables provided in Thornthwaite 
and Mather (1955, 1957) may be used to estimate the change in soil-~oisture 
storage_ that • ay be expected under these ci ricumstances . AET n1ay then be 
esti• ated as the difference between inf i ltrat i on and the change i n soil
moisture storage (i . e. • (I - CST]) . 

Negative values of percolation , PERC • will be predicted by equation . (4. 19) 
so long as the soil 110isture content is less than the field capacity. These 
negative values have no direct physical signif i cance and may, thus. be replaced 
by zeros. 

(2) Esti• ating leachate production . Percolation, estimated as above, 
represents water that percolates through the cover syst~m. Since lateral out
flow is not considered, it follows that this water will then enter unde!"l:,•ing 
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soil or water layers and ultiaately becoee leachate. The ti• lag between the 
closure of a waste-site and the beginning of leachate production aay be esti
aated if the initial aoisture conten~s of all underlying soil and waste layers 
are ltncNn. That is, these layers aay be expected to fill gradually with aois-

. ture as percolation enters froa above. When the aoisture content of~ given 
layer reaches field capacity, percolation will begin to pass into the next 
lcwer layer. Ultiaately leachate is assuaed to be generated at a rate equal 
to the rate at which 110isture percolates through the cover systea. 

(3) Ca~e stUdies. Th~e instructive case studies were worked out and 
presented by Fenn, Hanley, and DeGeare (1975), for Cincinnati, OH, Orlando. 
FL, and Los Angeles, CA, cities representing three different cliaates. Inter
estingly, there is less percolation at Orlando than at Cincinnati. even though 
Orlando has higher annual precipitation. The reason is that high precipitation 
and high evapotranspiration are nearly in phase. wit~ respect lo the yearly 
cycle, in Orlando (rain concentrated in the suaaer aonths). while they are not 
si• ilarly in phase in Cincinnati (precipitation aore nearly constant throughout 
the year). At Los Angeles, with a dry cliaate. no percolation is to be ex
pected froa the natural rainfall. However interestingly also. if the final 
land use of a site in Los Angeles were to be a park, where grass were watered 
by irrigation. a considerable a• ount of percolation might be produced thereby. 

4.2.7.2 The HELP Hodel 

The Hydrologic Evaluation of Landfill Performance (HELP) prog,·am is an 
easy-to-use. coaputerized water-budget 1110del that was developed to assist 
landfill designers and regulators by providing a tool to allow rapid, economi
cal screening of alternative designs. The progra• may be used to estimate the 
• agnitudes of various components of the water budget, including the volume of 
leachate produced and the thickness of water-saturated soil (head) above 
barrier layers. The results may be used to cc:iipare the leachate-production 
potential of alternative designs, select and size appropriate drainage and 
collection systells, and size leachate-tre~taent facilities. The program was 
designed pri• arily for interactive use, but aay be run in a batch mode. 

HELP uses cli• atologic, soil, and design data to produce daily estimates 
of water aoveaent across, into. through. and out of landfills. To accomplish 
this, daily precipitation is partitioned into surface storage. runoff, infil
tration, surface evaporation, evapotranspiration, percolation, stored soil 
110isture, and subsurface lateral drainage. Surface r~non and subsurface 
lateral inflow are not considered. Complete documentation and a user's guide 
are available in Schroeder, Gibson, and S.Olen (1984). and Schroeder et al . 
(1984). 

(1) Hydrologic processes. Runoff is computed using the Soil Conservation 
Service Runoff Curve Nlaber aiethod described above . factors such as surface 
slope and roughness are not considered directly in estimating runoff, and 
hence infiltration. However, they aay be taken into account in the selection 
of a curve nlaber. Tt.is approach to runoff estimation is made possible by 
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considering only ci.ily precipiution touls. and not tt.c intensity, duration, 
and distribution of individual rainfall ~vents (stontS) . 

Percolation and vertical ~ter routing are aodeled using Darcy's Lav for 
saturated flow with IIOdifications for unsaturated conditions. Lateral drainage 
is coaputed analytically froa a linearized Boussinesq eq~tion corrected to 
agree with nuaerical solutions of the nonlinearized fora for the range of 
design specifications used in hazardous-vaste landfills. Evapot,anspiration 
is estiaated by a IIOdified Penaan aethod adjusted for li• iting soil • oisture 
~undit~ons . Detailed solution aethods for all hydrologic processes are pre
sented in the progr• docuaentatfon (Schroeder. Gibson, and Saolen, 1984). 

(2) Data requirea.nts. Tt,e HELP prograa requires cli• atologic, soil, and 
design data. However, sufficient default cliaatologic and soil data are 
internally available to satisfy the needs of aany users . The basic data 
requireaents and input options are briefly discussed below. 

(a) Cli• atologic data. Cli• atologic data, including daily precipitation · 
in inches, aean 110nthly teaperatures in °F, aean 110nthly insolation (solar 
radiation) in langleys, leaf area indices, and winter cover factors, may be 
entered • anually or selected fr011 built-in NdefaultM data files. Leaf area 
indices and winter cover factors are variables used to describe the condition 
of vegetative cover crops with respect to their effects on evapotranspiration. 
They are discussed further below. 

Default cli• atologic data consisting of five years (1974-78) of observed 
daily precipitation and one set of values for aean • onthly teaperature, aean 
110nthly insolation, leaf area index, and winter cover factor for each of 102 
U. S. cities are built into the progra•. These data • ay be accessed and used 
si• ply by giving appropriate responses to straightforvard progra• queries. 

The default cli• atologic data base includes values for two variables that 
relate to the effects of vegetation on evapotranspiration; leaf area index 
(LAI) and winter cover factor. LAI is defined as the (diaensionless) ratio of 
the leaf area of actively transpiring vegetation to the n011inal surface area 
of land on which the vegetation is growing. The HELP progra• assuaes that LAI 
• ay vary froa a • ini• c• value of Oto a aaxi• ua value of 3. The fonaer is 
representative of no actively growing vegetation (i.e . • bare ground or dor• ant 
vegetation), and the latter represents the 110st dense stand of actively erowing 
vegetation considered. Default LAI data sets CQnsist of 13 Julian dates 
(spaced throughout the entire year) and corresponding • axi• ua LAI values for a 
good row crop and an excellent stand of grass. A different set of LAI data is 
provided for each of the 102 cities . The progra• adjusts these aaxi- values 
downward if necessary, depending upon the vegetative cover specified, and 
interpolates for daily values in order to • odel evapotranspiration during the 
growing season. For the reaainder of the year, transpiration is assuaed not 
to occur. However, even donaant vegetation can serve to insulate the soil, 
and thus affect evaporation. Winter cover factors, which vary froa O for row 
crops to 1. 8 for an excellent stand of grass, are used to account for this 
effect. · 

When the • anual cli• atologic data input option is utilized, the user aust 
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provide daily precfpitation data for Hch year of interest. The aaxi
allwable period of record is 20 yurs aoo the •ini- is 2 years. A separate 
set of teaperature, insolation, LAl, ~ winter cover factor uy be entered 
for each year, or a single set of data uy be used for all years. 

(b) Yeoetathe cover data. The user .. st specify an evaporative 
(root) zone depth~. if a default option is used, one of seven types of 
vegetative cover. Accept.bl• default types of vegetation are bare ground 
(i . e . , no vegetation), excellent, good, fair, and poor stands of grass, and 
good and fair stands of row crops. Depending upon the default vegetation type 
selected, the hydraulic conductivity of the soil within the evaporative zone 
ts COM'Kted for the effects of roots by -,ltiplication by a factor varying 
froe l for bare grour,d to S for an excellent stand of grass. The LAl values 
discussed above are also IIOdified depending upon the type of vegetation 
specified. 

(c) Design and soil data. The user aust specify data describing the 
various aaterials contained in the landfill (e. g., topsoil, clay, sand, waste) 
and the physical layout (design) of the landfill (e.g. , size, thickness of 
various layers, slopes, etc. ). Either the def•ult or aanual input options aay 
be utilized for -soil data; however, design data 11USt be entered aanually. 

The HELP progr• uy be used to • odel landfills coaposed of up to ni ne 
distinct layers. Howver, there a~ soee li•itations on the order in which 
the 1.,yers •Y be arranged, which IMJSt be observed if aeaningful results are 
to be obtained. Also, each layer aust be identified as either a vertical
percolation, lateral-drainage, waste, or barrier-soil layer. This identifica
tion is very h1portant because the progr• aodels water flow through the 
various types of layers in different ways. Howver, in all cases, the prograa 
assuaes that each layer is hoaogeneous with respect to hydraulic conductivity , 
transafssivity, wilting point, porosity, and field capacity. A typical closed
landfill profile is shown on Figure 4-11 . The circled nuabers indicate t~ 
layer identification systett used by the prograa. 

Vertical-percolation layers (e . g., layer 1 on Figure 4-11) are assLaed to 
have hydraulic conductivity sufficiently great that vertical flow in the 
downward direction (i.e . , percolation) i s not significantly restricted. 
Lateral drainage is not penaitted, but water can 110ve upward and be lost via 
evapotranspiration, depending upon the specified depth of the evaporative 
zone. Percolation is IIOdeled as being i ndependent of the depth of water
saturated soil (i . e . , the head) above the layer . Layers designed to suppor t 
vegetation should generally be des i gnated as vertical - percolation layers . 

Lateral-drainage layers are assuaed to have hydraul i c conductivity high 
enough that little resistance to flov is offered. Therefore, th~ hydraulic 
conductivity of a drainage layer should be ~ual to or greater than that of 
the overlying layer. Vertical fl0111 is IIOdeled in the saae aanoer as for a 
vertical-percolation layer, however lateral outfl0111 is allowed. This lateral 
drainage is considered to be a function of the slope of the bott:)C of the 
layer, the uxi- horizontal distance that water lk.lst transverse to drain 
froa the layer, and the depth of wat~r-saturated soil above the top of the 
underlying barrier-soil layer. The slope at the bottoa of the layer aay vary 
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FIGURE 4-11 

TYPICAL LANOFILL PROFILE (SEE TEXT DISCUSSION 
OF HELP P«>OEL) 
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froa Oto 10 percent, and the aaxi- dra1nage distaoce aay range between 25 
and 200 ft. Layers 2 and 5 on Figure 4-11 are lateral-drainage layers . 

Barrier-soil layers serve the purpose of restricting vertical flow. Thus, 
such layers should have hydrau1;c conductivity substantially l~r than for 
vertical-percolation, lateral-drainage. or waste layers. The prograa li • its 
the direction of flow in barrier-soil layers to downward. Thus, any water 
aoving into a barrier layer will eventually percolate through. Percolation is 
aodeled as a function of the depth of water-saturated soil (head) above the 
base of the layer. The progra• recognizes two types of barrier layers; those 
coaposed of soil alone, and those coaposed of soil overlain by an iaperaeable 
synthetic aetlbrane. In the latter case, the user • ust specify soae ..t>rane 
leakage fraction. The net effect of specifying the presence of a • etlbrane is 
to r~duce the effective hydraulic conductivity of the layer. The progra• does 
not 1110del aging of the • elllbrane. Layers 3 and 6 shown on Figure 4-11 are 
barrier layers. 

Water aoveaent through a waste layer is IDOdeled in .the saae ,aanner as for 
a vertical-percolation layer . However, identifying a layer as a waste layer 
indicates to the program which layers should be considered part of the lanofill 
cap or cover, and which layers should be considered as part of the liner/ 
drainage system. Layer 4 shown on Figure 4-11 is a waste layer. 

If the toptDOst layer of a landfill profile is identified as a waste layer, 
the program assumes that the landfill is open. In this case, the user aust 
specify a runoff curve number and the fraction of the potential surface runoff 
that is actually collected and removed from the landfill surface. 

Important n011enclature used by the program is indicated on Figure 4-11. 
For computational purposes, the soil profile is partitioned into subprofiles, 
which are defined in rela~ion to the location of the barrier-soil layers. For 
example, the upper subprofile shown on Figure 4-11 extends from the ground 
surface to the bott011 of the upper barrier-soil layer (layer 3), while the 
lower subprofile extends from the top of the waste layer to the base of the 
lower barrier-soil layer. If an intenaediate barrier-soil layer had been 
specified, a third (intermediate) subprofile would have been defined. Since 
the model can handle no more than three barrier-soil layers, there can be no 
more than three subprofiles. The progra• models the flow of water through one 
subprofile at a time with the percolation fr01a one subprofile serving as the 
inflow to the underlying subprofile, and so on through the coaplete profile . 

(1) Soil data. The type of soil present in each layer must be 
specified by the user. He can use either the default or manual data-input 
option. Characteristics for 18 default soil types are presented in Table 4-1. 
The first three c~lLans represent, respectively, soil designations used by the 
HELP progra•, textural soil descriptions as used by the U. S. Department of 
Agriculture, and soil group sywabols according to the Unified Soil Classifica
tion Syste• (USCS). The ntaerical entries represent typical uata value~ 
corresponding to the various soil types and are used by the HELP prograa, as 
needed, for c019Putational purposes. Oefau-lt soil data aay be accessed and 
used simply by entering the appropriate soil-texture nUllber in response to a 
c01aand frOfll the prograa. 
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The user uy also enter soil characteristics aanually. In this instance, 
the progt"• will require that nuaerical ~alues be entered fo~ porosity. field 
c~ity, wilting point. hydraulic conductivity (i.e .• saturate<' hydraulic 
conductivity) in inches per hnur. and evaporation coefficient in • illiaeters 
per square root of day. (Note: porosity, field capacity. and wilting point 
are all di•nsionless.) 

(2) Soil coapaction. Barrier-soil layers and waste layers aay be 
coapac:ted to restrict the vertical flow of water. When using the default 
soil-data option, tM user has the option of ~pecifying that any layer is to 
be considered coapacted. When a layer is so identified, the hydraulic conduc
tivity is reduced by a factor of 20, and the drainable water (i.e .• porosity 
• inus field capacity) and piant-available water (i.e .• field capacity • inus 
wilting point) are each reduced by 25 percent. When using the aanual soil-data 
option. the user si• ply enters s~il data representative of c011pacted soil. 
layers that support vegetation should not be coap~cted. 

(3) Design data. The user • ust enter the total surface area of the 
landfill to be • odeled in square feet. and the thicknP.ss of each layer in 
inches. For drainage layers, the slope of the bottoe o: t~ layer and the 
•axi- horizontal drainage distance • ust also be supplied. The fonier aay 
vary froa 0 to 10 percent and the latter froe 25 to 200 ft. Vnen drain tiles 
are to be used, the appropriate distance is one half the • aximua spacing. 
When drains are not used. the appropriate distance is the aaxi• ua horizontal 
distance that water • ust travel to reach a free discharge. Depending upon the 
soil profile chosen and the input option selected, other data such as runoff 
curve nlalber, • ellbrane leakage fraction, and potential runoff fraction may be 
requested by tt)e progr•. 

(4) Prograa output. Basic prograa ~utput, always reported, consists 
of the folloving: all default and • anual input infonaation except daily ore
cipitation data, and su• aary results. Input data has been described abo~e. 
Suaaary output data are described belov. Occasional reference to Figure 4-11 
uy be helpful in understanding soee of the tenainology used in describing 
prograa output. 

(a) Suaaary output. Folloving the input-data suaaary, the .program 
produces a table of annual totals for each year of operation si• ulated. Spe
cific entries appearing in the tables include total annual precipitation, 
runoff, evapotranspiration (total of surface and soil evaporation and plant 
transpiration). percolation through the base of each subprofile, and latera·1 
drainage froa each subprofile. Each of these output variables is reported in 
tenas of inches, cubic feet, af'd as a percent of total annual precipitation. 
The soil • oisture content and precipitation stored in the fora of sn~ are 
reported for the beginning and the end of the year in tenas of inches and 
·cubic feet. 

After the annua~-tctal tables, the prograa reports average aonthly totals 
for euch of the output variables noted above except soil • oisture content 
and precipitation stored as snow. All values are reported in tenas of inches. 
The entries shown inuicate averages of the • onthly totals for all years 
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siaulated, for example, the average tota~ runoff in July for the period simu
lated (say five years). 

The next table presents average annual totals for the total period 
siaulatec!. ,verage annual values for precipitation, runoff, evapotranspira
tion, percolation through the base of each subprofile, and lat!ral drainag · 
fJ'OII each subprofil~ are reported in terms of inches, cubic feet, and as a 
percent of total average annual precipitation. 

In the final table, p!Jk day values for precipitation, runoff, percolation 
through the base of each subprofile, lateral drainage from each subprofile, 
and precipitation stored in the fora of snow are reported in terms of inches 
and cubic feet. The maxiaua head on the base of each subprofile and the 
aaxi• u. and • ini• UII soil 110isture content for the vegetative layer are also 
reported in terms of inches . 

The data reported in these suaaary tables are sufficient for rapidly 
screening alternative designs and roughly sizing drainage and leachate collec
tion and treataent systems . Hcwever, 1110re detailed information may be obtained 
by requesting • onthly or daily output. 

(b) Detailed output. Whe~ the user requests monthly output, tables 
are produced which report monthly totals (i~ tems of inches) for precipita
tion, runoff, evapotranspiration, perc~lation through the base of each subpro
file, and lateral drainage fr011 each profile for each year included in tt1e 
si• ulation • 

. When daily output is requested, daily values are reported for the Julian 
date, precipitation, runoff, evaporation, head on the base of the cover, 
percolation through the base of the cover, lateral drainage from the cover, 
head on the base of the landfill, percolation through the base of the landfill, 
lateral drai~ge fr0111 the base of the landfill, and the soil moisture content 
of the evaporative zone. Where applicable the units are inches, except for 
soil • .,isture, which is reported in dimensionless forn (i.e. , as a fraction of 
the ~xi- possible value). An additional variable is reported to indicate 
if the teaperature i s above or below freezing (32°F). 

4. 2. 7.3 Some General Coaaents on Wa~er- ~dlance Methods 

In virtually all water-balancP methods, i ndividual processes that affect 
the water balance are considered separately (to the extent possible), and the~ 
their individual contritutions are ~wmned to produce a mass balance for the 
systet1 considered. Usually, soil 110isture content is calculated by these 
• eans, and then leachate product i on (percolation) is estimated from the change 
in soil • oisture storage. Thus, inaccuracy in any estimates corresponding to 
the individual processes considered will result in inaccuracy in the fin?.1 

-esti• ate of leachate production or percolation. For this 1·eason, c2re must 
always be exercised to ensure that each c011ponent of the wat!r budget is given 
a• ple consideration. In the majority of cases, leachate production (or perco
lation) will be only a small fraction of the total water accounted for in the 
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balance. Thus. a relati~ely sm~ll error in estimating the contribution of one 
component (e.g .• a 10 percent error in estim..ting evapotranspiration) can 
result in a relatively large (e.g .• 100 percent or ~~re) error in the estimate 
of leachate production or percolation. 

4.3 Gas Control 

It may be necessary to design for control of gases when covering an uncon
trolled hazardous waste site. Gases are evolved wherever decayable (biode
gradable) organic matter is buried; thus gas control is a problem at nearly 
all municipal landfills. Wher~ municipal and hazardous wastes were dumped at 
the same site, a gas problem is likely. Where no decayable matter was buried, 
gas will probably not be a problem. 

4.3.1 Gas Generation 

Organic refuse may generally be classified into three groups (Rovers. 
Tremblay. and Hooij. 1977). The rapidly decomposing component comprises food 
stuffs and garden waste; the intermediate-decomposing component comprises 
paper and wood waste; and the refractory component comprises plastic and 
rubber. The first group contains about 30 pct of the biodegradable waste. 
which decays in a landfill over a per•~d of from one to five years . The 
second group contains about 70 percent of the biodegradable waste and has a 
degradation half-life of 5 to 25 years. Thus the rate of waste gas production 
decreases steadily, but some production may persist for many years. 

Within a few months of closure of a landfill, anaerobic decay conditions 
stabilize. and thereafter only two gases are produced in appreciable quantity: 
methane (CH4 , about 55 pct by volume) and carbon dio~ide (CO,, about 45 pct by 
volume). Ttace quantities of other gases may also be produced. 

The most serious problem from waste gases is explosion hazard. Methane 
(and some of the trace gases) is combustible, and methane-air mixtures are 
explosive over a certain range of composition (about 5 to 15 pct methane by 
volume). An explosion hazard develops when methane migrates from a landfill 
and becomes mixed with air in a confined space. Several tragic methane explo
sions caused by landfill gases have occurred in recent years (Shafer et al. 
1984). 

Other actual or potential threats from waste gases include vegetation 
distress, odor problems, property-value deterioration. physical disruption of 
the cover, and toxic vapo~s. Vegetation kills are a demonst,utcd fact at 
landf1ll covers. The exact damage mechanism may be complex, involving oxygen 
starvation (asphyxiation). temperature increase, plant toxicity. etc. Carbon 
dioxide as well as methane may be respcn$ible for vegetation damage. fhe 
offensive odors ol ldndfill gases are often attributable to trace gas compo
nents. such as hydrogen sulfide and mercaptans. Property values near a land
fill may deteriorate l~rgely from the threat of waste gases (Rovers, Tremblay, 
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and Mooij. 19n}. The threat of physical disruption of the cover should not 
be discounted. Given a highly illlienteable cover and sufficient production of 
gas. the gas •ust .escape soaewhere, and it will do so in an uncontrolled 
fashion if no controlled exit is provided. 

4. 3.2 Vapors 

Where toxic substances are buried in the absence of decaying organic 
aatter. the threat of their vapors* reaching the surface in dangerous quanti
ties appe~rs to be very saall. In an occurrence of hexachlorobenzene (HCB) 
dispersal traceable to landfill d1.111ping (Fanter et al., 1976), elevated levels 
of HCB were found in pl ants. catt 1 e, and huaans 1 i ving near a loui s i.ana 1 and
fi 11. H<Never. the problea aay have developed during a period of careless 

. haulage and open d1.111ping. laboratory studies indicated that a soil cover 
would probably reduce the rate of HCB volatilization, relative to that fr011 
exposed aaterial. by a factor of several thousand. The chief problea would be 

• aaintenance of the integrity of the cover. The rate of • igration of a vapor 
should be ver-~ •uch lower than that of a gas such as •ethane or carbon dioxide, 
because of the • uch higher equilibriia pressure of the latter at any given 
teaperature. Therefore, it seeas logical to expect that • igration of a vapor 
froa beneath a soil cover would rarely lead to a hazardous situation. The 

v detection and •easureaent of organic substances over waste sites has been a 
aatter of recent research in California (Kari • i, 1983}. Vapor diffusion 
through cover soils at landfills is discussed in Fanter et al. (1980). 

0 
4.3. 3 Gas Treat•ent and Control 

landfill gases have received considerable attention in the literature, not 
only as a problea but also as a pot!ntial energy source (Rovers, Tremblay, and 
Mooij, 1977; Inurgoverrwental Hethane Task Force, 1979; Shafer et al . , 1984; 
Lutton, Regan, and Jones, 1979; and other sources cited in the above). A con
siderable body of experience with controlling landfill gas has accumulated. 
The field is young, however,- and any design • ust be highly site-specific. The 
cover designer •ay find it advisable to consult a contractor or consultant 
witl! experience in the .field. 

An excellent discussion of gas • igration control at waste disposal sites 
•ay be found in Chapter 6 of JRB Associates (1982) or Rogoshewski, Bryson, and 
Wagner ( 1983). 

A factor that needs to be considered is the possible fouling of gas drain
age systeas by the grovth of a bioaass of anaerobic sliaes (E. Glysson, lecture 
at University of Wisconsin Extension, October 1982) . This problea has occurred 
at gas drainage vells at •unicipal landfills . Such sliaes will grow as coat
ings on • ineral particles. The larger the pore sizes in the gas drainage 

* Vapor is defined as a gas below its critical point (Daniels and Alberty, 
1961, p. 12~}. 
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layer, the longer it takes a buildup to block the pores c011pletely. Thus, the 
coarser the aaterial in the gas-drain layer, the better. 

Guidance may be found in the above-cited references. Gas-control systeas 
aake use of natural barriers when possible and of constructed barriers such as 
trenches, llellbranes, wells, and vents. The cover designer should retlellber, 
however, that at a hazardous waste site, not all measures may be acceptable. 
Engineering judgment is required, depending on the _specifics of the site. 

The following guidance is taken from Rovers, Tremblay, and Mooij (1977). 
Their report ~as the outgrowth of an international se• inar held in Montreal to 
consider the problem of landfill gas monitoring and control. 

Natural barriers to gas • igration include moist, fine-grained soils and 
saturated coarse-grained soils. Lateral • ethane • igration can be naturally 
controlled at a landfill boundary by fine-grained soils, such as glacial till 
or natural clay deposits, and by the water table. 

Constructed control systeas include trenches to the water table, permeable 
trenches with or without _impenaeable • etabranes, induced exhaust or gas
extraction systems, and vertical venting. 

At saall sites situated within coarse-grained soils having a shallow 
g,-ound-water table, lateral aethane • igration can be controlled at a site 
boundary by open trenchins around the fill down to the water-table depth. 

A peraeable gravel-filled trench (see Figure 4-12, 1 A1
) • ay be an effective 

lateral • igration control syste11 at an existing refuse disposal site situated 
in less peraeable soil having a deep water table. The trench should be con
structed to a depth at least equal to the depth of th~ landfill. In areas 
where freezing and sealing of the trench cover can occur, the peraeable trench 
should be outfitted with vent pipes. 

In penaeable soils, a peraeable trench should be provided with an i• perae
able barrier (see Figure 4-12, 1 8 1

), such as a plastic • etabrane or non-swelling 
clays, to a depth at least equal to the base of the landfill. Pipe venting 
(see Figure 4-12, 1 C1

) should be provided between the landfill and the i• per
• eable barrier in areas where freezing and sealing of the trench or land 
surface aay occur. 

An induced exhaust syste11 {see Figure 4-12, 'D'), consisting of a penaeable 
trench equipped with gas vents or separately installed gas wells connected by 
a header to an exhaust fan, is a most effective gas-control • ethod. An induced 
pressure gradient of less than l in. of water in the header ha~ been found to 
be effective in controlling lateral gas • igration. 

An induced gas extraction syste• consisting of gas we 1 ls constructed 
within a landfill was reported not to have been proven effective (Rovers, 
Trellblay, and Mooij, 1977). 

Vertical vents, or gas wells, installed around the landfill at 30 to 60 ft 
centers and down to the base of the landfill or to the water table are 
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FIGURE 4-12 

GAS CONTROL BARRIERS (ROVERS, TROl3LAY, AND J«X>IJ, 1977) 
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effective if connected to a header and exhaust fan. 
to induce a negative head of up to 10 in. of water. 
sign are discussed below. 

A usual design wuld be 
Gas wll 1nd header de-

Gas extraction 'Ind recovery will probably be 110re c011110nly atteapted at 
aunicipal rather than hazardous waste landfills. For recovery and utilization, 
gas-extraction wlls are necessary. Figure 4-13 details the design of a gas
extraction wll. On-site testing has shown that to get the aaxi- voluae of 
gas with the aaxiaua BTU value, the gas-extraction well should be centrally 
located in the refuse with a • ini- screen of 10 ft. At a large landfill, 
aultiple wlls would be required. Figure 4-13 shows that in a 60-ft landfill 
the borehole of up to 4 ft in diaaeter would be drilled to a depth of 40 ft 
with a 20-ft t,ell screen. 

Each of the wlls would be connected to a c011110n gas-collection header 
equipped with an exhaust blowr. 

The wl 1 fs equipped with a telescopic coupling to allow the wll to 
shorten should the refuse settle. 

Considerable discussion was generated at the Montreal seainar (Rovers, 
Treablay, and Mooij, 1977, p. A-12) regarding the wll diaaeter and need for 
the gravel pack. One opinion was that al110st any wll size, without a gravel 
pack, would suffice, while another opinion was that larger wl 1 diaaeters, 
preferably packed in gravel, wre needed to prevent screen blockage either due 
to bacterial sli• foraation or chellical precipitation on the screen. It was 
generally agreed that a 4 to 6-in.-diaa PVC wll would perfona adequately. It 
was thought that a gravel pack •ay not be required. 

Gas froa a aultiple-gas-wll systetl wuld be extracted via a gas-collection 
header installed either above or below the ground surface. Host of the gas
co11ection-w11 headers are installed below the ground surface. In soae cases 
they are installed in trenches dug in the surface of the ground, in other 
cases soil is piled up around these headers. The reason for covering these 
headers is to protect V\ea froa external contact daaage and to protect thell 
.gafnst extreae changes in teaperai:ure. 

Gas withdravn froa a landfill is saturated with 110isture which condenses 
in the collection header. In cliaates where freezing can occur, this 110isture 
aust be reaoved froa the header to prevent freezing. Figure 4-14 details tw 
Mthods of 110fsture drainage. In the first aethod, the 110fsture is drained to 
a designed drainage connection. This aethod is 110st useful for installation 
in header pipe travelling long distances between wlls or to the exhaust 
systea froa the last wll. The recoaaended installation is every 100 ft. In 
the second Mthod, collection header is sloped to drain the condensed 110isture 
to the gas wlls although it was suggested that this aay interfere with the 
progr• of gas extraction. 

For a 110rc detailed discussion of gas control, the reader is referred to 
JRB Associates, Inc. (1982) or RogoshNski, Bryson, and Wagner (1983). 
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FIGURE 4-13 

GAS EXTRACTION WELL DESIGH (ROVERS, TREMBLAY, 
ANO JC>OIJ, 1977) 
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FIGURE 4-14 

t«>ISTURE CONTROL IN COLLECTION HEADER (ROVERS, 
TROelAY ANO tl>OIJ, 1977) 

-- ..... 
Condensate Drain in Header ·A· 

.. ... 
Condensate Drain to Gas Wells ·e· 

--.c· .. INC......_ Moisture Control in 
Collection Header 
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4.4 Filter uyer(s) 

4. 4.1 General 

A filtar fs a layer of utarial placed between t-,,o aaterials of contrasting 
gradation in order to perfo,- one or both of the following functions: 

• Prevent the • igration of fine soil particles into a coarser-grained 
utarial (e.g .• a riprap blanket or gravel drain). 

• AllCN .-tar freely to enter a drainage • ediua (pipe or drainage 
blanket) vithout clogging it vith fine particles of soil. 

Therefore. to insure a filter's successful operati~n. its design aust be 
Addressed froa both a sUl>ility and a perNability standpoint. 

Filtar layer(s) uy or • ay not be needed in a given cover design. Places 
lllhere such a layer • i2ht be ,-.quind include: 

• BenHth the v•tative layer and above a drainage layer. 

• Beneath a clay barrier' layer and above a coarse-grained gas-control 
layer. 

• Beneath a riprap channel lining and above the fine-grained soil below 
t.'le Channa 1 . 

In each case the design ~ngineer • ust decide on the need for a filter layer, 
taking into consideration the fol lowing factors : 

• Contrast in gradation be~ween adjacent aaterials . 

• Likelihood of • igration of fines. 

• Consequences of such • igration. 

If a filter is~. its design should follow the principle~ given below. 

Generally tvo types of aaterials are used as filters . One type is care
fully graded cohesio~less soil (sands and gravels) . This graded filter is 
attractive by virtue of its durability, lo'lg history of use as a filter aediu., 
and relatively good availability . However , the gradation of this type of 
filter requires careful design, and the success depends heavily upon the 
precision and quality of the processing and installation procedures. 

The other type of filter aaterial is a geotechnical fabric or geotextile. 
Its advantages are: 
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• tt.nufactured in a controlled enviroraent (factory) . 
. 

• Requires less design work than~ ~ranular filter. 

• Relatively siaple to instal 1. 

• Can be installed rapidly. 

• Can be obtained in a variety of pore sizes. 

However. inforaation on geotextiles' perforailnce in the waste-disposal field 
is stil~ li• ited. Geotextiles do not have the history of use necessary to 
predict confidently what their characteristics will be after extended exposure 
to the conditions which could be present at a hazardous-waste site. Also. a 
geotextile. being a relatively thin • aterial. is susceptible to daaage during 
installation and the construction of subsequent cover eleaents over it. 

4 . 4 . 2 Granular Filters 

Criteria for the design of filters of either type of • aterial are essen
tially eapirical in nature. Testing progra• s have substantiated and refined 
these eapirical criteria to a point where they • ay be used with confidence. 
Aaong the sources where fi 1 ter criteria and discuss ions thereof • ay be found 
are Cedergren (1977). Depart• ent of the Arwy (1978). Anderson. Paintal. and 
Davenport (1970). and Oepart• ent of the Navy (1971. 1982). 

Design criteria for granular filters are given in tenas of characteristic 
particle sizes. e. g. ~is • das • etc. The dis size is the particle dia• e
ter such that 15 weight percent of the soil is aade up of grains finer than 
dis. etc. Charac~eristic particle sizes are discussed in section 3.2.5.1. 

As • entioned, filter criteria apply to two areas. stability and per• eabil
ity. In the stability area. the designer wishes to avoid aoveaent of soil 
particles froa the protected soil through the filter . The f~llowing design 
criteria have been established for granular filters to meet that requireaent: 

a. 

b. 

c. 

__ d_l_S_o_f_t_he_f_1_· l_t_,._r_aa_t..;,.e_r_i_a_l_ = _dl_S_F < S 

das of the protected soil (base) d858 

dSOF 
-- < 25 0soe 

dlSF 
-- < 20 
dl5B 

In order to avoid excessive head loss. the penaeability of the filter must 
be sufficient for the- drainage system i t protects and : 
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Figure 4-15 illustrates a typical exaaple using these relationships. 

These ~sic criteria can be adjusted to acco-aodate a ~se aaterial's 
coefficient of unifoniity (C ), llfhich is defined as: 

u 

When the ~s• aaterial hH a C 
u 

increased to 6. Also, if the C 
u 

d 
less tNn 1. S, the ratio lSF aay be 

d858 
of the ~H aaterial is greater tNn -1, 

dlSF 
then -d- aay be increased to 40. 

158 
Figure 4-16 presents the gradation cNr-

acteristics of a group of typical filter aaterials . It is desirAble tNt the 
gradation curves of the filter and base be roughly •parallel• . 

Often. a filter tNt will prevent the • igration of the base aaterial's 
fine soil particles will itself be fine enough to • igrat.J! into the u~rlying 
coarse aaterial . Therefore, a second filter, or even a series of filters, • ay 
be needed to prevent the containation of the coarse layer or the loss of soil 
froa the ~se layer (figure 4-17). The second filter should treat the first 
filter layer as a ~se aaterial in its design. Other paraa.ters involved in a 
filter layer's design are presented in T.t>le 4-9. 

To avoid aoveeent of granular filter aaterial through perforations in 
drainage pipes , the followi_ng criteria should be followd. 

a. d85 of the filter • ater ial 
slot width > 1.2 {slotted pipes) 

b • 
d85 of the filter • aterial ---ho-le_d_i_aae_t_e_r ___ > 1.0 (pipes with circular holes) 

4 . 4 . 3 Geouxtiles 

If a geotext i le is chosen for use as a filter layer, the following 
particle-size relationships • ust be observed: 

a. For a geotextile adjacent to a granular aaterial containing 
50 percent or less {by weight) of fine {less than 0.074 •> particles: 
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FIGURE 4-15 

GRANULAR FILTER EXAHPLE (FRc»t DEPARTMENTS Of THE ARMY AND AIR FORCE, 1979) 
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FIGURE -4-16 

TYPICAL FILTER MTERIALS (DEPARTMENT OF THE NAVY, 1982) 
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FIGURE 4-17 

SERIES OF FILTER LAYERS 
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'· TABLE 4-9 

GRANULAR FILTER OESIGH CONSIDERATIONS 

a. To avoid inter-Ml 110veaent of fines. the filter aaterial should have no 
aore t.Mn 5 percent passing the No. 200 sieve. 

b. To avoid seg,..tion. a filter should not contain aggregate sizes larger 
tt..n 3 inches. 

c. 

d. 

e . 

For dispersive clays, filter tests should be conducted to evaluate the 
effectiveness of the proposed filter aaterial. 

A aaterial with a high coefficient of uniforaity (C) ~ill tend to segre
gate during placetNnt. Therefore a C greater ttJn 20 is usually not 
desirable. " 

Filter uterials should not be skip graded. 

d85 base aater~al (•) 
E.O. S.• of the geotextile (•) > 1 

(Total o~n area Clf the filter< 36 percent) 

b. For a geotextile adjacent to all other soils : 

E.O.S. < U.S. Standard Sieve No. 70 
(Total open area of the filter < 10 percent) 

c. No geotextile should be used with an open area less than 4 per::ent 
or an E.O.S. less than U. S. Standard Sieve No. 100. 

Table 4-10 presents the designer with a list of conditions to consider 
when designing a geotextile filter layer. 

4.5 Foundation layer 

4.5.1 Function of Foundation Layer 

A cover syst.ea is only as stable as the foundation it is placed L'POn. 
Even the best cover systee, placed over a site. cannot withstand the effects 

• E.O.S. = equivalent opening size. 
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TABLE 4-10 

GEOTEXTILE FILTER CONSIDERATIONS 

a. If gravel is to be placed on a geotextile. the supporting slopes should 
b · 2H:1V or flatter to prevent the gravel from sliding. 

b. If large rocks (12 inches or larger) are placed or dumped on a geotextile, 
sand should be placed above and below the geotextile as needed to protect 
fr011 tearing. 

c. Nonwoven filter cloths, or woven filter cloths with less than 4% open area 
should not be used where silt is present in sandy soils. A clnth with an 
equivalent opening size (EOS) equal to the No. 30 sieve and an open area 
of 36% will retain sands containing silt. 

d. When stones are to be dropped directly on the cloth, or where uplift ~res
sure froa artesian water aay be encou~tered, the minimum tensile strengths 
(ASTM 01682, Tests for Breaking Load and Elongation of Textile Fabrics) in 
the stronges~ and weakest directions sho~lJ be not less than 350 and 
200 lbs, respectively. Elongation at failure should ;,ot exceed 35%. The 
• ini• ua burst strength shouJd te 520 psi (ASTM 0751, Testi~g Coated 
Fabrics). Where the cloths are used in applications not requiring high 
strength or abrasion resistance, the strength requirements may be relaxed. 

e. Cloths aade of polypropylene, polyvinyl chloride and polyethylene fibers 
are affected by sunlight, and should be protected from the sun. Materials 
should be durable against ground pollutants, insect attack, attack by 
• icroorganis• s, and penetration by burrowing an1mals . 

f. Where filter cloths are used to wrap collection pipes or in similar appli
cations, backfill should consist of clean sands or gravels graded ~~ch 
that the O is greater than the EOS of the cloth. When trenches are 
lined with81ilter cloth, the collection pipe should be separated from the 
cloth by at least 6 inches of granular material. 

g. The absorption of the cloth should not exceej lX to reduce possibility of 
fibers swelling and changing EOS and percent of open area. 

of aassive subsidence within the materials fonaing its foundation. Although 
total sta~ilization of the subsoil and the waste containers buried within it 
are beyond the ~cope of this Handbook, the cover designer should be aware of 
the possibility and cons~quences of their occurrence. 

One of the 110st co1111110n waste containers used over the years has been the 
55-gallon steel drua. The contents of drWDs disposed of at uncontrolled 
hazardous-waste sites rarely (if ever) received sufficient co~paction to 
ensure that they would not compress appreciably once the container {the drum) 

4-57 

I 
I 

j 
j 

l 
I 

l 



,~---:···--- -. 
I 

' i 
t 

deteriorated. Also, drums were seldom emplaced in a fashion that would m1n1-
• ize the void spaces between them. A normal method of waste emplacement at 
uncontrolled hazardous waste sites was random dumping. Waste containers were 
placed in a randoa fashion, with little effort placed on filling or compacting 
the voids between the containers. These conditions tend to ailow temporary 
soil bridges to fora between containers (Figure 4-18), especially if a cohesive 
backfill material is used. Subsequently, the voids between the containers 
provide pathways for water and soil particles to migrate, and the collapse of 
the soil bridges can cause subsidence of the cover. 

FIGURE 4- 18 

RANDOM DUMPING 
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Complete stabilization of foundation conditions, i.e., of the wastes and 
the soils buried with them, falls outside the scope of the cover designer, and 
in fact techniques for that purpose are still in a developmental stage. The 
designer's task is to take those realistic steps that will best solve the 
problem given the current "state of the art." In brief, he can best attack 
the prob 1 em: . 
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• By ~election of appropriate soils or other materials. 

• By placement and compaction. 

• By soil stabilization. 

The foundation layer was termed the "buffer" layer by Lutton, Regan, and 
Jones {1979). The cover designer 1 s goal for a foundation layer is to obtain a 
stable platfon. on which to build the rest of his system. The cover designer 1 s 
challenge resembles that of a highway engineer obliged to build a road across 
an area of weak, unpredictable, or settlement-prone soils. For this reason, 
the many excellent discussions in Oglesby (1975) may be useful. 

4. 5.2 Materials 

For most highway purposes, coarse-grained and granular soils are far more 
satisfactory than fine-grained or plastic soils. The same is true for the 
foundation layer. See in this connection Table 3-7 in Chapter 3, 11 Character
istics Pertinent to Roads and Airfields. 11 Those soils rating highly for sub
grade or subbase will perform well as foundation-layer soils. This categori
zation extends to nonsoil residual materials as well; thus crushed slag, mine 
waste rock, or granular residuals in general should make good foundation-layer 
11aterials. 

Local conditions, including econ~mic conditions, determine material avail
abilities. Given this fact, the designer should strive as best he can to call 
for materials that rate well on Table 3-7 in preference to those that rate 
poorly. He should remember that the stability of the foundation layer will 
greatly influence the stability of the entire rest of the cover system through
out its design life. 

Another reason for preferring coarse-grained materials is that often the 
foundation layer will act as the gas-transmission layer. The larger the grain 
size, the more gas-permeable this layer will be. and the more effectively will 
this function be carried out. 

4.5.3 Compaction 

Densification via compaction should be one of the first methods of "soil 
improvement" considered by a cover designer/contractor faced with an onsite 
material which. in its present state, is unsuitable foundation material. Com
paction should also be the first consideration when dealing with an imported 
soil whose "as delivered" condition requires improvement in order for it 
to fulfill the foundatinn layer 1 s require111ents. Since the concept::, design 
criteria, and general quality assurance surrounding the compaction process 
are covered in Chapt~rs 3 and 6, this section is concerned with the mechan
ics of field compaction. with some information dealing with some special 
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considerations which should be given to the correlation of the laboratory and 
field verification testing to the field compaction process. 

In the design and construction of the foundation layer, the construction 
of test sections can be of considerable value to both the cover designer and 
the construction contractor. A test secti~n is a small section of the cover 
that is constructed using the specifications generated from laboratory testing 
or those currently in force. This section can be incorporated into the site's 
actual cover or it can be constructed elsewhere (such as the borrow area). 
Test sections aid the designer and contractor by defining the variables asso
ciated with field compaction which cannot be adequately or realistically 
observed in the laboratory. Among the reasons for which a cover designer 
should consider specifying the construction of a test section are: 

• 

• 
• 

• 
• 

To verify that the compaction procedure yields the desired moisture
density relationship prior to the initiation of an extensive con
struction effort. 

To determine if the desired moisture-density relationship can be 
economically obtained in the field. 

To determine if the effects of compaction-related degradation and 
segregation of the coarse-grained fill would have an adverse effect 
upon a secondary function of the foundation layer. An example of 
this would be if a coarse-grained foundation layer would also be 
expected to serve as a gas c~llector . 

If the ccntractor wants to use equipment or a compaction procedure 
other than that penaitted by the specifications. 

If the contractor does not have experience with the material being 
used in the foundation layer. 

Generally, the types of infonaation from a test section include: 

• The most effective type and use of equipment for adding and (uni
formly) mixing the appropriate aJIIOunt of water into the soil and 
compacting it to the desired density. 

• The optimum loose lift thickness of the layer to be compacted. 

• The required number of passes a compactor must make. 

• 
• 
• 

The ranges of water contents that can be obtained in the field to 
obtain the desired density for a given c011paction process. 

The amount of degradation and segregation that occurs during 
compaction. 

The physical properties of the compacted material in the field (such 
as density and grain size dis!ribution). 
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Also, the contractor's personnel and the designer's inspectors receive 
•hands on• experience with the soil. 

The design engineers should aanage the test section prograa, although the 
construction personnel may adllinister the contract under which the section is 
constructed. Also, construction control of the test sections should be very 
strict, or the data may be of questionable value. Methods applicable to the 
c~nstruction and testing of a test section are contained in EH 1110-2-1911, 
"Construction Control for Earth and Rock-Fil 1 Dams" {Department of the Army, 
1977). 

The t~o variables which greatly affect the ease with which a desired den
sity can be obtained are the field compaction effort and the placement water 
content. The field compaction effort is affected by the contact pressure of 
the compactor on the soil, the number of passes the compactor makes on the 
soil, and the lift thickness. Equipment variables which can affect the amount 
of compactive effort it can apply are: 

• For a sheepsfoot roller: 

Orta length and diameter 
Weight {ballasted) 
Arrangement of feet 
Length and face area of feet 

• For a rubber-tired roller: 

Tire inflation pressure 
Spacing of tires 
Wheel loads {ballasted) 

• For a vibratory roller: 

- Static weight 
Imparted dynamic force 

· Operating frequency of vibration 
Drua diameter and length 

The cOIIJ)action effort can also be increased by decreasing the lift thick
ness. Generally, as a rule of thumb, lifts of impervious and semipervious 
soils are placed in 6- to 8-in. loose thicknesses for a sheepsfoot roller. 
According to Department of the Army (1977), this thickness can be increased to 
9 to 12 in. if the soil is to be compacted with a 50-ton rubber-tired roller. 
However, the USBR reco111111ends {U. S. Bureau of Reclamation, 1974a) using 8- to 
9-in. loose lifts with 12 passes of a 20-ton dual-drum roller. The USBR chose 
this guidance because they feel that the laboratory standard which they use 
for control (ASTH D-698) has the same intensity of effort. Table 3-7 provides 
general guidance as to the compaction equipment requirements for different 
types of soils. Usually the standard density desired in a compacted soil 
ranges fro111 90 to 95 percent Standard Proctor. 
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As discussed in Chapter 3, when the water content for a certain soil under 
a given c011pactive effort deviates from optimum, the densities obtained will 
be less than the maxicum obtainable. For a soil at a water content less than 
opti• lll, an increase in the compactive effort will generally increase the 
soil's density. However, a soil with a water content considerably greater 
than optimuat will tend to shear under increased compactive effort rather than 
compact. 

The thickness of the foundation layer will usually be controlled by: 

• The distance the designer or contractor wishes to maintain between 
his personnel and machinery and the site's surface (especially if the 
surface is contaminated). 

• The irregularities (gullies and hills) which must be overcome to 
obtain a good working surface. 

• The bearing capacity of the foundation layer material itself. 

• The amount of compaction pressure the designer wishes to impose upon 
the site's original surface. 

T~e first two factors are site-specific and will have to be addressed 
according to the site's degree of surface contamination and topography as well 
as the requirements imposed on the contractor in relation to worker safety and 
equipment decontamination. A bearing-capacity failure occurs when the shear 
strength of the soil is exceeded. Since the co~putation of bearing capacity 
can be a complex operation an~ highly dependent upon materia? characteristics, 
only a qualified geotechnical engineer should attempt it. Information con
cerning shear-strength determination, ultimate and allowable bearing capacity, 
and how these correlate to fine- and coarse-grained materials can be obtained 
in Peck, Hanson, and Thornburn (1974), Department of the Navy (1971), and 
Departments of the Army and Air Force {1982). The last factor may arise when 
the designer may not wish the compaction machinery to disturb or shear the 
site's original surface while it compacts the foundation layer's first lift. 
The problem can usually be remedied by increasing th~ lift thickness or de
creasing the weight of the machinery. However, the designer should be mindful 
that this remedy will cause an increlse in the number of passes required. 
Table 4-11 lists typical properties of compacted soil materials. 

4.5.4 Soil Stabilization 

As mentioned in Section 3.3, the primary soil-stacilizing additives are 
cement, lime, fly ash, and bituminous materials. Choosing between these 
additives will have to be done on a case-by-case basis as their suitability, 
availability, and cost vary with the different soil types and geographical 
regions. However, there are tests which are used on all additive-stabilized 
mixtures which yield many of the design characteristics of the mixture. These 
tests and parameters are found in Table 4-12. 
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TABLE 4-11 

TYPICAL PROPERTIES OF COMPACTED MATERIALS 
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Design Paraaeter 

Additive 
Qequireaent 

Unconfined 
C011pressive 
Strength 
Wet-Dry 
Characteristics 
Freeze-Thaw 
Characteristics 

Swell 
Characteristics 

Moisture Density 
Relationship 

Plasticity Index 
of Mixture 

TABLE 4-12 

TESTS FOR STABILIZED SOILS 

Test Designation Title 

Found in TM 5-822-4/AFM 88-7, Chap. 4/NAVFAC OM21 . 5 
(Dept. of the Army, Air Force, and Navy, 1982) 

ASTM D-1633 C0111pressive Strength of Molded Soil
Cement Cylinders 

ASTM 0-559 

ASTM D-560 

MIL-STD-621A 

ASTM 0-558 

ASTM 0-423 
ASTM 0-424 

Wetting-and-Drying Tests of Coapacted 
Soil-Cement Mixtures 
Freezing-and-Thawing Tests of 
Compacted Soil-Cement Mixtures 

Moisture-Density Relations of Soil
Cement Mixtures 

Liquid Limit of Soils 
Plastic LiMit and Plasticity Index of 
Soi ls 

Rec~nded sources of infornation on soil stabilization are 11 A Basic 
Asphalt Eaulsion Manual" (Asphalt Institute, 1979), "Soil Stabilization for 
Pavements" (Departaents of the An,ry, Air Force, and Navy , 1982), and McDowell 
(1972). In addition, the reader raay wish to consult discussions of stabilized 
soils and their applications in the Earth Manual (U. S. Bureau of Recla..ation, 
1974b) and Oglesby (1975). 

4. 5.4 . 1 Ceaent Stabilization 

Table 4-13 esents guidance for estimating cement requirements for various 
soils and Figur 4-19 and Tables 4- 14 through 4-16 present information required 
in the design p cess. Steps in this process are as follows: 

• Select n estiuted cement content from Table 4-13 according to soil 
classification, or, through testing, determine the minimum cement 
content required to obtain the desired PI of the soil . 
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TABLE 4-13 

ESTIMATED CEMENT REQUIREMENTS FOR VARIOUS SOIL TYPES : . - · 

Soil Classificationa 
Initial Estimated Cement Requirement 

Percent Dry Weight 

GW-SW 
GP, SW-SM, SW-SC, 

SW-GM, SW-GC 

GH • SM I GC • SC , 
SP-SM, SP-SC, 
GP-GH, GP-GC, 
SM-SC. GM-GC 

SP, CL, ML, ML-CL 
MH, OH 
CH 

aSoil classification corresponds to HIL-ST0-6198. 

5 

6 

7 

10 

11 

10 

Source: "Soil Stabilization for Pavements" (Departments of the Army, Air 
Force, and Navy. 1982} 

TABLE 4-14 

AVERACC COIENT REQUIROIEIITS FOR GRAHUlAR ANO SANDY ~OILS 

Hiterl•l 
Hiterl•l Suller 

Reulned on Thin 
No, 4 Sieve 0.05,. 

percent percent 
o-19 

0-14 20-39 
40-50 

0-19 10 9 B 6 
15-29 20-39 9 8 7 6 

40-50 12 10 9 8 

0-19 10 8 7 6 
30-45 20-39 11 9 8 7 

40-50 12 11 10 9 

Note: Bue course goes to 70 percent ret•lned on the No. 4 sieve. 

5 
6 
7 

5 
6 
8 

or 1110re 
5 
5 
s 
5 
5 
6 

5 
5 
6 

Source: •Sotl Subtltz•tton for Paveinents• (Del)irtllents of tne Anny, A1r Force, and Navy, 1982) 



FIGURE 4-19 

GROUP INDEX FOR SOIL-CEMENT MIXTURES 
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Mltert1l 
kt-
o.os 
llld 

Group o.oos -
llldea1 perce11t 

0-19 
0-3 Z0-39 

40-59 
60oraore 

0-19 
3.7 20-39 

40-59 
60 or.,. 

0-19 
7-11 211-3' 

40-59 
60oraore 

0-19 
11-15 Z0-39 

40-59 
60 or.,. 

0-1, 
15-20 20-39 

40-S9 
60 or aorw 

1T1t.11 froa Fttu,. 4-19. 

TAil[ 4-15 

AvtRAGE C[lt[NT RCQUIR[l4(IITS FOIi SIL TY AIIO ClATCY SOILS 

99-104 

C-t COllletlt, "-rc..,t by 11tt9~t "'•1- m Otfttlty, lb/cv ft (T,-lttd Pllttrhl) 
loS-lot-115 116-120 121-lzl 127-rn 

lZ 11 iO a I 7 
lZ 11 10 9 • I 
13 lZ 11 9 ' a 

13 lZ 11 9 a 7 
13 lZ 11 10 9 a 
14 13 lZ 10 10 9 
15 1( 1Z 11 10 9 

14 13 11 10 9 a 
15 14 11 10 ' 9 
16 14 lZ 11 10 10 
17 15 ll ll 10 10 

15 14 13 lZ 11 9 
16 15 13 12 11 10 
17 16 14 12 12 1-i 
18 16 14 13 12 11 
17 16 14 13 lZ 11 
18 17 15 14 13 11 
19 19 15 14 14 12 
10 19 16 15 14 13 

-~ 

jjz or..,,. 

7 
7 

• 
1 • a 
9 

• 9 

' 10 

' 10 
10 
11 

10 
11 
IZ 
12 

Source: "Sotl SulltltzattOII for Pn-ts• (DepirtN!lts of tlle Atwy, Air force, ind lllvy, 1982) 

Type of Soil 
Stabilized 

Granular, PI< 10 
Granular, PI< 10 
Silt 

Clays 

TABLE 4·16 

DURABILITY REQUIREMENTS 

Maxi•ua Allowable Weight Loss After 12 
Wet-Dry or Freeze-Thaw Cycles 

Percent of Initial Speci111en Weight 
Arsy and Air Force Navy 

11 

8 

8 

6 

14 

14 

14 

14 

. aRefer to MIL-STD-6198 and MIL-STD-621A 
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Determine 1110isture-density r~latior.ship of soil-cement mixture . 

Vary the cement content until the values obtained in the test are 
within t 2 percent of that shown in Tables 4-14 or 4-15. 

Perfor11 unconfined compression te3t to ascertain that mixture will 
support cover/construction loads. The Army and Air Force recommend a 
• fni • UII (unconfined) compressive strength of 250 psi, while the Navy 
recomiends 300 psi for cement, and 150 psi for lime, stabilization of 
a subgrade/subbase material beneath a flexible pave~ent. 

• Perform wet-dry and freeze-thaw testing and compare with values in 
Table 4-16. 

4.5.4.2 Lime or Lime-Based Stabilization 

Lime, lime-cement, and lime/cement/fly-as~ require the same type of trial
and-error procedure, which varies 'in the testing requirements for the lime 
content (which is pH based) and the additional testing required for fly-ash 
~uality (ASTM C593). The preferred method of determining the initial design 
lime content is to prepare several mixtures and determine the pH of each. The 
lowest lime content producing the highest pH is the initial design lime content 
with which to begin the moisture-density, strength and durability testing. 

4.5.4.3 Bituminous Stabilization 

Generally, bitua1inous materials work best in coarse-grained soils, as 
their effectiveness is directly related to the degree of penetration or homo
geneity they attain in the soil mass . Table 4-17 provides recommended ranges 

Sieve Size 

3 in. 

No. 4 

No. 30 

No. 200 

TABLE 4-27 

RECOr+tENDED GRADATIONS FOR BITUMINOUS
STABILIZED SUBGRADE AATERIALS 

Percent Passing 

100 

50-100 

· 38-100 

2-30 

Source: "Soil Stabi 1 i zat ion for Pavements" (Departments 
of the Army, Air Force, and Navy, 1982) 
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of gradation for bitU111inous-stabilized subgrade materi~ls. These ranges can 
be regarded as applicable when considering bitU11inous stabilization of the 
foundation layer. Table 4-18 provides guidance as to which asphal~ grades are 
applicable to which aggregate gradation. 

TABLE 4-18 

ASPHALT AGGREGATE GUIDANCE 

l. 

2. 

3. 

Open Graded Aggregate 

Well Graded Aggregate with 
Little or No Material Passing 
the No. 200 Sieve 

Aggregate with a Consider~ble 
Percentage of Fine Aggregate 
and Material Pas;ing No. 200 
Sieve 

RC= Rapid Ccring 
MC= Hediua Curing 
SC= Slow Curing 
HS= HedilD Setting 
SS = Slow Setting 
CHS= HediWI Setting Emulsions 
CSS = Slow Setting E~ulsions 

4.6 Hydraulic Barrier Layer 

4. 6. 1 General 

RC-250, RC-800, MC 3000, HS-2, and CMS-2 

RC-250, RC-800, HC-250, HC-800, MS-2, 
CMS-2, SS-1, CSS-1 

HC-250, HC-800, SC-250, SC-800, SS-1, 
SS-lh, CSS-1, CSS-lh, HS-2, CHS-2 

The primary function of the hydraulic barrier is to divert or impede the 
downward percolation of an) water coming into contact with it. The ability of 
this layer to perfona its function is critical to the success of the cover 
syste•. The hydraulic barrier constitutes the primary and final iopediment to 
the passage of 3ny water percolating down from the upper layers of the cover 
system. Therefore, the designer should require a high degree of confidence in 
the methods and 11aterials used in the design and construction of this layer, 
as its failure will represent a major reduction in the efficiency of the cover 
system. 

The materials being considered and used in cover systems at waste sites 
are largely the same materials that have been used as liners for waste im
poundllents and solid waste landfills. Although the initial design procedures 
are alike or similar, the conditions which must be designed against, as well 
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as the consequences of imperfections in the hydraulic barrier, differ between 
covers and liners. The hydraulic barrier in a cover syste11 should not ~xperi
ence the hydraulic head (depth of water over the barrier) that an iapoundment 
liner would. By and large, the cover barrier will be exposed only to water, 
whilP. the liner is exposed to whatever chemicals are at the site. Also, the 
length of time that the ove~lying soil layer will remain in a saturated condi
tion will be cuch less for a cover syste• than a liner. Consequently, the 
a110unt of leakage due to pinholes, cracks, or other minute avP.nues through the 
hyt!raulic barrier in a cover syste. will generally be less than tilrough a 
liner at the same site. 

The severity of the problem represented by such leakage will depend upon 
the amount the designer decides is tolerable for the site and the consequences 
the leakage would have upon the stability of the cover system as a whole. 
Particular attention should be paid · to the consequences of leakage through the 
hydraulic barrier where the in situ soils beneath the wastes (which provide 
the support for the cover syste11) are of a col'lapsible nature. Leakage can 
also have a detrimental effect if the soils are prone to swelling or heaving 
from frost action. However, as discussed in section 4. ll, the latter will 
probably not be a problem in a well-designed cover system, and swelling is not 
generally a problem if the overlying load is sufficient, thus if the cover 
system as a whole is thick enough . Heaving will be a major consideration 
where more brittle mdterials (asphalt concrete and soil-cement) are used as 
barrier materials. 

4.6.2 Failure Mechanisms 

Tnere are three primary failure mechanisms which the hydraulic barrier 
materials might undergo: chemical, mechanical, and environmental. 

4.6 . 2.1 Chemical 

As previously mentioned in Chapter 3, "Nonsoil Materials," if the hydrau
lic barrier material is to be placed in a zone where it will make contact with 
the chemicals disposed of at t~e site, then chemical compatibility testing of 
the material must be perfonr.ed. Table 4-19 presents guidance on a variety of 
mate~ials and their compatibility with SOiie general types of chemical wastes. 
Howev~r, as the compositivn and concentration of the chemicals which might be 
encountered at a Superfund site could vary considerably from site to site, the 
d~~igner should, if possible, rely on laboratory testing results rather than 
general product guidance. 

4.6.2.2 Mechanical 

Mechanical failure encompasses the stresses •.11hich the hydraulic barrier 
material may undergo during its installation and service in the field. Some 
of the more gene~al c~uses of mechanical failure are: 
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TABLE 4-19 

CHEMICAL CIJ1PATIBILITY GUIDANCEa 

Butyl 
T!J!! of lining 

Asphalt Aspha It 
Substance PE Hypalon PVC Rubber Neoprene Panels Concrete Concrete CPE 3110 

Ani111ls oils ii6 OK .iT 01:: OK Q Q NR ()IC 01:: 

Petroleua oils oi::b Q NR HR SW HR NR 01:: OIC 01:: 
(no uaaat1cs) 

Dc.est1c sewage 01:: OIC 01:: 01:: 01:: 01:: 0,: 01:: Cl 01:: 

Silt · solutions OK OK 0:: 01:: OIC ()I( Q NR or. 01:: 

Base solutions 01:: OK 01:: OK OK OK OK Q ()IC OK 

"ild ~dds OK OK OK OK 01:: OK OK NR OK OK 

Oxidizing acids NR NR NR NR Q NR NR h'R NR NR 

Petroleua otls Q NR NR NR NR NR NR OK NR NR 

•Adapted froa ltays (1977) . For details of pt,rtinent ce111patibility testing, see Haxo et al. (1980, 
1983) and August et al. ( 1984). 

~st be a one;,tece 11ntng 

OK• Generally ~tisfactory 
Q • ~esttonable 

NR • Not Reccaiended 
ST • St1 ff ens 
SW • Swlls 

• Tearing or cracking of the material due to impact from construction 
equipment (Figure 4-20(a)). 

• Tensile stresses generated by being placed on too steep a slope 
(Figura 4-20(b)). 

• Tensile stresses resulting frrm subsidence of the underlying founda
tion (Figure 4-20(c)) . 

• Intrusion of particles fro~ an upper or lower coarse-grained layer 
into hydraulic barrier (Figures 4-20(d-e)). 

• Puncturing or cracking the mater il by compacting or operating over 
it with an inadequate protective layer (Figure 4-20(f),. 

Realistically, mechanical fai lure is probably a much greater thre~t than 
chemical failure. An important element in guarding against it is high-quality 
inspection during construction (see Chapter 6). If a polymeric membrane is 
used, it should be o~e with high elongation. The thinner the barrier, the 
greater is the threat of mechanical failure. A thick barrier of compacted 
soil, while not c011pletely impervious, will be much more inherently durable 
and resistant to mechanical failure than a barrier consisting of a single thin 
memb~ane or member. 
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FIGURE 4-20 

TYPES OF MECHANICAL FAILURES 
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4.6. 2.3 Environmental 

Environ11ental failure mechanisms involve damage from weathering, burrowing 
animals, and plant roots . The weathering process does not solely consist of 
direct exposure to the elements (wind, rain, sunlight, snow, etc.). Since, in 
almost all cases, the hydrauiic barrier will be covered as quickly as possible, 
the designer should consider the effect~ of freeze-thaw cycles (especially if 
the barrier is above the frost depth), the effects of the cycles of wetting 
and drying occurring in the soil as well as how long it remains wet, and the 
natural che• ical nature of the soil. All these elements comb1ne to "weather" 
the barrier. 

Burrowing animals and plant roots are a great danger to the cover system 
as a whole and to the hydraulic barrier in particular. Although the more 
r i gid •aterials like soil-ce•nt and asphalt concrete are 1110re resistant to 
attack, they are not COllf)letely i•une. A burrowing animal can do extensive 
daaage. For example, , a badger can leave a maze of 6 to 8-in.-diam tunnels 
through a cover systea (Figure 4-21). This provides surface water with an 
avenue of infiltration, and the burrowing animals bring conta111inated soil and 
debris to the surface during their digging. Plant roots can clog a drainage 
systea and penetrate the hydraulic barrier, leaving avenues for iilfiltration 
when the tree or p1ant dies (Figure 4-21). 

FIGURE 4-21 

BIOTIC INTRUSION 
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Methods to combat the threat of environmental failure are discussed in 
section 4.8 "Biotic Barrier." 

4. 6.3 Barrier Materials 

Materials suitable for use as hydraulic barriers were discussed in 
Chapter 3. These materials can be categorized as follows: 

• Soils 

• Soils amended with additives 

• Nonsoil materials 

4.6.3.1 Soils 

The materials usually first considered for use in any element of a cover 
system are the soils that are found onsite or that can be imported from a 
local source. As shown in Table 4-20 and as discussed in Chapter 3, permea
bilities vary fr011 soil type to soil type. Tables 3-7, 3-8, and 3-9, and the 
accompanying text, should make clear these types of soils that are applicable 
as a hydraulic barrier. The expected percolation performance of a soil barrier 
syste-1 aay be predicted using one of the water-balance methods discussed in 
section 4.2. 

It is 110st iaportant that a soil barrier layer be thoroughly coapacted. 
C011paction of at least 95 pct of Standard Proctor aaxi• UII density should be 
called for in all cases. Except with heavy clays, it is difficult to over
coapact. Heavy clays c011pacted at opti• UII • oisture content aay swell if 110re 
moisture becoaes available. They should, therefore, be coapacted wet of opti
• UII (Oglesby, 1975, p 448). In fact, any given soil will be • ore iaperae
able c0111J)acted wet of, rather than at, opti• UII • oisture content. Too much 
• o is ture, however, aay 1 ead to "puap i ngN of the . soi 1. The j udg.ent of an 
experienced field engineer is probably the best guide. 

4.6.3.2 Aaended Soils 

The modification of soils using additives was discussed in Chapter 3. One 
of the most c01D0nly used additives for the purpose of reducing peraeability 
is sodita1 bentonite. Table 4-21 affords the designer s011e guidan~e as to 
application rates, but the aaount of bentonite that is required should be 
deterained by~ prograa of laboratory testing. The following variables should 
be investigated as to their impact upon the coefficient _of peraeability of the 
aaended soil: 
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TABLE 4-20 
SOIL PERMEABILITY GUIOAHCE .. -- - . . -- . 

Coefflcienl ol P-eabiliLy A ill - per - (Joe ecale) 
11)1 IOI l.O 10-1 10-' 10-' lo-t lo-t lo-t 10-11 

I I I I I I I I I I 
Dralnap Gc.od Poor I Pract.ically Imper,ioua 

j 

a-cranl aeu aanda, cl- aand &Dd Very fine aanda, orpnic and inor• "Imperviowl" 10ila, e.g., 
p-,.Yel mblww 1anlo lilt.a, mbLuree ol aand aiU &Dd bocnoecneoua clara be-

Soil 
clay, sJacia1 till, .u-ati6ed day d• low -e ol weaUierinc 

lype,1 
poeita, ete. 

"Imper,ioua'' 10ill modiAed by effect.a ol ..,.._ 
~ ud weaUierillc 

Direcl ~WII ol 10l1 iA it.I oricwJ poeitioo-pwnpins 
Direcl tat.a. Reliable ii properly ~llet.d. Coaaidenble aperi-
deter- eDCerequired 

minatioa 
oU ConatanL-head perm-el«. LiUle aperience 

required 

Fallin1-head permeameter. Fallinc-head pcrmcamctff. Fallin1-head pcrmmmctcr. Fairly 
Reliable. LiLUe ,aperieece Unreliable. Much aperi- reliable. Coaaidenble apcricnce 

Iadired requu.d ence required Decea&ry 

dcLcr-
minatioo Computatioll f,- sraia-me diatributioo. Appli- ComputaUoD bucd OIi 

oU cable ODl7 lo deua cobeaioGI- l&ada nd rmulta ol couolldaLioft 
s,eTell t.ata. Reliable. Conaiilct• 

Source: Terzaghf and Peck (1967) 
able experience required 

TABLE 4-21 

SOIL CONSERVATION SERVICE RECOtlENDED SOOilR4 BENTONITE 
APPLICATION RATE FOR FAP.H PONDS 

Soil 

Clay 

Sandy silt 

Silty sand 

Clean sand 

Open rock or gravel 

Application Method 

Pure llellbrane or • ixed layer 

Mixe;f 1 ay4!r 

Mixed layer 

Mixed layer 

Clay or sand • ixed layer 

Source: Lutton, Regan, and Jones (1979) 
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• Type of soil (which is to be amended). 

• Type of bentonite . 

• Quality of bentonite • 

• Water content • 

• Density . 

Thickness. 

The required application rate, layer thickness, and degree of compaction (usu
ally 95 percent Standard Proctor) can be derived from this testing program. 
The most co1111110n method of constructing a soil-bentonite mixture is to spray or 
dump tha bentonite to a desired thickne$S over the soil, disk it into the soil 
to the desired depth, adjust the water content (by spraying water on it or 
allowing it to air dry), and compact it to the desired density. This in-place 
• ixing is usually good for a layer of 6 to 8 in. in thickness. If a thicker 
barrier 1s specified, then the lower lift (layer) should be scarified and 
another layer constructed over ft. 

It should be remembered that bentonite, because it contains highly active 
clay • inerals, is very subject to chemical attack. 

Another type of barrier is a bentonite llellbrane. This differs froa the 
soil-bentonite barrier in that it is cOtDposed solely of bentonite or the ben
tonite is not • echanically • ixed into the soil. Two typical 11ethods are: 

• A suspension of bentonite in water (usually 0.05 percent of the 
water's weight) is ~prayed over the area to be sealed. Application 
rates vary with the soil type and texture. 

• The sa• e bentonite suspension as above is sprayed over a gravel or 
sand bed (usually 6 in. thick). The bentonite settles through this 
layer and seals the voids. 

The bentonite-gravel/sand layer provides a stronger and aore durable 
layer, but this type of layer should not be used on a steep slope (usually 
2H:1V is considered the aaxi-). 

SoM states (Washington and Minnesota, for exa• ple) have regulations 
governing the design and construction of bentonite liners for waste lagoons. 
Although these regulations •ay be too conservative for cover design they will 
provide valuable design insight for that sl.dte and aay dicate (by law) the 
• inf- physical standards that any hydraulic barrier used at a waste disposal 
site •ust aeet. 

Poly..ric sealants have also been used to for• hydraulic barriers under 
waste ponds (Middlebrooks et al., 1978). The barrier consists of alternatingly 
sprayed layers of polyaer and bentonite. This type of barrier is supposedly 
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t 
aore resistant to cheaical attack including the calciU11t-sodiunt exchange 
phenoaenon. 

Another hydraulic barrier e11ploying an additive amended soil is a layer of 
soil-ceaent. The following lab tests should be performed to deteraine the 
proper ceaent content, opti• ia 1110isture content, and .axi•ua density of the 
soil-ceaent • ixture: 

• A$TM 0558 - Moisture Density Test 

e ASTM 0559 - Wet Ory Test 

• ASTM 0560 - Freeze Thaw Test 

The aaount of ceaent to be used in the • ixture depends very •uch upon the type 
of soil to be aatended. Table 4-22 presents soae exaaples of soae soils that 
have been used by tne Portland Ceaent Association in a progru of laboratory 
peraeability testing. A point that stands out is that t~ey are all sands. 
Soil-ceaent perfon1s better in coarse-grained material as it is· easier to • ix 
the ceaent with this type of mater ial to obtain a h0110geneous • ix. 

4.6. 3.3 Asphalt 

. The various fon1s asphalt •ay assuae in its applications as a hydraulic 
barrier include: 

• Surface treataents . 

• Asphalt •ellt>rane. 

• Aspha 1 t concrete. 

A surface treataent •ay be a hot asphalt, asphalt e• ulsion, or asphalt 
•astic aaterial (hot asphalt and a • ineral filler) sprayed over a prepared 
surface to aake it aore watertight. A surface seal is nonaally used to f i ll 
and seal saall cracks that • ight fon1 in the aore rigid liners like soil 

' caaent and asphalt concrete. It could be considered as a hydraulic barrier by 
itself but extreae caution -.Jst be utilized during construction of the subse
quent cover layers due to the thinness of the seal (punctures easily) . 

Table 4-23 presents requirements for the asphalt used in hydraul i c barrier 
construction. Table 4-24 presents guidance for eaulsified asphalt. 

An asphalt •ellbrane consists of hot asphalt which is sprayed directly upon 
the foundation in a sufficient thickness so that it •ay act as a hydraulic 
~rrier by itself (not ~s just a seal coat) . Table 4-25 presents general 
guidance as to the general .characteristics and testing requireacnts for a hot 
ass,Mlt •eabrane. 
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TABLE 4-23 

REQUIREMENTS FOR ASPHALT FOR USE IN 
WATERPROOF MEMBRANE CONSTRUCTION 

( ASTM 0-2521) 

Softening point (ring and ball). 

Penetration of original saaple: 

At 25°C (77°F). 100 g. 5 s 
At 0°C (32°F). 200 g. 60 s 
At 46°C (115°F). 50 g. 5 s 

Ductility at 25°C (77°F) ca 

Flash poiut (Cleveland open cup) 

Solubility in carbon tetrachloride, X 

0 Loss on heating. S 

Penetration at 25°C (77°F) after loss on 
heating. X of original 

Source: ~spha;t Institute (1976) 

TABLE 4-24 

79° to 93°C (175° to 200°F) 

50 to 60 
30 • in 
120 aax 

3. 5 •in 

218°C (425°F) • in 

97.0 • in 

1.0 ux 

60 • in 

SELECTION OF OIJLSIFIED ASPHALT Nl>UNT 

Type 

Processed Dense Grac»d 

S.nds 
Silty S.nds 
S-i-Processed Crusher 
Pit or S.nk Run 
Open Graded 

Coarse 
Nediua 
Fine 

ApproxiNte Eaalsified Asphalt a 
Content, Percent by Weight of Aggregate 

5.0-10.0 

4. 5-8.0 

4.5-6.S 
5.0-7.0 
6.0-8.0 

-With porous ~tes the ... 1sified asph,alt content should be increased by 
a factor of approxiNtely 1.2. Porous aggregates are those ~ich absorb aore 
than 2 percent wt.er by dry wight""-" tested by ASTM Method C 127. 

Source: Asphalt Institute (1979) 
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TABLE 4-25 

ASPHALT TESTING GUIDANCE 

ASTH 
Characteristics Test Method 

Softening Point (Ring and Ball), oF . 036 

Penetration of Original Saaple: 

At 32°F., 200 g., 60 sec. 
At 77°F. , 100 g., 5 sec. 05 
At 115°F., 50 g., 5 sec. 

Ductility at 77°F., c:as. 0113 

Flash Point (Cleveland Open rup), Of. 092 

Solubility in Carbon Tetrachloride, X D4a 

Loss on Heating, S 06 

Penetration After Loss on Heating, OS 
S of Original 

AASHO Li• its, ASTH 
Test Method 02521 

T53 175-200 

30+ 
T49 50-60 

120-

TSl 3.5+ 

T48 425+ 

T441 97.0+ 

T47 1.0-

T49 60+ 

General Requireaents: The asphalt shall be prepared by the refining of 
petroleu• . It shill be unifor• in character and 
shl 11 not foaa ~n heated to 400°F. 

1 Except that carbon tetrachloride is used insuad of carbon disulphide as 
solvent, Method No. 1 in MSHO Method T44, or Procedure No. 1 in ASTM 
Method 04. 

Source: The AsphAlt Institute 

Aspt..lt __,ranes for• ed of asphalt ceaent or eaulsified 1t~phalt are 
usually sprayed over the ground surface at a rate of 0. 25 gal/yct2 (1 liter/r) 
which will provide a ...,rane thickness of up to 0.04 in. (1 •> thick. This 
spraying process is accoaplished using an asphalt distributor (Figure 4-22). 
Slopes should be 2H:1V uxi- -,ith 3H:1V preferable. 

Table 4-26 lists the • ix COIIP()Sitions which are nor•ally acceptable for 
asphalt concrete used in hydraulic struc:tuns. In general an AC-20 grade 
asphalt cwnt or equivalent is used. However, the type IS well IS the asphalt 
concrete are li• ited by the ability of the • ix to resist flowing dolifn the 
slope at pl.caent teaperatures. 
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FIGURE 4-22 

ASPHALT DISTRIBUTOR 
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When the asphalt concrete barrier is placed in two or more courses 
(layers), as is desirable to • ini• ize joint seepage, the joints should be 
offset (Figure 4-23). The exposed edge of the asphalt concrete at the joint 
should have an approximate slope of lH:lV to ensure a good impermeable seal. 

FIGURE 4-23 

JOINTS FOR ASPHALT CONCRETE 
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4.6.3.4 Geoaeabranes 

Polyaeric aeabranes (also kf\°""1 as QeOaellbranes) have been utilized exten
siv-.ly in the field of hazardous waste disposal. One of their big advantages 
is that they coee to the site in a prefabricated fon1 (for the aost part). 
The sheeting itself (excluding the field seaas) has not had to endure the 
rigors of the site cliaate in their aanufacture. However in all but the very 
saallest jobs, one sheet (or panel) does not coapletely cover the project. 
Therefore, the panels aust be seaaed in the field. The field seaa is the 
portion of the ~rane barrier that is its weakest link. Failures of 
field seaas result froa ~ nuaber of causes: 
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• Surface contamination. 

• Moisture or excessive humidity. 

• Too low or too high a temperature (material) . 

• Defective adhesive. 

• Improper adhesive system employed . 

• So 1 vent evaporates before seam is made. 

• Insufficient time allowed for tack to develop . 

• Improper alignn:ent of panels . 

• Insufficient dwell time (time in which pressure is applied t~ the 
seam). 

The geoinembrane's manufacturer should be consulted as to the proper seaming 
syste• to ~e used. -Also, installers who have experience with a particular 
seaming system should be preferred over others. 

Generally there are two forms in which pol,Y111eric membranes are manufac
tured: reinforced and unreinforced. The reinforced membrane is considered 
when tensile stresses (such as those generated o~ a steep slope) are present. 
The unreinforced alternative is generally considered when the polymeric mate
rial is expected to stretch to avoid failure (such as during subsid~nce). 

The following tests provide the designer with the information needed to 
evaluate the polyaeric material under consideration. 

Properties 

Thickness, • ils., ± 5% 
Tensile Strength, • in., psi (lbs.Jin. width, min. ) 
Modulus@ 100% Elongation • in. psi (lbs . Jin. width, min . ) 
Ulti•ate Elongation, X • in . 

Tear Resistance: 
(a) El• endorf, gra111s, • in . (gnis./mil ., mi n. ) 
(b) Graves Tear, lbs. min. (lbs.Ji n. • in.) 

Low Teaperature l• pact, Pass, °F 
Volatility, X loss, aax. 
Water Extraction(@ 104°F, 24 hrs . ) X loss, max . 
Specific Gravity, • in. 
Dimensional Stability{@ 212°F, 15 • in.) 

X •ax. change 
Resistance to · Soil Burial: 

Tensile Strength Loss, X •ax. 
Peel adhesion 
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Test Method 

ASTM 0-1593 
ASTM 0-882 
ASTM D-882 
ASTM 0-882 

ASTH 0-1922 
ASTH 0-1004 
ASTM D-1790 
ASTM D-1203 
ASTM D-1239 
ASTH 0-792 
ASTH D-1204 

ASTH 0-3083 
ASTM 0-413 
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The aanufacturers of polyaerics have various modifications to these tests 
w~ich are said tQ better reflect their products• quality. However, the stand
ard version of the test should be considered the minimum requirement and the 
priaary evaluation based on it. 

An alternative or backup to seaming is 11 shingle11 construction. This 
siaply involves a large overlap ~etween the edge of one sheet and the edge of 
the underlying sheet. The overlying edge should point down hill, just as in 
the shingling on a roof. After the mea.brane sheeting is covered with soil, 
the weight of the soil serves to hold the two sheets in contact with one 
another, thus affording only an extremely narrow, long flow channel for water. 
Such construction would probably not be acceptable in a liner, but might well 
be satisfactory in a cover. 

The question of how steep a slope a geotnembrane may be placed on is an 
open one and the subject of current research. One consideration is the ten
silP. strength of the llellbrane itself, and another is the possibility of ship
ping or sliding either of the overlying soil along the membrane or of the 
llellbrane itself along its substrate. Martin, Koerner, and Whitty (1984) re
ported on frictional behavior between four geomembrane materials and three 
granular soils. Measured friction angles ranged between 17 and 27 degrees, 
with the c01a0nly used HOPE consistently showing the lowest friction angles. 
The interested reader should consult Martin, Koerner, and Whitty 1 s paper. 

4.7 Drainage Layer 

4.7.1 General Principles 

The priaary functions of the drainage layer in a multilayer cover system 
are to intercept any water that percolates down through the layer or layers 
above and to transport this water to a safe disposal outlet. For most casE:s, 
it will consist of a drainage blanket and a collection/tran~port system 
(Figure 4-24). The drainage blanket may consist of a sand and gravel layer. 
The collection/tra~sport system may consist of gravel drains. A complex 
collection/transport systea • ight incorporate a series of collectors, laterals, 
and main lines (Figure 4-25) to direct and dispose of the water entering the 
drainage system. The coaplexity of the syste• will depend on the area tv be 
drained, flows to be handled, and other site-specific details. 

The collector (usually a gravel drain) takes the water from the drainage 
layer and transfers it to a lateral which in turn either transfers the water 
to a main (to go to an outlet) or directly to an outlet. The basic difference 
between a collector and a lateral or inain line is that the lateral does not 
receive water directly fr011 the drainage blanket. · 

The following variables affect tho design of the drainage layer: 
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FIGURE 4-24 

DRAINAGE LAYER SCHEMATIC 
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FIGURE 4-25 

COLLECTION/TRANSPORT SYSTEM PATTERNS 
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• Intensity of the de~ign stona 

• Evapotranspiration rate 

• Rate of runoff at the surface 

• Peraeability of the upper layer (or layers) 

• Permeability of the lower layers {hydraulic barrier in particular) 

The precipitation rate noraally used in designing a drainage layer is that 
which occurs in one hour in a ten-year stona. The amount of water that is not 
handled as runoff by the surface water aanagement plan enters the vegetative 
layer as infiltration. Details of infiltration and runoff are discussed above 
in section 4.2. · 

The reader aay also wish to consult the informative discussion of subsur
face drainage for agriculture in Schwab et al. (1981). 

4.7.2 Subsurface Drainage Design 

The folloi,ting fonaula is presented by Moore (1980) as a inethod of calcu
lating the thickness of a sand and gravel drainage blanket (see Figure 4-26): 

h = b.:E... f:in2 a + 1 - tan a /./ u.n2 a + c=, 

where 

MX 2 [ C C :J 
h = height to 'Jthich water will ri~e in the blanket layer 
Rf= twice the distance between drains 

c = e/k 
a= sl~e angle 
e = rate at which water impinges upon the drainage layer 

ks= saturated permeability of the drainage blanket 

The thickness of the drainage blanket (d) should always be kept greater 
than h . Deteraining the thickness of the drainage blanket then becomes 
a procffl of adjusting a • k • and L to comply with the design infiltra
tion rate. The equation assi.Js that all wate~ above the upgradient drain 
will be captured by the upgradient drain. 

If a sand-and-gravel filter is used with a drainage blanket, then a 
•wightec:r' coefficient of peraeability should be used. The following formula 
(Departaents of the ArT$ and Air Force, 1979) gives a reasonable oesign value 
for sae: 
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FIGURE 4-26 

DRAINAGE BLANKET ELEMEHTS 

l/2 ·I 

0 

k = wighted coefficient of perNability (for flow 
parallel to layering) 

k1, ~• ~ = c~fficients of perNability on individual base 
uterials 

d1, d2 , d3 = thicknesses of the individual layers 

Another Nthod of deter11ining collector spacing (Departaent of the Navy, 
1982) involves deter11ining the effective porosity •n • of the drainage blanket 
by the following foraula: e 

where 

yd 
n = 1 - -G (1 • G v) 

e s Yv s e 

y = dry density of the uterial ~=: :~i!!~g~~a::t!a~rthe solids 
ww = effective water content (after the speciaen has drained water 
• to• constant wight} ex;>ressed as a deciaal fraction relative 

to dry wight} 
.. 

Values for n usually run froa 0. 15 for bank-run sands to not 110re than 
0.25 for unffor111§ graded Mdfua or coarse sands. This value is then used 
with Figure 4-27 to deter11fne the drainage blanket characteristics. Fig-
ure 4-28 preo;ents so.. exaaples of coefficients o{ perNabilfty for clean 
coarse-grained drainage uterfal recoaaended for use in initial estiaates. 
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FIGURE 4-27 

ANALYSIS OF DRAINAGE LAYER PERFORMANCE 
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FIGURE 4-28 

CHARACTERISTICS OF CLEAN COARSE-GRAINED DRAINAGE MATERIAL 
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4.7.3 Collectors 

Once the physical and drainage characteristics of the drainage bl,nket 
have been deten1ined 1 then a collector aust be designed to handle that 
capacity. Lee et al. (1984) :>rovide the folloving guidance as to the afoi
capacity a collector (also applicable to laterals and aains) should have for 
different slopes: 

Less than 21 
2 to 5S 
6 - 121 

121 

Water Reaoval Rate 
(cfs/1000 ft of Pipe) 

1.50 
1.65 
1.80 
1. 95 

General a.u11s of gravel collectors are shown in Figure 4-~- Criteria 
for filter aedia •re found in section 4.4. 

OM approach to collector design 1s to design the pipe to handle the flov 
using the s .. design procedures as for open channel flov (Manning's equation) 
and then aeet the specifications for a • inf- grav.1 cover of 6 fn. on the 
top and sides and 2 in. belov (Departaent of the Navy, 1971). The gravol used 
for this purpose should have a higher coefficient of penaeabflfty than the 
drainage blanket. Hawver, another si• plffied ~roach i.nvolves the use of 
charts and noaographs. Generally the design steps are as follovs: 

• Detenaine the •axi- flov and/or velocity the pipe (collector, 
lateral, or uin) aust carry. 

• Detenaine the slope (gradient) of the drain. 

• Establish the type of pipe to be used and obtain the coefficient of 
friction. 

• Obtain a chart or noaograph for that particular value of n and 
enter it with the required values of flow, gradient. or velocit) and 
detenaine the size of pipe required. 

Figures 4-30 and 4-31 present exaaples of such charts and noaographs. 

Table 4-27 presents soae guidance as ~t should be specified when con
sidering a subsurface drainage systec. Details of support for drainage tubing 
are given in Table 4-28 and Figure 4-32. Figure 4-33 shovs anfaal guards 
~fch should be installed in the drain outlet. 

• 

4.7.4 Agricultural Drain Tiles 

Although agricultural drainage tiles of concrete and clay can-y WAter at a 
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FIGURE 4-29 

GRAVEL COLLECTOR ~TERISITCS 
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FIGURE 4-30 

SUBSURFACE DRAIN CAPACITY, n • 0.025 (LEE ET AL., 1984) 
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TABLE 4-27 

GUIDANCE FOR SUBSURFACE DRAINAGE SYSTEMS 

a. Rejected tiles should be broken so they will not be used inadvertently 
elsewhere. 

b. Clay and concrete tile should not be stockpiled in contact with the 
ground. 

c. A minii:un clearance of 50 ft should be maintained between drain lines and 
any trees and shrubs. For water-loving trees such as willow, elm, cotton
wood and soft inaple, this distance should be increased to 100 ft. 

d. Soft or yieldi"g soils which will serve as a foundation for the dr~inage 
lines should be stabilized to protect the lines fran settlement which 
could alter drainage gradients. 

e. All subsurface drains should be laid to line and grade and covered 
according to one of the methods outlined in Figure 4-43. If anticipated 
future subsidence is predictable and small, grade may be adjusted to allow 
for same. 

f. Backfill should be placed in a mar.ner that will not cause displacement of 
the drain. 

g. Laterals and ma1ns should be bedded fn a proper trapezoidal or circular 
groove (Table 4-28). 

h. The outlet should be protected against surface flow and an animal guard 
installed (Figure 4-33). 
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TABLE 4-28 

All«MA8lE TRAPEZOIDAL• GROOVES FM BEDDING 
CORRUG\T£D POLYETHYLENE ~INAGE TIJBING 

C~(d) ~(Tw) ~, .. , 
~ah top wici&h bottom widlh 

(lncha) (IIICMS) Unchna 

1.1 4.1 1.a 

1.-4 5.1 2.l 

1.7 6.2 2.9 

2.1 1.0 3.7 

1.s 5.1 2.1 

2.0 ~.2 2.3 

2.1 a.o 2.•** 

2.4 a.o 3.l 

2.S 1.0 3.0 

Tw 

~ -

•These trapezoidal grooves with 45-degree side slopes will 
provide support similar to that provided with a circular 
groove shaped to fit the lower 120~ of circur:zference. 

••The groove di~ensions shown on this line are for use with 
the semi-trapezoidal groove shown below. Bottom radius ot 
curvature must be 6 inches or less. 

r• radius of curvature 

(Georgia. n.d.; cited in Lee et al •• 1984) 
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iIGURE 4-32 

METHODS OF PLACING SUBSURFACE DRAINS 

METH001 

Blinding 

I METH001A 

r -- --- --- ---
Blinding Mai~ 

METH002 

, -. -r ~ 7:-:.:--. =' ' 
,. Fiher • .•• -~·::· ~ .... ~-.. · . •• 

METHOD2A 

METHODJ 

METH004 

Type of Condajt Special Conditions 

Filter not required 

Filter required 

1. Flexible 

2. Flexible 

3. Ri&id 

4. Ri&id 

5. nwble or ri&id 

a. Prefabricated 
b. Sand and gravel filter 

Filter not required 

Filter required 
a. Prebbricated filter 
b. Sand and gravel filter 

bftlope required 

Method 

1 or 4 

1 
2 

l or 3 

1 or 3 
4 

4 

(Geo~ta. n.d. ; cited in Lee et al • • 1984) 
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FIGURE 4-33 

SHALL-ANIMAL GUARDS 

(Georgia, n.d.; cited in Lee et al., 1984) 

• uch slower rate than drains using pipes. their usefulness should not be 
overloo~ed. At sites where a small amount of precipitation falls or where a 
potentially damaging seep emerges and needs to be diverted, the drain tile may 
be aore than adequate and more cost-effective . Specifications for drain tiles 
are presented in Table 4-29. A source of guidance for agricultural drainage 
practices is Van Schilfgaarde (1974). Design factors in agricultural subsur
face drainage are also discussed in Bouwer (1978). 

4. 7.5 Exit Design 

A probleta that is often overlooked and Just as often causes problems is 
the velocity and voluae of the water in a drainage blanket at its lowest point 
(its end}. This water aay exit at too high a velocity if not intercepted 
prior to exiting, and carry soil particles with it or cause a destabilization 
of the slope at the toe of the drainage blanket . An example of this problem 
•ay be found in the discussion of the Sylvester hazardous-waste site in 
Appendix B, •case Histories.w Two methods of intercepting this water are the 
toe drain (Figure 4-34} or inst3lling a graded riprap filter. Also refer to 
Appendix H, "Outlet Structures . " 

4. 8 Biotic Barrier 

Figure 4-1 shows a biotic barrier layer above the drainage layer and . 
beneath the surface layer. The need for such a layer arises from the threat 
of daaage to the hydraulic barrier by intrusion of plant roots and burrowing 
aniaals {sec. 4.6 . 2.3.) . 
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TABLE 4-29 

GUIDANCE FOR TILE SPECIFICATIONS 

I. Connections. depth limitation$, blinding, backfilling, and protection of 
the line during installation should be in accordance with local 
specifications. 

2. Joints: Crack width for lateral tile should vary with the type of soil: 

a. Peat and muck - 1/4 inch preferred; 3/8 inch maximum 
b. Clay soils - 1/8 inch preferred ; 1/4 inch maximum 
c. Silt and loam soils - 1/16 inch preferred; 1/8 inch maximum 
d. Sandy soils - tightest fit possible. 

3. When the tiles are laid in fine sand, they should be turned as necessary 
to leave the least possible crack opening and a filter should be provided 
to prevent the fine material from entering the tile. 

4. Crack opening for mains which serve only to collect and transport drainage 
water from la~eral tile lines should be the tightest fit possible. 

5. A,ignment. A change in horizontal direction may be made by using one 
of the following methods: 

a. A gradual curve of the tile trench on a radius that the trenching 
111achine can dig and still maintain grade. Tile must be shaped or 
chipped so that no crack between tiles exceeds 1/8 inch unless the 
crack is adequately covered to exclude soil movement to the tile. 

b. A manufactured or handlllade bend or fitting for small diameter tile. 
c. A junction box or manhole for large diameter tile. 

DRAINAGE 
BLANKET 

FIGURE 4-34 

TOE DRAIN 

IM,UVIOUS 9UIIFAa: UYO HOMOGOmJS PONOJS R>UNDATION 

Adapted from Department of the Navy, 1971 
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As far as is known, such a layer has never been emplaced at an actual 
hazardous-waste-site cover installation. It is therefore i111possible to gi~e a 
proven working design. It is only possible to report soae research results. 

Research at Los Alamos National Laboratory and elsewhere has yielded a 
rule of thuab for stopping burrowing aniaals. If objects in the aniaal's path 
are too large for hi• physically to • ove and tightly enough packed, bis prog
ress is effectively stopped. Thus a biobarrier can consist of cobblestones, 
brick rubble, or any solid pieces of inert aaterial, as long as large air pore 
spaces are present between pieces. This type of aaterial also creates an 
environaent that plant roots cannot survive. 

Parry, Bell, and Jones (1982) described a che• obarrier cover systea de
signed for an abandoned copper-smelter waste pile in England. An l8-in. cover 
layer of an alkaline sodiu• carbonate waste (pH 9-12) was placed over the 
aetal-• ining waste, followed by 6 in. of topsoil . A golf course was then 
developed on the site. The alkaline waste was used to inhibit plant-root 

o growth as well as to restrict • obility of • etals fr011 the s• elter waste to the 
topsoil surface. 

It has also been reported that root growth can be restricted by the place
aent of a layer of • aterial such as cobblestones (Cline, 1979), ground lime
stone ·or pulverized fuel ash (Jones et al . , 1982), or with root toxin such as 
ureabor (Cline, 1979). 

In theory it is possible to design a "che• obarrier," that is, a layer of 
high or low pH that is inhospitable to plant root penetration. E~a• ples of 
che• obarriers are limestone (pH 8.5) and flyash (high alkalinity), or c011-
pacted acid subsoil (pH 4.5) . Coabinations of acid-tolerant vegetation and 
an alkaline chetlobarrier of flyash has potential in restricting root penetra
tion into the waste. Likewise calcareous-soil-loving vegetation coebined 
with a cheaobarrier of a coapacted extreaely acid subsoil aaterial has poten
tial inhibiting root growth into the waste . 

These concepts are theoretically sound, but largely unproven. The effect 
of leaching the che• obarrier into the drainage systea and out of the cover 
systet1 • ust -be evaluated. The aost realistic present approach is careful 
selection of short-rooted vegetation coupled with diligence in maintaining its 
health. This points up the importance of care in designing the vegetative 
stabilization prograa, discuss~d in the next section. 

4. 9 Surface (Vegetative) Layer 

The surface laye~ is the one seen by the eye and exposed to the ele.nts, 
which include rainfall and snow. This layer is subject to erosion, and other 
layers cannot be eroded until this one has been at least loca11y breached. 

In this Handbook the surface layer 1s ca~ied the vegetative layer, because 
vegetation provides the primary means for controlling erosion, while at the 
saae time p~ting site aesthetics . In any hu• id climate, the surface will 
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inevitably becoae vegetated spontaneously, in all but rare circcastances 
(e.g., at soae • ine duaps). Thus, it is not a question of llthether or not to 
vegetate. but rather one of having contro1 1ed and desirable vegetation. as 
opposed to having an uncontrolled and possibly detriaental vegetative coaau,1ity 
develop. 

An inforaative discussion of vegetation at landfill covers is presented by 
Lutton. Regan. and Jones (1979). Several basic facts are pointed out by these 
authors. For one. sound and vigorous vegetation at landfill sites is usually 
highly cost-effective. At the saae tiae, landfill sites pose several distinct 
probleas regarding vegetatf~n. Fertile soils are rarely available at landfill 
sites. and it is necessary to work vith the infe~ior soils that aay be present. 
An even aore difficult problea is that a cover section designed to iapede 
percolation presents an enviroraent that in aany vays is t~ direct opposite 
of one favorable to vegetation. Because vertical drainage is absent. roots 
are subject to swaapfng. Anaerobic conditions, detriaental to healthy roots, 
aay develop. Conversely, cover systeas designed to drain and dry quickly 
deprive vegetation of needed reservoirs of aoisture. A drought, even a short 
one, aay kill or severely injure the vegetative coaaunity. 

For the reasons discussed above, the establishaent and • aintenance of a 
stable vegetative cover are very challenging probleas . To aeet theta vil 1 
probably require a careful and possibly a sophisticated design. Such a design 
is not cheap. Superfund guidance (see Chapter 1) deeands that cost
effectiveness be eaphasized. Regarding stable vegetation a careful design 
study is required, because cost-effectiveness in the long tera vill alaost 
surely be different froat a • iniaal first cost. 

The purpose of this section is to discuss general and specific considera
tions regarding the use of plant • aterials adapted to the region in which the 
vaste s•te is located. Much of the inforaation herein has bffn drawn froa an 
instruction report that coapiled existing vegetative data for restoration of 
problea soil aaterials at Corps of Engineers construction sites (Lee et al .• 
1984). Guidance has also been dravn froa an EPA • anual for eva.luating land
fill cover designs (Lutton, 1982) . 

4.9.1 Desirable Functions of Vegetation 

Vegetation shields the soil surface froa the full force of i• pacting 
raindrops. reinforces the soil against the hydraulic and abrasive action of 
aoving surface vater and vind, bi;')ds the soil particles together to fora a 
.ass that is less easily dfsµlaced, and anchors the soil in place. Plant 
leaves. st~s. arw! other aboveground portions of vegetation, as well as the 
organic litter that collects on ground surface, can also shield the soil 
surface. Only well-established vegetation, however, can perfora all of the 
above functions. 

The vegetative layer should perfora the following functions : 
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I • Stabilize the soil against eros•on by water and wind . 

• Miniaize percolation down to the waste. 

• Maxiaize evapotranspiration of 110isture fr011 the soil aaterial cover. 

• Enhance the natural beauty (aesthetics) of the site and if possible 
develop basic recreational and related resources at the site. 

• Create self-sustaining ecosystees of lov aaintenance . 

The first function is of aajor concern. The other functions should be 
considere-d to the extent possible. All of these functions lklSt be closely 
linked to the long-tera land-aanageaent objectives established for the specific 
waste site. 

4.9.2 Soil Considerations 

Certain factors aust be considered for any soil aaterial to be used in the 
vegetative layer of a cover systN. The aajor factors deteraining effective
ness of a soil for supporting vegetation are grain size. pH. and organic-aatter 
and nutrient content. A host of other factors play necessary though less 
critical roles. For a discussion of the influence of soil on vegetation the 
reader is referre-d to BrAdy (1974). 

Fertile topsoil, if available for vaste site cover. i~ usually cost
prohibitive (Lutton. Regan. and Jones. 1979). Consequently less fertile, 
nonproductive soils or subsoils often have to be used. Other cover aaterials 
such as dredged -.iterial aay be available. A 3-ft cover of silty dredged 
uterial vas used successfu11y to vegetate and reclai• an acid surface-•ine 
land in Illinois (Spaine. Llopis and Perrier. 1978). Dredged uterial has 
been used to i111>rove the productivity of aarginal. low-fertility soils (Gupta 
et al., 1978). as well as in solid vaste aanageaent (Bartos. 1977). Design 
consideration for vaste cover systftS should be given to whatever soil .. te
rials are locally available. In addition. vaste aateriais such as sewage 
sludge. aanure. or fly ash u a li• ing agent should be considered to il!prove 
the fertilit~ of the available soil aaterials. 

Appropriate tests can be conducted on the soils proposed for use in the 
vegetative layer either at a State son testing laboratory or at coaaercial 
soil test laboratories. An advantage in using State soil testing laborato
ries is that their tests have been calibrated for local soil conditions wit~ 
extens1ve field testing to back up recoaaendations. 

Soil tests are available that can indicate if the soil aaterial is acid, 
saline and sodic. excessively drained, poorly drained. or wind erodible or 
contains dispersive clay (Lee et al.. 1984). Lutton (1982) recoaaends that 
the soil be ex•ined according to the foll°"'ing sequence of f•ctors. soil 
tests being perforaed as necessary. 
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4.9.2.1 Grain Size 

Soil coaposed of a • ixture of clay. silt, and sand such that none of the 
coaponents doainates is called a lo•. The stickiness of the clay and the 
floury nature of the silt are balanced by the nonsticky and • ealy or gritty 
characteristics contributed by the sand. A lo• is rated overall best for 
supporting vegetation ai it is easily kept in good physical condition and is 
conducive to good seed geraination and easy penetration by roots. 

C1ay-rich soils • ay be productive when in good physical condition. but 
they require special • anageaent aethods to prevent puddling or breaking down 
or crKking of the clay granules. Silt-rich soils lack the cohesive proper
ties of clay and the grittiness of sand. are -.ater retentive. and usually are 
easily kept in good condition. Soils Nde up largely of sand can be produc
tive ff sufficient organic utter is present internally or as a surface • ulch 
to hold nutrients and • oisture; sandy soils tend to dry out very rapidly and 
lose nutrients by leaching. 

4. 9. 2. 2 Soil pH 

Tests should be • ade to jeteraine pH and buffering capacity (usually 
stated as tons/Kre of calciu• carbonate ground li•stone necessary to adjust 
the soil pH to uound 6. 5). The aaount of li• necessary to neutralize a 
given soil depends upon soil pore-vater pH and •reserve Kidity. • The reserve 
acidity is a single factor which incorporates several variables; soils with 
high levels of organic utter and/or clay ,-quire higher aaounts of lf• e for 
pH adjustaent. The pH of subsoil (where appreciable in the cover) also in
fluences li• requinants; Kidic subsoils require higher levels and repeti
tive applications of li•. Soae buried --.stes act • uch like Kid subsoils, 
uking higher li•-application levels or • ore frequent li• ing intervals neces
sary for adeqlNte pH contro 1. 

4.9.2.3 OT1Janic Matter and Nutrients 

Soil organic utter represents an Kcuaulation of partially decay.1 and 
partially synthesized plant and ani• al residues (Brady. 1974). Such uteri.11 
is continuall:, being broken down as a result of the work of soi 1 • icroorganisas. 
Consequently. it is a rather transitory soil constituent and • ust be renewed 
constantly by the addition of plant residues. 

The organic utter content of a soil is saall--only about 3 to 5 percent 
by llfeight in a representative • ineral topsoil. Its influence on soil proper
ties and consequently on plant grovth. however. is far greater than the lov 
percentage llfOuld indicate. Organic utter functions as a •granulator• of the 
• ineral particles. being largely responsible for the loose. easily. Nnaged 
condition of productive soils . Also. it is a •ajor soil source of two f• por
tant • ineral eleaents. phosphorus and sulfur. and essent i ally the sole source 
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of nitrogen. Through its effect on the physical condition of soils, organic 
aatter also increases the amounts of water a soil can hold and the proportion 
of this water available for plant growth. Finally, organic matter · is the main 
source of energy for soil • icroorganis• s. Without it, biochemical activity 
would coae practically to a standstill. 

Soil organic matter consists of two general groups: (a) original tissue 
and its partially dec011posed equivalents, and (b) the humus. The original 
tissue includes the undec011posed roots and the tops of higher plants. These 
aaterials are subject to vigorous attack by soil organis•s, both plant and 
aniaal, which use the• as sources of energy and tissue-building material. 

The gelatinous, 110re resistant products of this decomposition, both those 
synthf!sized by the microorganisms and those aodified from the original plant 
tissue, are collectively known as humus. This material, usually black or 
brown in color, is colloidal in nature. Its capacity to hold water and nutri
ent ions greatly excEeds that of clay, its inorganic counterpart. S111all 
aaounts of huaus thus augment re111arkably the soil's capacity to promote plant 
product ion. 

Soil nutrients refer to cheaical elements required by plants for their 
growth processes. Of the fourteen essential elements obtained fr0111 the soil 
by plants, six are used in relatively large quantities and are thus referred 
to as aacronutrients (Brady, 1974) . They are nitrogen, phosphorus, potassium, 
c~1~iua, aagnesiU11, and sulfur. Plant growth may be retarded because these 
eleee1,ts are actually lacking in the soil, because they become available t~o 
slowly, or because they are not adequately balanced by other nutrients. 
Soaetiaes all three li• itations are operative. 

Nitrogen, phosphorus, and potassiU111 are commonly supplied to the soil as 
fana aanure and as cowrcial fertilizers. They are called .e!_imary or ferti
lizer eleaents. In the same ~ay, calcium, aagnesiU111 and sulfu• are referred 

('I" to as secondary eleeents. Calcita and magnesiU11 are added to acid soils in 
liaestone and are called lime eleaents . Sulfur, other than that present in 
rain water, usually goes into the soil as an ingredient of such fertilizers as 
far• •anure, superphosphate, and sulfate of ainonia, or is applied alone as 
flowers of sulfur. 

Other nutrient eleaents (iron, manganese, copper, zinc, boron, molybdenum, 
chlorine, and cobalt) are used by higher plants in very sinall amounts, thereby 
justifying the naae • icronutrients or trace eleaents . Such a designation does 
not aean that they are less essential than the na~ronutrients but merely that 
they are needed in saall quantities . 

Table 4-30 indicates the range of concentrations of organic matter and the 
three primary nutrients likely to be found in soils. Results of soil tests 
and reference to this table will indicate that a given soil rates low, medium, 
etc •• with regard to the substance tested for. As indicated in the table, low 
levels indicate the need for supplemental fertilization. Local agricultural 
county agents should be contacted to discuss soil fertilization requirements 
in relation to local cliaatic conditions. 
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Relative 
Levela 

Very 10111 

LOIII 

MediUII 

High 

TABLE 4-30 

RELATIVE LEVELS OF ORGANIC MATTER ANO MAJOR NUTRIENTS IN SOILS 
(Bennett and Donahue, 1975; cited in Lutton, 1982) 

O~anic Matter 1 e!rcent 
Sand, Sandy Loa.a. Clay Loaa, 
Loaay Lo•. Sandy Clay, Nit~n Phosphorus Potassiua 
Sand Silt Lo• Clay lb/acre lb/acre lb/acre 

<0.6 <1.6 <2. 6 <20 <6 <60 

0. 6-1 . 5 1. 6-3. 0 2. 6-4.5 20-50 6-10 60-90 

1. 6-2. 5 3. 1-4.S 4. 6-6.S 50-85 li-20 91-220 

2. 6-3.S 4.6-5. S 6.6-7. S 85-125 21-30 221-260 

Very high >3. 5 >5. 5 >i'.5 >125 >30 >260 

"4ediua level is typical of agricultural loaa soil. Lav levels need supple
aental fertilization; high levels need no fertilization under nonaal 
circuastances. 

Nitf'<'gen is of special iaportance in establishing vegetation, because it 
is needed in relatively large aaounts for vigorous growth but is easily 
leached froa the soil. Nitrogen fertilizer requireMnts depend upon the 
aaount of organic utter present, excevt for peat soil, and the release of 
nitrogen froa the organic utter (higher organic-utter levels requiring lower 
application rates), the soil texture (aore is required on sandy soils), and 
the seed • ixture chosen (aore is required for gr, .. ses than leguaes) . for 
average soils 50 to 85 lb/acre of nitrogen is recoaended. fertilizers are 
rated by the a-,unt of nitrogen they contain per wight of fertilizer (e.g •• 
6 percent nitrogen). To calculate the aaount of fertilizer necessary to 
furnish the rec~nded .aunt of nitrogen, siaply divide the recoaended 
application by the fractional aaount of nitrogen the fertilizer to be used 
contains. For exaaple, to apply 50 lb/acre nitrogen using fertilizer con
taining 6 percent nitrogen, divide 50 by 0.06 to get 833 lb/acre fertilizer 
required. Table 4-30 indicates a rough range of nitrogen le~els present in a 
typical loaa ~ith • oderate levels of organic aatter. 

Custoaary levels of phosphorus in soil are shown in Table 4-30. Unlike 
nitrogen, phosphorus is less aobile in the soil and thus is lost very slovly 
by leaching. It is possible to give enough phosphorus in one application to 
last severai growing seasons. Generally at least 15 lb/acre of phosphorus* is 
recocaended as a ~tarter. The availability of phosphorus to the plant is 
quite dependent on pH. At opti- pH values (6. 2-6.8) aaounts of SO lb/acre 

ain calculating on the basis of pzos, percent P205 is 2.3 ti•s an equivalent 
percent phosphorus; thus 34 lb. of P2J5 is required to yield 15 lb. of ele
aental P. 
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ue usually adeqlate; at pH values below 6.2 or between 6.9 and 7.5, about 
80 lb/acre 1s needed for opti- grovth. Under very alkaline conditions (pH 
greater _ than 7.5), phosphorus levels of 110 lb/acre are required. These 
rec01111endations are for freshly excavated subsoils, or for sandy or high clay 
soils of lov organic material content. See Brady (1974) for a detailed dis
cussion of relations between pH and soil phosphorus. Phosphorus is extreaely 
1aportant for legume establishaent. 

Potassiua is 11t1c:h less iaportant in grass establishaent than in leguae 
es~lishaent and maintenance; thus the rate of application depends upon both 
soil test results and species to be seeded. A • inf- application of 26 lb/ 
acre potassiua (32 lb/acre K2 0) as a starter is recoaaended under any circu•-
stances. Applications can run as high as 230 lb/acre potassiu• (277 lb/ 
acre KtO) on fapoverished soils ~re leguaes are to be seeded. Potassiu• is 
IIOderately aobile in the soil and is slowly leached out, but one heayy applf-

--o· cation should be adequate for several growing seasons. 

4.9.2. 4 Thicltness of Soil Layer 

The thickness of the surface vegetative-support layer is a aatter of ·soae 
uncertainty. Econoaics is an obvious induceaent for the • ini• ua tolerable 
thickness, as there vill be less aaterial and placeaent cost. However, the 
th!clter the layer the • ore stable it will be, and also the • ore likely to be 
.t>le to support desirable naturally deep- rooted plants such as legu• es (dis
cussed belov). The Resource Conservation and Recovery Act {RCRA) specifies a 
• inf- surface-layer thickness of 2 ft for controlled landfill covers, and 
this vould seea to be a desirable • iniaua at uncontrolled sites as well . 

Aaong the factors to be considered is the l}eed t.o retain enough moisture 
in the surface layer to sustain vegetation through dry periods. This question 
vas studied by Miller and Bunger {1963), who •easured soil drainage behavior 
i n a sandy-loaa soil layer of 2 ft • ini• u• thickness underlain by •ore granu
lar soils. Their vork showed that the sandy loaa retained •oisture better if 

. it vas underlain by a free-draining layer than i f it was continuous dowmtard. 
A •vick• effect seeaed to be operative, suggestive that interruption of 
capillary-type dowlward flow by the :,ore granular layer served to •trap" the 
ao-fsture in the sandy-loaa layer. 

4 . 9.3 Appro,>riate Vegetati on 

Each species of grass. leguae, shrub, or tree has its own environ•ental 
and biological strengths and li• itations. Moisture, light, temperat~re, 
elevation, aspect, balance and level of nutrients, and C011Petitive cohabitants 
are all par&Mters which favor or restrict plant species. The selection of 
the best plant species for a particular site depends upon knowledge of adapted 
plants that have the desired characteristics (Lutton, 1982). 
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Guidance in the sel«tion of appropriate plants for establishing vegeta
tion on co,er system at waste sites is provided below. Most of the detailed 
inforaation has bffn obtained froe Lee et al. (1984). Supoleaental inforaa
tion can be obtained froe the sources given in Chapter 2. 

Plant growth regions are delinuted in Figure 4-35 for the arid ~nd s•f
arid cliaates of the W.stem United States and in Figure 4-36 for the subhuaid 
and hulid cliaates east·· of approxiaately the 100th •ridian. Plant speciu 
v111 be discussed and designated according to these plant gf'Olift.h regions. 
Tables 4-31 and 4-32 list plant speciu that clearly have value &net/or proaise 
for use on various vaste cover system in arid, s•iarid, subhullid, and hulfd 
cliaates of the contenainous United States (Graha, 1941; Hafenrichter et al., 
1979; Cll•nts. 1920; Martin et al., 1951; U. S. Departant of Agriculture. 
1937; Nueller-Ooabois and Ellenberg. 1974). AdditiOMl inforaation for each 
species is contained in Lee et al. (1984). 

Several considerations that are highly reln.nt in developing the vegeta
-tive l~r of vaste cover systeas are: 

• Criteria for selecting grass•s and fort>s 

• Criteria for shrubs and trees 

• Breeding Ind selecting plants for tolerance to stress 

• Source of seeds 

• Use of single species versus species in • bture 

• Use of adapted native versus introduced plants 

• Undesirable species 

4.9.3.1 Criteria for Selecting Grasses and Fort>s 

The following criteria should be considered fn seltM:ting gruses and fort>s 
(hert>Keous nonlegmes and legumes) for the con!rol of soil erosion and surface 
runoff (.clapted fro• U. S. Envi~tal Protection Agency. 1976): 

.. . 

• Availability in ~i'red q1Mntity and in the appropriate season 

• Rapid genaination and developeent 

• Ability to vithstand the erosive and traffic stresses present at the · 
site being covered 

• Adaptability to cover soil conditions (pH. texture, drainage, salin
ity, sodfcity, and vind erosion) 

4-106 

., •· ....... :..i .. -· 

-.... 



l 
N 

I 

FIGURE 4-35 

Pl.ANT GROWTH REGIONS OF THE ARID ANO SEMIARID AREAS OF 
THE WESTERN UNITED STATES (Til>RNBURG, 1979) 

I . 

I 
i 
t 

LEGEND 

A Northern G,eat Plains 
B Central Gttot Plains 
C Southern Plains 

D Northern Rocky Mountains, Foothills and Volleys 
E Central Rocky Mountains, Foothills ond Volleys 
F Southern Rocky Mounloins o"d Foothills 
G Palouse Prairie, Columbia Basin and Plateau 
·ff Snoke River Plain ond Eastern Idaho 
'I Great Basin lntermontane 

J Northern and Central Intermountain Desertic 
K Southern Plateaus 

L Cascade- Sierra Nevada 

M California Volle, ona Foothills 
N Southwestern Desert 
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FIDE 4-36 

PLANT 6ROWTM REGIONS OF THE UNITED STATES FOR THE tUUD All> SUBHtlUD CLIMATES 
( U. S. DEPARTMENT OF AGIU CULTURE, 1972) 

0 NORTHERN BLACK SOI LS 
P CENTML BLACK SOILS 
Q SOU~UN ILACK SOILS 
R NORTHERN PMIRIES 
S CENTRAL PRAIRIES 
T WESTERN GREAT LAKES 
U CENTML GREAT LAKES 
V OZAAK·OHIO•TENN£SSEE RIVER VALLEYS 
W NORTHERN GAEAT LAKES-ST. LAWRENCE 
X APPALACHIAN 
Y PIEDHONT 
Z UPPU COASTAL PLAIN 

ZA S\IAAPY COASTAL PLAIN 
ZI SOUTH·CENTMl FLORIDA 
ZC SUITAOPICAL FLORIDA 
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... • .. 1 ! i ~ i u g u g X, a ind 

No . ~-n Scl,ntl lie ~ ,. IC i i : H.-ld S..larld ... ... ... u 

14 a, .... black ....,u,_ .,,~ • • • ,-11 l,C,l,J,I 

1S ,, .... r.4 louuloua tr JI J.u • • • lZ·ZO. C,f ,I 

1, ,,_, ,,._,. urtn.otwl, • • X 5. 5 10·20• "· ' .. ,. . 
California ur. •cue-~• clflc C0Ht 

17 1,-, blando ,,._,. aoll 1• X X • 12·20• " 
11 1,-grut, red ,,._,. Nbena X • X 14·20• G,N,l,l,11,N 

19 luffalograu luchl<H cuctyJoJd•• X X I 1Z·20• A,l,C,I 

zo $andrHd, Cda.or/JJa • X • 10·20• A,l,J 
prairie JongJ/oJJ• 

~ 
Z1 Wlncalllgrau, ChJort• cucull,u X X X 10·18 A,l,C,I I 

t..J hooded 
t..J .... z: $allgrau DttttehlJ• ,trJcu X • X X 14·20• A,l,G,H,J,J, 

(Inland Ind l,11,N 
coutal) 

ZJ Wlldr)'I, buln IJ~ cl.M,...._. X X X X X 14·20• A,D,(,G,H,J,J,l 

Z4 Wlldry1, --lll ll~ gJgant.w X X X X X 10-1, A,(,G,H,l,J,I 

Z5 Wlldry1, blue ll~ glaucw X X X A,D,(,f ,G,H,J, 
& norlll l 

26 Wlldry1, auulan IJ~ Junc:ew X X X 13·20• A,D,(,f,G,H,J,J 

27 Wlldry1, lli,-w trJtJcoJd•• X X X X 16·20• A,( ,G,H, J ,J,I, 
burdl111 l,11 

21 lov1gra11, lolr lragro•tJ• ellJo,--Ju X X X X 12·19 G,l,N 

29 lov1gra11, lragroatJ• J~Jana X I X 7. 5 10·14 l,C,l,N 
l1hM1111 

JO Lov1gru1, Hnd lragro,tt, trJchod•• X X X X 16·20• A,8,C 

l1 , .. , .... ArhoM TH we, ar JaonJca, X X X 16·20• f ,J 
var. "Redondo" 

JZ f-ncue, Nrd fa,wca ortn.o X X X 13·20• A,D,(,G,H,l,l 
wrJu.cuJa 

(COfttlnued) 
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NaN ! ~ i I • 0 
Ar a Ind 

Ho. Zoa.on ~cl,ndll • H .. ld St• larld 

ll Nc1qulle, curly HJlarJ• WJ&119arJJ • • • 14·20• a.c., ·"·" 
34 Tobou HJJ•rJ• • utJca .. X X 12·18 l,C,f ,lt,N 

35 ~llatl, big HJJ.,Ja rJg1d• X l X 9·14 f ,N 

l6 Spranglat.op, wptochlo• dub1• X • • 12·20• l,C,K 

grun 

37 lllwru (or IAHua r1gJ"'- X • • • 10·20-• N· 

Swlu 
ryagrau) 

38 lletgrau, 0ry&op,1• hywnoJdu X X X 8·16 N-

~ 
lndl1n 

I l9 Sal lograu Oryaopt JI • JJ JacH X X X 16·20• N-.... .... 40 llalngr111 ,.,.,.,... c0Jor1tua • X X 18·20• [ut, ctntr,I, 

N and wit can• 
tral Tuu 

41 lllrdlng;r111 rha larJ • W,,.rou, • X • 16·20• N. & central 

ltenopt•ra 
, .... 

42 lluegrau, big '°" • .,,i. X • • 12·20• O,E ,G,H, I ,L 

43 11-utgrau hdt1eJdla tlu:uou • X X • 8·16 A,l,f 

,.. S1C1ton, 11h11 ,,,.,roboJu• a1roJd., X X X X • 10·20• A,l,C,0,£,f ,G, 
H,l ,J,lt,·N 

4S 0rop11ad, 1plh ,porobolu, contractu, X X X 10·18 l,f ,I ,J,lt,N 

46 0rop11ad, und ,poroboliu cryptandrv• • X X X 10·18 A,l,C 1 £,f 1G,H, 
l,lt,N 

47 0rop11ad, •au Sporobolu• tluuoaua • • • X 8·12 C,1.K 

41 0rop1ud, glint •porobolua gJgant..,, X • X X 8·12 1,c., ,1,11 

49 Nttd I a· and• 10·16 ~ UJpa c;.,..tl X X X A,1,0,£ ,f ,G,H, i 1• I 

thrud 
I ,J,K ,.. 

~ Collontop, rr1ch,ic,.,.. • • X 12·20• l,C,f ,lt,N 

Arhon, calJtomJca 

(continued) 
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No . ~-" kl,ntlllc .. Heald S••larld ... ..., 
51 frlclllorh , TrlchlorJ• crlntt• • l • 1·16 C,K,N 

twofl_, ,I 
;I: 

5Z WIIHtgrau, Agrof>Vron .. 1u,1i • • • • • • • 4. S 14· 20• o,,,S,U , V,1 A,1 1 D,E .r ,G,H, : :1 
' ' WHlnn I ,J,K,L 

qlli :,: 
Sl llue1t .. , Andropogon aco,..r Ju• • • • • • ,.o 16·Z0• O,P,Q,1,S,l,U,V,W, A,1,C,( ,f ,I I ' ;,ii 

l lttle l , Y,Z i I I 
!,4 0th,,_,, Av.na 1allY• • I I 5. 5 O,P,Q,l,S, T ,U,V ,W,X, A,l,C,0,( ,f ,G, 

Y,Z H,l ,J,K,L,N I 11 
55 ,, .... blue louttlw• gracllla • • • I 6,0 9·11 Q,1,T,U,W,I A,l,l , f ,J,K 

• w 
.,_, 

1• oolh ,,_,. jn,,wla I I • I I 5. S 17· 20• o., •• • s . T,U,V,W,I, A, l,P,(,G,H, 
I Y,Z I ,J,K .... .... 57 Wlndlllllgrau , Clllorlt w,rtJcJllata I I I • 5. 0 ,,Q,S,V,l,Y l,[,f IJ~! w t.-1, .~ .. .. le1.,C,1gru, , '1,lnodon doc t v I on • • I I 4.S 16·ZS• Q,l,Y,Z,ZA A,1,C , K,N ,N 

,,, 
). 

,_,. and 

1, "' cultlurt 
s, Low•grau, lu9ro1tl1 lnttt--'h I • I I 5. 0 14·20• Q,Z l,C,f,I 1 ,. 

plal111 I 

60 ,. ... 9"" • &r Juathu1 contorlu• I I I Q, Y,Z 
be11t•-

61 fHcue, tall fuwca arvndlMCU I • • I I I I 5.0 ll·Z0• 0,,,1,s,,.u,v,v,: ,,. A,l,G,H,J ,J,l, 
and cvltlrara Z, & N. Pacific COHl N,N 

u Swltchgrau ,anlna rl,vatia I • • • • • • 5. 0 11·20• 0,P,Q,l,S,T,V,l,Y A,l,C,I 

u 1111 ltt, purl ,,rv,J,.t&a .-rJc.,.. 

64 C1111rygrau, lhahrla arvndlnteH • • • • I I 5.0 ll·Z0• o., .•. s.,,u.v,w,x, A,l,[,f ,G,H , I, 
rHd & N. Pac II le coul J , l,N 

u llldl1119rau lorgllutna ,.,,..,.. • • • • I 5. 5 ll·Z9• P,Q,S,V,l,Y A,l,C,f ,l 

" ltdtop AgrHtla .,,.. • • • • • • 4.0 0,P ,I, S, T ,U, V ,W,I, Y 

17 lluett .. · And~ ,11 ... ,.,,.,.. • • • 4.S ~.v.z 
plnehlll 
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,,_ .. W,..,..... vlrtlAICIII I I • ,.o Y,Z,ZA 

l, 
70 O.Lfrau, ull ArrtleMUlena tlatfua • I • • 1.0 o.,.•.s.r,u,v,w,x, 

IN. ,acttlc coaal 
,. 

71 .. ........ "'"' loU1rtaclllN .he"-- • Q,Z ! .. • • • lancll var. •eneartet 

' ~ 71 lltlltl, ,,_i.p lraclltarla rcaoH I • • ,.o .. glon ZA aoally 
·,. 7J ·-· ,1,1~ 1,-.1 trvt111h I • • • ,.o O,P,C,S,T ,U,Y,W,l,Y I~ 

i;:. • I ... 74 .....,,9,au Cllltrla ,-YaM • • • • 4.0 Y,Z,ZA ... 
I' • 7' 0rcllanlgrua 0.Clyl h tl-rtu • • • s.o O,P,.,S, T ,U,Y ,W,I, Y ,. 

76 Ltvttreu, lretre•ll• cunula • I • • • ••• ,,Q,Y,l,Y,Z ~-t: 
-,1,.. 

77 Ltvttrtn, lr ..... 1ll1 1,-c~llh • • I 4.1 o,,.Q.•.s.,,u.v,w, 
i ,ur,lt X,Y,Z 

?. 11 Ct11ll,edtfra11 ,,,_.,, ........ .,,. ... • • I .. , Q,Y,Z,ZA,ll 
i 7' , .. ,.,., hllwc:a rlA>ra I I • • 1. 0 O,P ,l,S, T ,U,V ,W,I, Y 
(" c '"II I 119 '" . ,. 611d c111lhar1 
·r.· IO a.rlty NonMua v11l1J41re • • • • I . I o,,,Q,l,S,T,U,V, , .. 

~·/. W,I, Y ,Z 

~. II ~•au, Lallua ..,lllflona I I • • • • I.I O,P,Q,1,S,T,U,V,W,I, 
{. -· Y,Z, IN. hcltlc 

I•. coul 

I ." ., 1)-etrau, Lal lua perenne • I I • • • I.I 0,,,1,s,,,u,v,w,1,Y 
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,· ., Dt.,l111911t9rau ,antcua cl111CN1LI-, • • • I • l :8 •S,U,V,W,l,Y 
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IS , .. ,., .. , Pupal .. florid•,... • • • Y ,Z ,ZA except Cult 
florldl Co11t a,r1l>H 

N l1lllagra11 Pupa 1 .. nout .. • • • • • 4. S Q, Y,Z,ZA 

17 T laoUI)' Phi• .. pralonH • • • • 4. S 0,P ,R , S, T , U, V ,W , X, Y .. lluegrau, Po, coai,reua • • • • 4. S O,R,S , T , U,W , X 
Canada 

• It lluegrau , ,oa praLen1h • • • s.s O,P,R,S,T ,U,V,W,X 
I llntucky 
~ to lye, and Slcale ""ah • • • • • s. s O, P, Q,R,S , T ,U,V ,W, 
~ u, cultlwara X,Y ,z 

ti 111 lltl, toatall Setarla IUI tu • • • 5. S O,P,Q , R,S,V,Y 

u JohlllOngrau Sorgi, .. llll~nu X • • 6. 0 Y,Z,ZA 

tl $o rgllua X Sudl11 $orgh,. 1pp. • X X X 4. 5 O, P,Q,A,S,T , U,V,W,X, 
ll)'llrld1 Y,Z , ZA, I, H. Pa· 

cltlc COHt 

t4 Sudlngrau Sorghia ludltMnU • X • X • 5. 5 0,P ,Q,R,S , T,U,V ,W,X , 
Y ,Z ,ZA, I, H. Pa· 
cltlc COllt 

H wt.oat and Trltlc1a u,ttw .. • X • 4. 5 O, P,Q , R,S,T,U,V,W, 
cultlwart X,Y 

" Zoy1lagra11 Zoy,ta Japonlca • • • • • 5. 0 P,Q , S, V,X,Y,Z, I, 
N. Paclllc COHt 

'7 lo)'I I agra II. Zoy, h Japonlca, • • • • 5.0 Q,V,Y,Z , ZA, I, 
llt)'trl vtr . •Mty1r1• H. Pacific COllt 

ti Zoy1tagra11, Zoy1la J-nlca X • • • • s.o Q,V,Y,Z , ZA, I, 
laerald Zoy1ta IAnulhlla N. hcltlc COHl 

r:wnw mnrmmz ..... ,._ 



• Adaptability to cliaatic conditions (sunlight exposure, teaperature, 
wind exposure, rainfall, drought) found at the site 

• Tolerance to gases and organic dec011POsition products froa buried 
waste 

• Resistance to fire, insect daaage, diseases, and other pests 

• Coapatibility with the principles of secondary succession, and of 
land aanageaent objectives (Mueller-Ooabois and Ellenberg, 1974) 

• Coapatibility with other plants selected for use on the saae area 

• Ability to propagate theaselves (either by seed or vegetatively) 

• Short- and long-tena aaintenance require.nts and costs 

To • ini• ize the possibility of failure in establishing an erosion-control 
cover and at the sc111e ti• e reduce post-establishaent aaintenance require.nts, 
one • ust select grasses and leguaes that are adaptable to the soil conditions 
found at t:1e site. This is especially i11p0rtant if the waste cover systea 
establishes an artificial soil profile. For exa• ple, the use of an i• penaeable 
layer over the waste can create a shallow perched water table in the overlying 
soil profile. A sloping cover syst~ could result in the upper portion of the 
slope drying out faster, while the lower portion of the slope would be wetter 
for longer periods of ti• e. Consequently vegetation on the upper slopes will 
need to be 110re drought-resistant, while the lower-slope vegetation will need 
to tolerate prolonged wet periods. 

The possibility of 111c1rked differences in soil • oisture regi• es within a 
waste-site cover systea should be given careful consideration. There are ways 
to reduce the range of extre• e soil •oisture conditions across a waste site 
(e.g . • application of organic aatter to the upper slope to retain •ore soil 
110isture for a longer tiae period). The inforaation obtained during the 
preliminary waste site characterization can indicate aonthly rainfall distr;
bution and those plant species that have tolerated wet and dry soil •oisture 
conditions at the site. These existing plant species will invade the cover 
syste• and atteapt to establish theaselves in any area that has a suitable 
soil moisture regime to .which they are adapted. Plant species observed in 
wet areas surrounding the wa$te site will eventually colonize any wet ~reas 
created in the cover syste• and having suitable soil conditions for grovth. 

4.9.3.2 Criteria for Selecting Shrubs and Trees 

Since a aajor objective of the cover systeta is to isolate the waste froa 
percolating water, the use of shrubs and trees aay have serious li• itations. 
There is insufficient infonaation at present to indicate appropriate shallow-
rooted shrubs and trees. Host shrubs and trees will extend their root systeas 
deep into the soil profile and can potentially penetrate any i• penaeable 
barrier covering the waste. The penetration of tree or shrub roots through 
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this protective barrier will allow water to percolate into the waste, which is 
highly undesirable. While che110barriers (discussed in section 4.8) theoreti
cally can be placed on the iaperaeable barrier covering the waste and should 
inhibit shrub or tree roots froa penetrating into the ~aste, these che1110bar
riers have not been adequately field tested on shrubs and trees. 

One application for which shrubs and trees • ight be considered is on the 
side slopes of waste piles. See for exaaple the Kin-Bue Landfill in Appendix B, 
•ease Histories.• On side slopes, i• penaeable aetlbranes are inappropriate 
because of the threat of sliding of the overlying soil. Rill erosion, caused 
by direct raindrop attack, is a problea on these slopes. Ground-cover shrub
bery, by intercepting raindrops, • ight • ini• ize such erosion. Some penetration 
of the waste by shrubbery roots would occur, but owing to the steep slope, the 
great ujority of precipitated water will run off rather than enter the ground. 

Given these li• itations, the following criteria should be considered in 
selecting shrubs and trees for use in vegetative covers at waste sites (adapted 

McKel 1, 1975): 

• Availability in needed quantity and appropriate tiae fra~ . 

• Ability to produce shallow extensive root systeas in order to exploit 
the entire layer of soil cover ~terial for nutrients and moisture. 

• Ability to becoae quickly established. 

• Tolerance of acid, saline, sodic, wet and droughty COIIJ)acted (clayey) 
soil environaents. 

• C~tibility with the principles of secondary succession. 

• Ability for vigorous growth after relief of 110isture stress, and 
coppice foraation and regrowth after physical daaage to roots/shoots . 

• Ability to reproduce by natural cloning and/or by seeds . 

• 
• 

Ability to create islands of soil fertility by fostering an accumula
tion of organic utter, detritus, and nutrients. 

Resfsunce to fire, insects , diseases , ani111als and other pests . 

• C~tibflity with the erosion-control grasses and leglaes used to 
initially s~flfz• the cover. 

• Tolerance to gases and organic decoaposition _products fr011 buried 
wastes. 

• Relative uintenance requireaents and costs. 

The peraanent shrub and tree species that are ~inally selected • ust be 
ac:tac,ted to the soil conditions found at the site. 
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4.9. 3.3 Breeding and Selecting Plants to Tolerate Stress 

Perhaps the aost effective strategy in establishing a stable vegetative 
cover is the selection and genetic aanipulati~n of plant species for tolerance 
to various • ineral and associated stresses at a waste site (Baker, 1976). 
Current thinking on the tailoring of plants to fit the soil condition is that 
soil test calibrations are needed for selected plant species and cultivars, in 
concert with the deteraination of those soil li• itations that • ay be econoai
cally aodified or conditioned to perait the growth of plant species that have 
been selected or bred for tolerance to various ~oil conditions (Baker, 1976) . 

Up to the present ti• e, notable success has been reported in selecting 
lovegrasses having tolerance to toxic levels of soil aluainu• (Foy et al .• 
1980), in developing aetal-tolerant varieties of red fescue and co-• on bent 
(Saith and Bradshav, 1972), and in the breeding and selection of barley varie
ties having tolerance to very high levels of salinity (Epstein, 1977). Many 
of the plant species listed in Tables 4-31 and 4-32 have been developed through 
genetic aanipulation and natural selection. Those plant species have been 
ta i lored or selected to thrive in the soil condition indicated. 

It is • ost critical that the soi l cover environ• ent be accurately known in 
order to select the aost appropriate plant species, and appropriat• rhizobiua 
species for legu• es, for the site. 

4.9. 3. 4 Source of Seed 

Certified na• ed ~arieties of adapted seeds should be used when available. 
The source of adapted seeds should correspond to the SCS land resource ar~a 
si• flar to that occupied by the waste site, and, in the southwestern United 
States, not . in excess of approxi• ately 300 • iles south or about 200 • iles 
north of the site. 

4.9. 3.5 Use of Single Species Versus Hixtures 

Several factors influence the selection of a single species or • ixtures. 
These factors can include the degree of aaintenance required, the desire to 
have the planting visually co• patible with the surrounding vegetation and the 
long-term planned use of the site. Single grasses or • ixtures of grasses 
noraally will require • ore maintenance nitrogen fertilizer than • ixtures of 
grasses and legu• es . Legu• es fix at.aospheric nitrogen in their roots and 
release the nitrogen in a fora available to coapanion grasses in the • ixture. 
The creation of nitrogen cycles in derelict land has been sllCcessfully proeaoted 
fn Europe (Bradshav et al •• 1982). The application of these principles to 
waste cover syste• s should be considered. Legu• es can readily accla.llate 
45-135 lb N/acre annually if provided with appropriate conditions (Bradshaw et 
al., 1982) . The use of legu• es in • ixtures with grasses will therefore ~uce 
the need and cost of expensive supple• ental nitrogen fertilizers . In essence, 
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a self-sustaining vegetative cover could be established at the waste site. 
While nitrogen needs can be satisfied with legu.es included in grass • ixtures, 
there aay still b~ a need for aaintenance applications of liae and phosphorus 
fertilizer to sustain a healthy vegetative cover if these aaterials are li• it
ing in the soil cover (Bradshaw et ~1., 1977). Many leg\.lles are deep-rooted 
plants. Consequently, caution • ust be taken to control deep root penetration 
of tM cover systea into the waste aaterial. Use of a biotic barrier 
(sec. 4.8) aay be required to control leguae root penetration. Excellent 
advice on grass-leguae • ixtures can be obtained fr011 SCS plant aaterial spe
cialists and U. S. Forest Service reforestation specialists. 

4.9.3.6 Use of Adapted Native Versus Introduced Plant Species 

Native species should be given preference and used rather than introduced 
species if they satisfy waste-site •anagement objectives and can adequately 
vegetate soil cover •aterial used at the waste site. This choice is valid for 
waste sites so long as it is consistent with the major criteria listed ·earlier. 

4.9. 3.7 Undesirable Species 

Care should be taken ir ,ot selecting herbaceous and wood} species whose 
growth habits are incO'patible with the long-tera •anageaent of the site, or 
which. upon escape (i . ~ •• as airborne seeds), inadvertently becoae undesirable 
weeds in adjacent areas. Nonweedy species th~t are adapted to the soil envi
ronaent at tM waste site should ile used {U. S. OepartAtent of Agriculture, 
1973). Potentially~ plants should only be used in areas that ar, far 
reaoved froe pri• fara1ands . 

4.9.3. 8 Other Selection Factors 

The foll-,wfng iteas should also be considered in plant selection: 

• Potential fire risk of plant •aterials 

• ~i..bility to south-slope expo~ures versus north-slope exposures 
{aspect or exposure affects solar radiation loads, light quality, day 
length, and growing season !cngth) 

• 

• 

Presence of aniaals and birds that will aid in seed dispersal (e.g., 
soae plant species are totally dependent on ani•als for seed 
dispersal) 

Adapt.bility of plant aaterials to habitats at increased elevations 
(generally, as elevation increases, the length of _the growing season 
decreases). 
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~tM>ility of pi.nt .. terfals to any potential artificial soil 
profile effKts vithin the cover systea at the vaste site (i . ~ •• 
perched w.ter table). 

Graisses and forbs are the aost eff.cthe plant Nterials for controlling 
erosion. Trees and shrubs are not very effective in controlling erosion in 
the early suges because of their initial slN developant. But during the 
• iddle and late stages of a developing vegetativ. cover systea. the trees and 
s~rubs fon1 a protKt1ve canopy and provide necessary buf ldup of surf Ke 
o~ni~ aaterial (detritus and litter) '-11\ich is excellent in controlling 
surfKe runoff and erosion. In addition. trees and shrubs can be beneficial 
for screening, vildlife. and forestry purposes (LN et al .• 1984). 

4.~.4 EstM>lishant and NlinteMnce of Vegetation 

4.9.4. 1 Ti• of Seeding and Planting 

An exainatfon of 111aste site crwirac.terfution infor..tion dealing vith the 
cli1111tic region of the site and Hveral yurs of lelllperature/precipitation 
records vill aid in deten1fning the aost fnorable Sffding And planting 
periods. Ttais infonNtfon can be related to the aount of ti• needed for 
plant esUblfshant. 

hseline data vfl 1 help indicaite ff a cli1Nt1c region is subject to false 
pl.nt-ora-,th starts; for eui•ple. the region aay rwive Hrly precipitation that 
..ats t:ae soil Md initiates sNd gen1iMtion. followd by a long, dry period. 
Of course this infonNtion v111 be very general. and wather conditions uy 
vary in the planting yur Wider study. thus causing a change in planting ti•s 
(U. S. Oepartaent of Agriculture. Forest Service. 1979). 

Jrrespec~h:a or ~ cl hNtic region and the va~te site, the general rule 
fs to plant. erosion-control gr•sses •nd 1~ il'.laedi•tely •head of the 
highest. expected rafnfall probability. Precipitation probabil i ly tables are 
available for use in the selection of a seeding date c~Uble vith plant 
growth (i.e .• during the frost-f"" ti•s) . Additional assisunce can be 
obtained froa the Plant Nlterials Specialists of the Soi 1 Conservation Service 
and local agricultural county agents in appropriate regions. 

Grasses and leguan used for vegetative covers are established by direct 
seeding on a properly p~red seedbed. Seeding application rates are given 
according to State in LN et ail. (1984) . ~1 species are quick to estab
lish a cover and vill be effective for one year. Perennial species should 
also be • bed into the 'SNCI application. They are slower to establish but 
vill continue regrowth yur after year. Woody plants, such as shrubs And 
trees, are established by sffdlfng transplants . However. soae ~ species 
can be SNded dinc:tly. The soil aaterial used for covering the waste site 
should be aMlyzed to deten1ine the proper lf• and fertilizer requireaents 
according to the l,;cal State soil testing laboratory. 
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If the opti• UII planting dates are exceeded because of extreae weather or 
other conditions, the area should be seeded to one or • ore fast-g"°"'ing annual 
species such as wheat, rye grass, • illet, rye, and grain sorghU11s. Additional 
i"foraation on specific considerations within each of the plant growth regions 
can be found in Lee et al. (1984). 

4.9.4.2 Irrigation as a Teaporary Measure 

Irrigation ~hould be used only as a teaporary • easure to ensure the initial 
establishllent of herbaceous and woody vegetation in arid, seaiarid, and sub
huaid regions. Teaporary irrigation can also be used to aid in leaching salts 
froa the saline soils found in arid, subhU11id, and huaid cliaates. The a• ount 
and frequency of irrigation depends on the availability of funds and labor, 
the vater requireaents of the particular plant species, the aaount and inten
sity of natural precipitation, and the che• ical and physical makeup of the 
soil aaterials at a specific waste site. Details on the particular irrigation 
and aanageaent practices for saline soils are pres~nted in Richards (1969) and 
U. S. Oepartaent of Agriculture, Forest Service (1979). 

4.9.4.3 Methods of Seeding and Planting 

Methods of seeding erosion-control vegetation on waste sites will vary 
depending on topography, type of vegetation, stoniness of soil surface, and 
equipaent availability. Currently used seeding aethods and their specific 
suitability are: 

• Hydroseeders are very useful for applying seed, fertilizer, and • ulch 
on steep slopes and in other areas where equipaent accessibility is 
li• ited. 

• Cyclone seeders are well suited for broadcasting seed on level areas. 
Ger• ination can be increased by li• iting equipaent travel over seeded 
areas. 

• Grass or grain drills are li• ited to rolling or level terrain that is 
relatively free of stones. The Rangeland drill is sturdier than 
conventional drills and provides better and longer perforaance on 
critical area soils. 

• Rear-• ounted blowers can be attached to 1 i• e trucks to spread both 
seed and fertilizer on steep slopes and other inaccessible areas. 

• Sprigging is used for certain grass species to establish v~tative 
cover • ore rapidly than would be possible using seed. 

• Hand planting generally fs used when bare-root seedlings of trees and 
•. shrubs are· planted. The • ethod fs tiae-consuaing and therefore 

costly. 

4-121 



. ---- -~_.:;:. 

(1) Arid and se.aiarid cliaates. Seeds aay ~e planted by either drilling 
or broadcasting. but under seaiarid and arid conditions drilling is rec01111ended 
for the following reasons: 

• The seed is covered to a proper ~pth and protected fr011 the 
envfronaent 

• The seed is unifonaly distributed 

• Rate of seeding fs controlled 

• Soil ~inaing can be done with the packer wheels attached to the dri 11 
(U. S. Oepartaent of Agriculture. Forest Service. 1979). 

In arid and seaiarid clfutes. broadcasting is consi~red less efficient 
because the seeds often perch on top of the soil where genaination and estab
listaent are difficult. if not iapossible. Rodents and birds aay pick up 
broadcast sffds and eat thell or carry theta 11Way to a seed cache. When seed is 
broadcast the soil should alvays receive soae .chanical treataent to give 
suitable sffd coverage. unless the bed fs loose so that the natural sloughing 
of soil will cover the seed. Planting should be done on the contour to trap 
available aofsture and prevent erosion (Lee et al.. 1984). Nuaerous types of 
drills and bnadcasters are on the urket for use fn arid regions. Selection 
of specific equfpaent will depend on their availability. capability. charac
teristics of the site. and treatMnt required. Further ~tails on drills and 
other equipaent for arid and seaiarid regions are listed in U. S. Oepartaent 
of Agriculture. Forest Service (1979). 

(2) Huaid cliutes. A good seedbed is essential for the successful estab-
1 istaent of seeded vegetation. both herbaceous .and woody. Except for the 
winter period. an ideal situation is to seed the soil iaaediately after grad
ing. thereby ·taking Mtvantage of a ready-ude seedbed. For preparing a seed
bed. •front blAding'" with a bulldozer provides s~ advantage over •back 
blAding'" because of fapressions left in the soil by the dozer tracks provi~ 
•icrosites U..t f•vor seed ger.inaition and s..-dling est~lishlNnt. However. 
with either •thod of grAding. ft is best to seed i.aediately after the gr1d
ing. because aost cover soil uterfals will crust over or harden after they 
are rained on and dry out (LN et al.. 19C4). 

There is no •best• Mthod for applying seed. The uin requireaent is that 
the sNd be evenly distributed on a good s~. The hydrosffder is widely 
used and desirable becauu it can place seed on outslopes and highwalls where 
aost other tYPH of seeders cannot reach. The tena hydroseeding means the 
hydraulic application of a slurry of plant seeds and water to probleta soils. 
Hawver. for seeding benches and leveled areas. a cyclone see~r or a grass 
drill can be just as effective. In fact. spreading seed •dry• has soae advan
tages in that the entire load in the seeder is payload· and not aostly water as 
with the hydroseeder. Ory-• fxing seed and fertilizer together and spreading 
with a conventional li.-spreading truck is an efficient • ethod for covering 
luv- areas. TM Est.es OM-Vay Blower attached to liae trucks increases their 
werutfltty Md •re.ch• on large anas. Solle probleta aay occur in calibrating 
the rate of dispersal so that both seed and fertilizer are applied at about 
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the proper rates. However, this equipeent has been successfully used for 
seeding and fertilizing strip • ines 1n eastern Kentucky. 

Soils thAt an free of stones and level enough for use of far• e,,;rJipeent 
MY be seeded with a grass or grain drill. One advantage of using ~ drill is 
t.Mt all of the seed is placed in the soils and coveM. Thus, less seed is 
needed because • ost of the seed is placed in a • icroenviroraent that favors 
ger• 1nation and seedling establishaent. Tillage or scarification of a seedbed 
usually 1s not necessary prior to seeding with a drill. 

Details for planting shrubs and trees in huaid cli• ates are given in Lee 
et al. (1984). Additional infor• ation can be obtained froa the USDA, Forest 
Service and State Forestry Departaents. 

4.9.4.4. Mulching and Chellical Stabilization 

Mulching and cheeical stabilization are two • ajor types of short-tera, or 
taporary, nonvegetative soil stabilization. Both are elll)loyed to orovide 
protection ~in~t ocessive soil erosion for periods of less than one year. 

Mulching is essential 011 • ost waste cover soils and especially on slopes 
steeper thAn 3:1. Figure 4-37 illustrates the relationship betwen surface 
slope and potential for soil erosion. 

The application of plant residues or other suitable aulch • aterials to the 
soil surface functions to: 

• Prevent erosion, both by water and wind 

• Prevent surface cc,,apaction or crusting 

• Facilitate infiltration 

• Inhibit enporation (wh•ch • ay also slow upward • oveaent of salts 
through so11 s) 

• Provide proper soi 1 u.peratures 

• Be coapatible with plant developeent, iaprove geraination cond1tions. 
protect seedlings 

• Possibly add desired seeds while acting as a aulch 

• Reinoculate • icroorganisas into excavated uterials 

The effectiveness of any aulch depends upon • any factors, including the 
physical and chellical properties of the soil, the land-foraing or cultural 
practices, species to be seeded, and the characteristics of the aul~h itself, 
such as its color, roughness, and • anner of application (Lutton, Regan, and 
Jones, 1979). The effect of color and roughness are directiy related to the 

4-123 



·.-: 

FIGURE 4-37 

INFLUENCE OF SLOPE ON REVEGETATION 
(FROM NEVADA STATE CONSERVATION C0fl4ISSION) 

______ 
.... ....__ 

radiation balance at the soil surf~ce and, cons~uently. the heat transfer 
into and out of the soil. Slope and orientation of the soil surface also 
influence the solar energy input. Other factors deterai ning aulch efficacy 
are stHpness and length of slope. soil texture and depth. rate of application 
of -,lch. and the weather before. during. and after aulch application. Selec
tion depends upon characteristics of the area to be stabilind and the avail
ability. cost. and properties of the 11Ulch aaterial (Lutton. Regan. and Jones. 
1979). Several of the aore CoalM>n and effKtive 1tUlches and their applications 
are listed in Tables 4-33 and 4-34 (Lee et al .• 1984). 

4.9.4. 5 Organic Mulches 

Mulches of organic aaterials SL'Ch as strav. hay. woodchips. wood fiber. 
and other conventional short-tera aaterials are the aost popular .eans of 
providing short-tera soil stabilization. Mulch is used in the establi!hment 
of a vegetative ground cover to protect the seedbed froa excessive erosion 
prior to geraination of the seeds and until the ne-., vegetation is sufficiently 
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TABLE 4-34 

IIJl.Ot ANCHORING GUIDE 

Anchoring f'ethod 
or fllter11l 

"'lch netting 

Soil 1nd stones 

Silt 

• 11EOWI I CAL 

U nd of t\l lch to be Anchored 

Illy or str.iw. pine strlW. 
com stalks 

Illy or strw. shredded su91r 
e1ne. pine strw, coapost, 
IIOOd shlwlngs, tlnb1rll:, com 
stlllts 

Plastic 

Illy or -strw, com stilts 

Asphllt sprty Cmpost, IIOOd chips. ~ 
(eaalsl011) shlwings, hi)' or straw 

Wood c11lulose Hliy or straw 
fiber 

Pict chlin Illy or straw, 111nure CCllpOSt, 
pine strtw 

"'lch anchoring Hay or strw, 111nure, pint 
tool or d1slt straw 
( sauoth or notched) 

Olaic1l Illy or straw 

Sheepsfoot roller Illy, strtw, 111nure, corn 
or pecur sults 

How to Apply 

After •lcht119, dtvtde a~s tnto blocks appro. 1 sq. 
yd. tn size. Drive 4-6 pegs per block to wtthtn 2• to 
3• of soil · surface. Secvre nilch to surface by 
stretching twine betwffn pegs tn crisscross pattern on 
each block. Secvre twine around each peg with tw or 
aore turns. Drive pegs flush wtth sotl where aowtng 
and 111inten1nce ts planned. 

Stlple with ltghblelght paper, jute, IIOOd fiber, or 
pl1sttc nettt'lgs to soil surface according to 111nuf1c
turer's rec_~ndattons. 

Plow I single furrow along edge of area to be covered 
with plastic, fold about 6• of plastic into the furrow 
and plow furrow sl tee hick over plastic. Use stones to 
hold plasttt dOWI 1n other places as Mi!ded. 

Cut a,lch into son surface •,1th squire-edge spade. 
fllltt cuts 1n contour rows sr,1ced 1s• 1pert. 

Apply with sultlble spray equiiaent using the following 
rates: 1sph&lt emulsion 0.04 gallons per sq. yd.; 
liquid 1sph&lt {rapid, aedlua, or slow setting) 0.10 
gallOM per sq. yd. 

Apply with hydroseeder 1aaed1ately after 1Ulchtng. Use 
750 lbs. IIOOd fiber per acre. 

Ust on slopes . steeper thin 3:1. Pull across slopes 
wi th SU 1 tlb 1 I po.,,,er !<JI 1 i-et1 t. 

Apply a.ilch ind pull a a,lch anchoring tool over 11111lch. 
llleft a d1slt (saooth) ts used, ~et in straight position 
and pull across slope with su1tlble power equipment. 
"'1th •terl1l should be •tucked• into son surface 
about J•. 

Apply Terri Tacit II (45 lbs.) or Aerospray 70 
(60 g•l/A.) •ccol"d1ng to Nnuf•ctvrer•s 1nstn,ct1ons. 
Awo1d appl1e1t1on during ratn. A 24-hour curing 
period required and son teaperature higher thin •s•F. 
Pull sheepsfoot rol ~er over the areas after a,lch 1s 
applted. ~n be operated up and down the slope. 
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established. The aulch provides a favorable envir-onaent for seed geraination 
and plant developaent. Mulches can also be used in place of short-tera vege
tative stabilization to protect teaporarily against excessive soil loss prior 
to the preparation of a seedt,ed. 

Water-dispersible aulching 111terials and tacks are used for hydroseeding 
operations. The IIC>St frequently used aulching aaterials (singly or in various 
coabinations) are wood-cellulose fibers; a 50-50 • ix of ground ~print and 
corrugated papers (decontaainated of borates); various powdered gLas; liquid 
styrene-butadiene copolyaer eaulsions; and defibered grass or cereal straws 
(Kay, 1979; U. S. Environaental Protection Agency, 1976). 

In hydroseeding, fertilizers, li• estone, aulch aaterials, and chellical 
tacks and binders aay also be present in the puaped slurry. along with the 
seeds. Cheaical staoilization is disc~ssed in the following section. Coa
parison of certain water-dispersible aulches and stabilizers is shown in 
Table 4-35. Accord!ng to Bradshav and Chadwick (1980) the wood cellulose 
fiber ranks equally to jute netting for soil stabilization and to straw • ulch 
for level of persistence. 

The tena hydroaulching applies only when a water-dispersible • ulch • ate
rial is hydraulically spread onto a cover soil •aterial (Kay, 1978; U. S. En
vironaental Protection Agency, l97E; U. S. Department of Agriculture, Forest 
Service, 1979). Table 4-36 su• aarizes infonaation on hydroseeding and hydro
• ulching experience in the state of California. The cost and effectiveness of 
hydroseeding/hydroaulching varies. Alternative • ethods should be considered, 
since the 11C>st expensive approach is not necessarily the most effective. 
According to Kay (1978) -straw plus tackifier is 110re effective for both ero
sion control and plant establishment than • any of the more expensive treat
• ents" (see Table 4-35). Under soae conditions, having a rough seedbed or 
covering the seed aay be the best approach to establishllent of protective 
vegetation (Kay, 1978). 

The most iaportant consideration for any hydr011ulching material is that it 
• ust stick to the soil and hold the seed on steep slopes against high wind and 
rainfall intensities (Kay. 1978). But it is equally true that these same 
qualities aay prevent the seed from readily falling into natural d~pr~ssions 
(~icrosites) and bec011ing covered with soil, thereby pro110ting a higher stand 
density (Kay, 1978). 

Another proble• arises when the germination of legume seeds is inhibited 
by fertilizers containing moderate to high concentrations of certain soluble 
salts (e.g., aaaoniU11 sulfate and sodii..a nitrate) in the slurry. When the 
fertilizers were 011itted from the slurry the gen11ination of hydroseeded legume 
seeds was excellent (Bradshaw and Chadwick, 1980). 

The problem of seeds failing to fall into • icrosites could best be re
solved by first broadcasting or drilling the seeQ, followed by the application 
of a quality hydroaulch (Kay. 1~78, p. 6). For the problem of fertilizer 
inhibition of leguae seed germination, the recoanended solution was to apply 
the mineral fertilizer three to six weeks after the initial hydroseeding 
(Bradshaw and Chadwick, 1980). Other factors generating concern in 
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TABLE 4-35 
0 

CCXIPARISOH ~ UATER-DISPERSIBLE t1ULCIIES AHO STARILIZfRS FOR UIITIAL LAtlO RfSTORATll'H 
(Modified from Bradshaw and Charlwick, 1980) 

App11ca5ion Soil 
Rate t~hture 

tlater1a1 P bslacre} Pers 1s tcncc Stah111zation Retention tlutr1ent 

Stabilizerlmulches 

Uood cellulose fibre M0-1780 00 
0 0 

(as slurry) 

Sewage sludge 1780-3560 0 00 0 0 
(as slurry) 

Stab11 izers 

Asphalt 670 0 00 0 0 

(as 1 :1 er.tulsion) 

0 00 0 0 

Latex 178 
(as appropriate 
er.iuls1on) 

Alginate or other 
colloidal carbohydrate 
(as emulsion) 

178 00 00 0 0 

Polyvinyl acetate C90 co 00 0 0 

(as 1:5 er.iulsion) 

Styrene hut1adcne -146 00 00 0 0 

(as 1:20 er.iulsion) 

COO high; CX) moderate; 0 low; o nfl 

Tox1ctti 

0 

0 

0 

00 

0 

00 

00 

a Rates can be varied depending on c1rcur.istance-\t111 affect soil \'later capture and retention and seeding 
establishment 
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TAIU 4.J6 

SUIIMT f6 IIO'IIOOS MO COSTS ~ ~lllli MO lfftaOU.Ollllli II CALIFOIIIIA 
(AdlptN ,,_ &17. 1976) 

TrNa.at 

1. ll)drosedt• t or 11,,.iro
•lcat-, (MN • '"°• 
Ultnr) wttll 500 ·111 
.... ,1111,..-. 1.soo ,.1 
wur/lKnS. 

z. ..,.,_1c111., wttll 
1.soo 1,,.... ftbor 
pld M .,,,..tc 91N: 
Cul017 C.trol. 
TffTIUU Ill ttc. 
ph,s s.-..,. 
fttttltnr. 

l. ..,.,_ldll• t wttll 
z.000-1.000 lll/Krw 
IIDOd ft....- 11l•s SNd 
_. ffftlltnr. 

4. S... _. fff'ttl lnr 
llrNdc&st _. e~ 
wtu, soil 11.t foll_. 
wtUI 11,.._ldl of 
.... ft....- u z.000:-
1.000 lll/Krw. 

'"9er-
• 1Mtlclll 
ffOSIOII 
tfftc:t• 

c-u t_,. 

St• t11r effKtt_, to llnldustt., SNd 
..i fmtltnr. lilt_,.. fiber to 11o1• 
SNd 1• plKO or ,rodilQ 1 • 'lldl effec:t. 
s.., •tstrtbottt• _ ..... ~ by t •-
Cl"M* 'IOI- of wUr. 

TIie -,ttlo• of N °")llllc 91,.. will -- 2• 
tlaes t• iir- ft....- lloldt-, 111d 
~,_t• llto•• DNs .. t h1CrMM 11Nf' Of' 
• odl tllff)' cost. 

ProdlicH I trN .,..lcll •fftc:t 111d - ffO- Z•l 
sto• proUCtto•• C-l7 betUr rn11lts 
tllH 1.000 111 ftller Of' fiber pl11s 9l1M. 

'fery efftc:tt.,.. COOlllt ,-es ldY•• t.lc)H of 
SNd ~•~ •• •IC11t119. 

2-) 

(ffKlt,,._ 
-.SI OIi 

,1 ... t 
Hllllltsll-t• 

tsO 

All of Ulo • ..,,_ b"Hi.e-U offtr 011l7 •1•-1 prouctto,i ,,,. w,p.ct of r1tlld~ 111d ... u,. nowt119 _,. 
Ulo S.rfK•• bott 111 1,w ..... frN. 

5. str ... w •:, ~n 
wttll strw 111- o• 
U1o wrfKO It l,000 
lll/Krw _. tlCt.od 
.... hs,llllt -1-
sto•• rarntact 11. 
ttc.). s... ... 
fwttltnr llrNdc&St 
wtUI lij41011111• or 
by MM. 

6. Straw broNclst 4.000 
111/acrw rolled to t•-
corpor1te (,-died) 
uotller 4,000 li. strw 
br-oldust • rol le<I • 
s...:d lad fartlltm. 
Seed - f•rttllz•r 
broedust wltll ll)'drO
SNMr or by ...... 

7. 111111-0Ut Nb (J,,te. 
uetls10f'. etc.). 
Held 111 plKO wttll 
wtrw supln. S... 
111d ftrttl tze IS 1• 
lo. 1. 

a. SNd Uld fmtl tnr 
bro•deut. Of' 11,-0-
•lchH wttll ftbor 
(t.rNt.llt), foll_,. 
by trosto• co• trol 
dlatc1l SO IS pol,
"111171 ICOUte It 6:1 
dtlutto• (6 parU 
,..tar) at 1 000 111 
soltd/1erw l1pproa. 
200 ~1. PYA). 

.:- ... ~ t• u. s. 'ttry effecthe 
IS ~ 111sortler. •lcll; 111d straw foms 
-11 claS to llold - soil. Illy lie 
WNd)' dep .. ,tt., o• straw sourct. lot fOf' 
Cllt slopes stetper t.hall 2:1. Cost -1d 
IIICrMle st911tftc111t17 tf Sl09tt °"" 50 
fNt frua accns. or 1ppltc1tlo• Is ..,..111. 

C- dtfflcvlt fill slopes 1• C.ltfOr11t1 
... ,,, efftett.... lot posstblt Oft • ost CYt 
slopes. 'fery wtedy. Cost -Id tac: .... w 
st911tftc111t17 If sl09tt °"r 50 '"t ,,,. 
KCHS. 

5- are I good •lcll, WNd fNO, ..S.ptN 
to s• 1l1 ,,...,. C... bt lasUlhd ,., 
SNSOII. ClltS or ftl ls. last911tl7. otfft
Clllt to tasull o• roe-, soth. 

"fllry txpnshe, but wtll hold soils alld 
SNd t• so•• .,.,,. dtfftcvlt colldttto• s. 
Illy mtr1ct pet,etr1tto,i of .. i.r tato 
soil. vtll IIOt CII,. btlow ss·,. IIDt 
efftethe o• soils -"tell crtd:. vtll 110t 
01,. below 55.,. lot efftcth• o• soils 
•tell creek. vtll 110t wpport .. 1• 11 or 
ftlltclt traffic. 

11 • • t111Nl, 10 • ucellt• t. 

1-10 650 

1-10 117-1070 

5-7 5-10 2400-2700 

10• 1070-1370 

bls-s seed pln ferttltnr SlS0.00, Hbtr S150/ton. Ecoiogy Co• trol SI.ZS/lb., PYA Sl.00/911, 
1.soo ~1 llydrosNdtr wttJI Z • H cnw SSS.00/llr, hbor Sll/llr, strw SSO/T, strw • ulchtr wttll 
4 ... c ..... $64/llr (appltH Z T/llr) alld Nrtup of Joi for OHrtlffd ( 111Clwd11MJ ~lii• e,1t dtprectlttOII) • 
111d DrOflt. 
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t hydrosNding/hyd....,lchfng procticos .,. u follows (U. S. llepartaent or 
r Agriculture, Forest Service, 1979; Bradshav and Chadlirick, 1980; Kay, 1976 and 

1978): 

• Often .,. expensive and unreli.t>le technique 

• Hydro.lches MY i11prove geraination but do not i11prove stand density 
ca.pared to drilling followd by a,lching 

• Additional nitrogen uy be needed to coapensate for the wide carbon: 
nitrogen ratio of the chosen -,lch uterial 

• Success or failure of hydrosffding aay depend on getting 11 good 
leguae stand; the presence of nitrogen-fixing leguaes is a aust for 
long-tera low-uintenance vegetative covers. 

• Hydroseeding and hydn:..alching should be us~ in special situations 
such as areas that are too iMCcessible or steep for conventional 
seed drills and other equipaent and in those areas where the seed can 
be kept aoist for two to three weeks after seeding. 

• Increas~ rates of application of water, seed, wood fiber, and chetli
cal tack/binder uy lead to prohibitively high costs of erosion 
=~~tro! for son co,·:rs on w.su sites in arid .r.d semiarid N?gic~s. 

• Direct-seeded shrubs and hubaceous plants often do not withstand the 
coapetition froa grasses us~ in the seeding • ixture for erosion 
control during the initial stabilization phase. 

• Scee wood fiber and ~r hydn:..alches aay require •easures to reaove 
boric acid, borate, and othar potential soil sterilants (U. S. 
Departaent of Agriculture, Forest Service. 1979; Bradshaw and 
Chadwick, 1980; Kay, 1978). 

On extreeely acid cover soils the order of 4 to 5 tons per acre of li•e 
aateriM-..is required; about half of this aaount can be appli~ at one ti•e in 

d,tae hydrosffder, aaking it necessary to spread the additional li•e separately 
1Bradshaw and Chadwick, 1980). 

The capacity ranges for hydraulic se-eding/aulching aachines are between 
150 and lSOO gal. Yoh.es of water required per acre also range froa 150 to 
lSOO gal. The aaount of wood fiber requi~ per acre aay range froa 500 to 
3000 lb. Recently, Kay (1978) has report~ that the effectiveness of wood
fiber aulch in controlling erosion and enhancing plant establishaent was 
doubl~ when the wood-fiber application rate was 3000 lb/acre. coapared to 
conditions where the seed and fertilizer were broadcast and then covered with 
soi 1 in the absence of wooJ-fiber aulch. The approxiute cost of the latter 
treat• ent was $320 per acre, while the addition of the wood froe hydroeulch 
treataent raised the cost to $865 per acre (see Table 4-36). However, it was 
shown that the pregenai nation erosion contra l effectiveness was increased 
threefold by use of wood-fiber Milch. 
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4.9.4.6 Cheaical Mulches and Stabilizers 

Soae treatllents include the use of short-tera erosion-control chetlical 
binders and tacks in cOllbination with conventional • ulches and water
dispersible • •Jlches (Kay. 1976). Current inforaation on the cost-effectiveness 
of chetlical tacks and binders under a wide range of environaental settings is 
li• ited. General inforaation on chetlical binders and tacks is given in 
Tables 4-37 and 4-~. 

Cheaical • ulches should be used alone only when there is no other aulching 
aaterial. when they are used in conjunction with te• porary seeding during 
periods when • ulch is not required, or where waste-site covering operations 
occur when seeding cannot be done (Clar et al •• 1981). At other ti• es chellical 
tacks and binders may be used on any exposed area which is being stabilized. 
within peraissible li• fts. The cheaical binders aay be used in arid regions 
and on droughty soils. but their effectiveness in lowering soil-aoisture 
evaporation rates is less than that for conventional organic •ulches. Cheaical 
binders are, however, excellent for short-tera binding/tacking of conventional 
organic • ulches. All cheaical binder applications must be inspected, and 
reapplied if necessary, periodically up to 60 to 90 days or until the plantings 
have becoae fir• ly established. This is particularly necessary after rain
stonas that aay have dislodged the chemical • ulch (Clar ~t al . , 1981). 

Cheaica1 soil stabilizers are designed to coat and penetrate the soil 
surface and b~~1 th- :~~, ~?rticles tog~ther. Th•v ~re used to protect bare 
soil slopes, not subject to traffic. fr011 wind anu water erosion du, ;,lg teapo
rary establishment of a seedbed. Chemical stabilizers are used in lieu of and 
in conjunction with teaporary mulch material to provide mulch tack and soil 
binder. Cheaical stabilizers can be applied only to a very finely prepared 
seedbed. Soil aoisture. te• perature, and texture influence the success of the 
application. Their li• ited applicability and high cost makes them undesirable 
except where absolutely necessary. It is recoa1ended that chemical soil 
stabilizers be tested on s• all, representative plots of ground before deciding 
to use thea extensively. As a general ru~e. chemic~l stabilizers do not 
provide protection for as long a period of time as straw, hay. and othe~ 
organic aulches.-

4. 9.4.7 Honbiodegradable Mulches 

Mulches aade of nonbiodegradable aaterial, such as fiberglass and various 
plastics. protect seedbeds during tha critical germination and early plant 
developaent period, and act as reinforcement following establishment of the 
vegetative cover. These aaterials include nettings and loose. stringy products 
that can becoae securely erweshed in the vegetation at the ground surface and 
in the root• at. Also see -erosion-control fabrics" in the next paragraph. 
Proper installation by experienced personnel is vital to the success of these 
• easures. Light applications of crushed stone or gravel can also serve as a 
long-tena aulch. Table 4-39 contains infor•ation on specific long-term 
•ulches. 

4-132 



... -.,_ 

-,._ 

-.,_ 

---
--
_,. _, .. 
... , 
,.._ .. 

--
.... ..,n lttrt -

TAIII.£ 1-)7 

SU1'U'f f6 CIIO"IC». •lll'US All> TACtS 
(U .... ':ll'linMrteWUI Pnlt«tto-1 ~1• llctot'"!r 1'17~) 

-... .............. , ... -...... . ........ ...... ................ 
.............. ,w. ..................... ..... , ... 
.............. . i. ......... 
•llhil ...a .... ._, • . 

............ , .. ..... 
,-.. . ... ,i.---1 • . 

.,,u ... ,- ..,.__, ....................... ..... .. , ....... , .... . ...... ....... -.,., .... ... ... .. ,. 
............... ..... , ...... . , ............ ,, .... ... 
..... a ... ~ .... ....,, • 

............ ..... ,_,,_ 
. . ... . ... -4 , ... -- .. 
-..1 .... , ............ . 

.............. _._...,, ... .................. ~ 
_,. ••nt11 ...... "-..,.,w,1.,,_........, •. 

..... , ...... . .. ..... , : ....... ... 
-.. ... c.......,.c._.... 
, ......... 0.-tc•le .. 

"1 ............ .. ..... ............. , .. 
--.-..c.--wc....,.. 
, ....... , •• n.. .... , .... 

Pl•tM• h•hl• .......... ~ ,~,. 
--•M• ,._..,. <-..
••._.. .... , 0--M•I • -4 ··-·"'· " ... ... ...... '9-..,.. ... ,:--.-. 

""- ~·- c....,... ...... 
1-.;• ,_,, .,. .. ...._. 
........ r.: tt ... a.. ._._, 

.............. !. . ..... .......... - - ...... --···- .._ .. , c....,.... .. , .. 

.... , ...... ....... ..... .... . ...... ......... . ,_ , ....... :e:- :--- ..... . ......... ......_... ...,_,._.. .. _ ... ........ .. ... ....................... 

.............. 1 •• • , ,,. _ .. ._... .. - -...,, .... ,.- ..._ ..... , ...... ., , .. 

....... -.c-...k ,...,. . .-.•• l•t-. ..,_, ..... , . ~ : ,.._, , L..te .1' : •:e- ._.,,.. .......... -........, ... -,.. ... , ... ,, .... --... ,... ... .............. ;., ......... . .. .... ,. . ........... . ..... ............. ,.,..... .. ........... ---·· ........... -••'--· ................... . .... _ .. _ ......,.. .. _.,_ 

...,,_,.! . . ..... . 
-... ......... , .. _,.. .....,__...._ ,,.,__ , .. , ... 
., ... tf .. W Mnlt• lt .... _,,, -., fl ... ._ .. 
....... ...11-'•ttll ........ , . 

....... ...... .... .. .....__. .. ---··· .. -.,, .. .......................... ... ........... "'" ... ...... .. -.... -··-- .................... .. NJ...... . ..... . 
"-" 11.,...•••••• lt•l4 ............ . ..., --, f•ril• ,._,. ........ . ......... -.... , ...... . 
.................. ,. 
._ ...... ...... , .. ..,,-...,, .. .. .. .,..,_ 

,...r.,_ 

hi- Cer11ot• , ....,... .. ..,. 
0-.keh ... '1-t k• 
: .. , .... ....-.. 
"- ,.-. • • '- "-• IOl l 1 

ft,,_~·•• < ...... c,...,e,_, __ .............. . 

.._. •• , .. u, .. . 

.. ..... :-,u., ... u,, .. 
, • • - ... u •• , ~ ... . ... r.,,.,.., •.• . -... ,..., _. . .,. 
n..,._ c- ... , .. . ,c....,.., ................ ..,._, 

"•1 11,-. ' ''"' ... ,......, ~.,.,,.... ..... 
, ................ ...... ..... ,_ 

... ,,-111 •. 4' ..... . .... , .................. ......._.. ... _ ._.... t.. ... c..--•• , .. . ,_.. ................ . ..... ~....... ....... ....... ,. "· .... ~ 
~ • • fM hnalt ... • Pl•l-,1•11• ._ Je•..,. O~I 

.................. .._, . ,, .... , __ ........ 

.. _. ... ,._. .. ,11 

- 1~ .. ,. 

.... , .... ,.ta, ............. '" _ .. _,. •-- ....._ 

...... ,..,_.., ... ,•nl• ..................... , ...... ....... , ...... ---·-
...,.C tat .._. ......... . 
•- •-. .... _,. f ff'II • 
u -. ....... -, .. . 

...... ............ ...... , ........ .... ····- ... .. ~... ....... ....a. ., ................ . 

4-133 

' · , . ~ ... , c...,.... 
J1-:e ~· , ...... 

---..., ... ._ '"' in" 

..,_ .,._., _ _ r.,..,..,._. 
S..Jff• ........... , .... . 
S.t" ... 1. •1...,..e \'UII 

, . .... , .. 
,,-~' .. : 



... 

Aer....,., n .,...,. 
._.u•• 

c.r ... 1 AN 

DCA-70 

Terr• Tack 

TMU 4-ll 

a,f\lCATJGI MTIS FOi S(LfCltD IIICIEIS AND TACltS 
(Clar et al .• 1,e1) 

1 • S~IJ IIICII""• e&pOMd SICJCIH • I ~I/ 
100 ftl • c...c: ... trauct 

l • SeeeeC1 • J0-45 ... (C'>ftCenlrate) Pff KN In 
•t1•U• ratlM ••rJh'I up to 10 parts ,..ter 
te 1 ,.ri ~•cal . 

0. 1ie.11 IIICllftlfCI. •IIPOMd s le111e1 • 0 . 5 to 1. 5 
.. ,lydl ef • bi.we. IUatur. can hue rat 101 
rMgl"I froa 7 to 20 parts ,..ter. 

"1•l- - 5.5 parU ,..ter to 1 part ~lain . 
....... l .. tel1 l gal10M ~tatn. plus ,..qulnd 
... Let'. Pff 1000 aquAre fNt of surface area 11 
-111 req,alred for eon 10ll surfaces. 

flat At-Ms - lO gallOM to 1000 gallon, -.ater for 
•ill Mih. 2000 0-1 • dry Mih. 

l:1 • Z:1 S1fu' • 40-55 gallon, to 1000 gallon, 
.. Let' tor • 1t IOI h. 2000 gal • dry soi h. 

1. 5: 1 S192!! - 55-65 ga110ftl to 1000 gallon, -.ater 
tor •ill IOI h. 2000 gal • dry sot h . 

S-.IH afld 0ltchH • 90-100 gallons to 1000 gal
,_ ,..ter for •ht IOI h, 2000 ga 1 • dry sot h. 

for Str.., Nulcll Tack - 30-45 gallon, to l!>O to 300 
oallOftl -.ater with NIICII bl-r, 300-500 gallons 
""Let' wiUI hydrosNder, per acre. 

for "!Y Nulcll TKk • Z0-30 gallons to 1!>0-300 gal· 
Ions ,..tar vitl'I -lcll bl-r, 300-500 gallons 
,..t,er wlUI hydrosNdlr, per KN. 

Soil St.blllzer - 1:1 ratio witll 0. 5 or • ore gal· 
lOM per SQIMIN yard. 

0-lcal Nulcll - 1 pa~ to ZO part, ... ter. 0.5 
oa lions per sQIMlre yard - per• • soi ls. 

Tack • 1 part to 10-ZO pa~s ... tar. disperse 330-
m-gallons of solution per acre depending on 
strefl9tll, eacll Kre shOuld hawe 30-45 gallons of 
COftC..,tratA. 

Nu1cll - Spray rate - 0.15 - 0.30 gallons per 
.-,... yard 

~ • Spray ratA - 0. 1 gallon per square yard 

Spray nta -,hlfled • 0 . 04 gallon, per squa" 
yard 

On S~1? Inc11Md, Expos.cl Sl~s • 1.5 to Z.0 
gal/ o • ixture. · Mhwre us~ly ranges froa 
5 to 10 parts ... tar for every part ctMalc•l . 

H1Qtliy Varlllll• - depends on different soil tex· 
tures, desind penetrations, and intended usages. 
In general, tlle gre.-ter tlle dilution ratio, the 
dff1)er tlle penetratiOft and tlle veaker tlle binding 
stntnglll for. glftt'I IOil coflditlon. Specfffc 
.-pplications and cot fo~lu and .-graplls are 
fumhhed by tlle -fac:turer. 

Stabilizer• wt - !>O lbs In 2000 g.-llons ... ter 
witll sffd per acre. Dry • 86 lbs per acre with 
sffd 

Mulch TKk - long fiber -..Jches - 1: lO • Ix ratio -
apply lOOO g.-1 per K"· Short fiber aulchu • 
1:40 • ix ratio - ~ly 2000 ~1 per ac". 
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TABLE 4-39 

GUIDE TO LONG-TERM NONBIOOEGRAOASLE MUL~ES~ 

Mulch Materials Application Rates 

Crushed stone 6 to 10• thick 
(including 
11•stone) 

Gravel 

Slag 

fiberglass 

Enltaut. Geofab 
and related 
synthetic 
fabrics 

Riprap 

6 to 10• thick 

4 to &• thick 

Blanket should 
COlll)letely cover 
the disturbed 
area 
Strands applied 
at a rate of 850 
to 1.100 lb/acre 

Use available 
sheet widths and.. 
contro 11 ed size 
openings. Place 
a 3-in. layer of 
sand having wide 
gradation of ~r
Ucle sizes on 
top of fabric 
prior to use of 
riprap 
Use when overland 
flow rate of 
water exceeds 
10 ft/sec 

Most durable (especially granite). use on 
cover soils prone to slipping. frost 
heaving. -and s...,. 
Li•stone on acid areas wil 1 not lut as 
long as other Mtarials 
Use on gentle slopes and fl.at a.-.as only. 
s~ge of water. and frost hHving 

By-product of st.el blast furnace. uses 
si• ilar to crushed stone and gravel 
Do not use with certain filter fabric 
(Filtar-x. etc.) 

Use without additional • ulch 

Use only on li• ited critical areas 
because of cost 

Applied as a Mt or blanket or in long 
strands 
Blanket for• should be stapled 
Long strands applied by COlll)ressed air 
spraying 
Erosion froa benuth MY be a probl• 
wi~"'i blanket 
Fabrics • ust be pl&c:ed in intiMte con
.tact with underlying soil. On fill 
s i us. co• pac:t the soil to 901 of the 
standard Proctor density before placing 
the fabric. 

Riprap is placed on top of the underlying 
layer of Hnd which covers the synthetic 
fabric. The ex.ct sand layer thickness 
has not been detar• ined, but it -,st be 
placed beblffn the fabric and the riprap. 

afroa Nolan et al •• 1976 and 1978; cited in LN et al •• 1984. 
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4.9.4.8 Erosion-Control Fabrics 

Erosion-control fabrics consist of synthetic fabric aatting that can be 
used as a replKeMnt for concrete, asphalt, and rock riprap. See also the 
discussion of •geotextiles• in section 3.4.3.6. Erosion-c~ntrol fabrics allow 
the esi.lishllent and aaintenance of vegetation where nonvegetative stabiliza
tion alone wuld be Nsthetically unpleasing. Seed is sown intc the aaterial 
and grass grovs through it and eventually covers it. See Figure 4-38 and also 
detail drwings in Appendix a. •case Histories.• Soil and sediaent particles 
are held by the fil-nts of the aat. Installation and aaintenance of these 
uterials can be less expensive than the use of conventional aaterials. 

FIGURE 4-38 

•ENKAMAT• INSTALLED ON SLOPES 

4 ------~~D3tl~ 
3 

2---lYI 

,-.z::r,,..,, 

1 = Subsoil 
2 = Eokaaat 
3 = Sedimentation 
4 = Grass Area 

ClaillS have been aade that these aats are effective on slopes up to 1:1 
over a wide range of soil conditions; have successfully withstood 14 in. of 
rain during the first aonth after installation; and have stabilized both 
natural and artificially coapacted soils. Manufacturers say these materials 
are thoroughly coapatible with all grass varieties and other types of vege
tation. •En1taaat• is the trade naae of one soil reinforcentent material 
(Figure 4-38). Ir, sandy soils, an underlay of filter fabric should be used. 

Current thinkir.g holds that fabric aats are especially useful on limited 
and highly critical areas because of high installation costs. These areas 
include steep slopes and areas of high wind velocities. Disadvantages other 
than expense include (U. S. Departaent of Agriculture, Forest Service, 1979): 

• High labor costs for pinning and anchoring the fabrics 

• Erosion froa beneath 

• General ineffectiveness on rocky areas and rough surfaces 
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Folyester fabric aats (nonwove~) should be installed fn accordance with 
the aanufacturer's specifications. Staples or ground fasteners aay consist of 
plain iron wire (No. 8-11 gauge); broad wire U-staple; narrow wire V-staple; 
T-staple; and narrow, triangular wood survey stakes. Stake lengths aay range 
fro:i 12 to 18 1n. ~£pending on ti"" ex~ccted load uxiu. Staples should be 
placed down the aat centers at 3-ft intervals. Prior to installation of the 
fabric aats one •ust: 

• Shape and grade the slope. or other area to be protected, as required 

• Re• ove all rocks. clods, or debris larger than 2 in. in diametP.r that 
will prevent contact between t~e net and the soil surface 

• When open-weave nets are used, lime, fertilizer, and seed 111ay be 
applied either before or after laying the net. When nonwoven matting 
is used, apply the soil amendments and seed before the matting is 
laid (Clar et al. 1 1981). Traffic patterns should te across the 
slope to mini~ize the initiation of rills. 

4.9.4.9 Vegetative Maintenance 

Proper management and maintenance of the vegetative cover at a waste site 
are vital to maintaining its stability. There arc essentially two managemen~ 
strategies that can be employed at a successfully covered waste site. The 
more costly management strategy is the conventional maintenance practice 
(Lutton, Regan, and Jones, 1979) . 

Once the selected vegetation is established on the landfill, at least a 
minimua amount of maintenance is necessary to keep less desirable, native 
species fr011 taking over any weak areas in the cover. In aost areas judicious, 
occasional mowing will keep down weed and brush species. Mowing should not 
be done indiscri•inately 1 however. The blades of •owing •achines •ay cut into 
local high spots. leaving them devoid of· vegetation (Hei• and Machalinski, 
1980), and the tires of mowing tractors may cause ruts to fon1. Traffic pat
terns should be varied to avoid this . Annual fertilization (and liming if 
necessary) will generally allow desirable species to out-coapete the lower
qual~ty weedy species. Occasional use of selective herbicides usually con
trols noxious invaders, but care • ust be taken to avoid injuring or weakening 
the desirable species, lest more hara than benefit result in the long run. 
In rare circu• stances, large insect populations aay threaten the stand of 
vegetation so tha~ insecticide application becoaes desirable. 

The other • anagement strategy strives for a self-sustaining vegetative 
cover consisting of grass-legume • ixtures with periodic liae 1 phosphorus and 
potassium fertilizer applications as necessary to aaintain a •ini- vegetative 
cover to control erosion. Under this aanageaent strategy, natural plant suc
cession will proceed and invasion of the site by shrubs and trees aay occur. 
Control measures to li•it the establishaent and growth of deep-rooted shrubs 
and trees should be iaple• ented 1 if required. Mowing twice a year or the use 
of herbicides to kill undesirable shrub and tree species should be considered. 
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Grazing is a possible alternative to IIO"fing. Tests can be perforaed on 
the grasses to insure that they are free of toxic substances. Grazing coabines 
the benefits of keeping the grasses short, returning nutrients to the soil 
through aniaal wastes, and putting the land to econ011i c use. Should t~sts 
reveal conta.aioation of the ~ras:, of course, grazing should be iaaediately 
terainated. 

A refertilization and reli• ing progra• • ay have to be established to 
ensure that the site receives sufficient nutrients to sustain the established 
vegetation, particularly for doaestic grasses and l~guaes. In general, the 
fertilizer requireaents of native species would be lower than that for doaestic 
~rasses and forbs. 

The •ost coaaon • ethods used to detenaine refertilization/reli• ing needs 
are soil tests, tissue tests, and observing deficiency sympt011s. Soil tests 
are an i• portant • ethod for identifying nutrient deficiencies, with the excep
tion of nitrogen, which is best detected by onsite observations or tissue 
tests. When using soil analysis for li• e and fertilizer requireaents, rely on 
qualified suggestions of State soil testing labs or coaercial labs; and 
follow recoaaended procedures for soil saapling (U. S. Department of Agricul
ture, Forest Service, 1979). 

Weeds • ay have to be reaoved froa a cover systet11 for a variety of reasons. 
They aay present a fire hazard, esp~cially along ro~ds; they aay be aestheti
cally displeasing; they aay be noxious, or provide too • uch coapetition with 
desired plants. Both • echanical and cheaical aeans can be employed. In 
general, chellical • eans should be used only in highly selective situations 
such as for control of noxiou~ weeds (U. S. Departaent of Agriculture, Forest 
Service, 1979). 

The use of insecticides aay need to b~ considered. Before • aking any 
atteapt to control in~ects, you should know (1) ttK naae of the insect you 
want to control; (2) the dangers of using chemicals to control insects; and 
(3) whether the han1 caused by the insects is suff~cient to warrant use of an 
insecticide (U. S. De,partaent of Agriculture, Forest Service, 1979). 

4.9.5 Nonvegetative Measures 

4.9.5.1 Stone Stabilization 

Heavy applications of crushed stone, gravel, or slag can be used to stabi
lize highly toxic surfaces, or excessively wet seepage areas on slopes. 
Crushed stone or gravel • ulches retain their effecti veness indefinitely if 
properly applied and protected fr011 coapacting traff ic. Sediment reduction is 
estiuted at 70 to 90 percent, a.-xt nutrient runoff reduction at 50 to 
70 percent. Stones 0.5 in. or greater in diaaeter will prot~ct against rain 
splash and sheet flow and can withstand wind velocities up to 85 • ph (U. S. 
Departaent of Defense, no date). 
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In certain areas of dry climate and abundant gravel, for example the 
Sacraaento Valley of California, it may be feasible to construct the entire 
surface layer of gravel. Such a surface would be highly erosion-resistant. 
It would be highly pervious. but so long as the barrier and drainage layers of 
the cover system (discussed previously) were properly designed and built, the 
systea should function effectively. The site would be less aesthetically 
pleasing than a vegetated site, but it would be relatively maintenance-free. 

4.9.5.2 Soil-Cement 

Soil-ceaent has been discussed in Chapter 3 under nonsoil materials usable 
in cover systeas, and its use is discussed in detail below in sections dealing 
with barrier and foundation layers. It may be mentioned here that the surface 
layer could be constructed of soil-cement. Soil-cement is a relatively imper
vious, rigid aaterial, and the saaie cauticns stated elsewhere in this Handbook 
as to the risk of cracking would apply. A soil-cement surfac~ layer would be 
relatively aaintenance-free except for repairing cracks. These should be 

TABLE 4-40 

MAINTENANCE PRACTICES FOR SURFACE STABILIZATION MEASURESa 

Practice 

Conventional aulches 
(biodegradable) 

Cheaical stabilizers/tacks 

Nonbiodegradable aulches 
and fabrics 

Stone surfacing 

Soil reinforceaent 
aaterials and erosion 
control fabrics 

Channe 1 stabi 1i zation 

aFroa Lee et al., 1984 

Maintenance Procedures 

Inspect periodically 
Remulch bare spots during design life 

Inspect periodically 
Reapply to bare spots during design life 

Inspect periodically 
Reapply where necessary 
Fiberglass and plastic mats should be 

checked for erosion underneath the 
blanket 

Inspect periodically 
Reapply where necessary 
Inspect after each ston.i until vegetation 

has been established and look for under
cutting of material 

Periodic inspection after vegetation has 
been established 

Periodic inspection and repair according 
to SCS standards and specifications for 
each practice 
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anticipated, however, and a regular inspection program should be followed . 
• Soil-cement will not support vegetation, and a soil-cement surface could be 

aesthetically inferior to a vegetated surface. Also, small cracks in a soil
cement surface woulj tend to be rapidly colonized by clumpy vegetation, which 
would have to be killed by herbicides before it extended its roots and dis
rupted the cover layer. 

4.9.6 Maintenance of Stabilization Measures 

Proper maintenance of any stabilization practice is essential for its 
continued effectiveness. Table 4-40 lists maintenance practices for nonvege
tative measures. Judgmen~ is required in applying various chemical stabilizers 
and fabric mats because their high cost dictates that their use be limited to 
small areas of critical and sensitive waste sites . 

4. 10 Surface Water Management 

4.10.1 General 

Surface-water management refers to all features concerned with the manage
aient or control of runoff . Runoff is affected by : 

• Surface slope 

• Length of slope 

• Uniformity of slope 

• Drainage pattern 

• Type and density of vegetation 

• Soil texture 

• Erosion resistance of soil 

• Engineered ditches, diversions, and structures 

Two obvious factors affecting the rate and amount of runoff are the sur
face's slope and the length of uninterrupted slope. As the slope angle in
creases, so does the potential velocity of runoff. The point where the soil 
begins to erode is generally a function of the type of soil and the type and 
density of vegetation. Also, as the length of slope (per given width of 
slope) is increased, the larger the area receiving precipitation becomes. 
This larger area h3s the effect of increasing the amount of runoff to be 
handled, as well as increasing the contact time between the runoff and the 
cover's surface. 
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Another factor having a direct i111pact upon runoff is the unifonaity of the 
slope. Naturally occurring discontinuities in a site's surface such as gul
lies, .. hollows, dips, and cracks generally will slow down the rate of runoff 
and can cause runoff to collect and pond. The latter effect is of concern as 
it fonas w~t spots, which are prime sources of infiltrating water. Generally 
a good preconstruction practice is to grade the site to a unifona slope. 

Other factors that •ust be considered in the site's surface-water
aanageaent plan are the site's drainage patterns (natural and engineered), the 
type 1nd density of vegetation at the site, and texture and erosion resistance 
of the soil at the surface. Each of these factors has an influence on the 
balance between infiltration and runoff. 

The designer must first consider the extent to which natural topography 
and surface conditions can be utilized. As a rule, it is desirable to avoid 
extretie grade aodifications wherever possible. Therefore, the designer should 
aake changes in the existing topography only with care; however, the designer 

, • ust recognize existinJ or potential problems. These problems include severe 
erosion of the surface soil due to too steep a slope, surface cracks which 

Lt', allow runoff to enter the subsoil or aid in creating gullies and rills, and 
conditions which would lead to the destabilization of collapsible soils (such 
as loess) or soils susceptible to piping (dispersive soils). 

.... 

4.10.2 Surface Water Management Program (S""1P) 

Runoff as a CQIIPOnent of the water balance was discussed in section 4.2. 
The goal of the SwMP is to handle the runoff in a controlled fashion; that is, 
to conduct it off the site in such a way that it does not erode the cover 
system . 

Four good sources of information for S""1P design, from which much of the 
material here was drawn, are: 

a. Lee et al. (1984), "Restoration of Problem Soil Materials at Corps of 
Engineers Construction Sites. 11 

b. Lutton, Regan, and Jones (1979), "Design and Construction of Covers 
for Solid Waste Landfills." 

c. JRB Associates, Inc. (1982), "Handbook. for Re:nedial Actions at Waste 
Disposal Sites.u 

d. Chow (1959), '.'Open Channel Hydraulics. 11 

In addition, the cover designer will fund abund~nt information on riprap chan
nel linings in Anderson, Paintal, and Davenport {1970), and extensive research 
data on erosion resistance of grass-lined channels in Ree and Palmer (1949). 

It should be clearly understood that ·the S""1P is critical and unique in 
one respect. Together with the vegetative layer, it is the only part of the 
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cover system that is directly affected by emergency weather conditions (violent 
storms). As explained in section 4.2, the possible infiltration rate into any 
soil has a aaximum value, and subsurface flows higher than this are impossible. 
On °the other hand, there is no precise limit to the amounts of water that the 
SWMP aay s011etimes be called upon to handle. For this reason the designer 
should exercise the utmost diligence to insure that both the capacity and the 
durability of the Sw'HP are satisfactory to meet their expected de!Mnds. 

Eleeents of the SWHP will generally fall into the following categories: 

• Land grading 

• Waterways 

• Diversion structures 

• Check daais 

• Outlet structures 

Examples of SWHP elements aaay be found in the Case Histories in Appendix B. 

4.10.2.1 Land Grading 

Land grading is the reshaping of a site's existing tcpography in order to 
aaxi• ize nonerosive runoff an~ pr0110te the establishment of vegetation. Gen
erally, land grading involves cut-and-fill operations to establish the site's 
preoperational or closure topography. Reverse-slope benches {Figure 4-39) are 
also utilized to help stabilize and protect slopes and disturbed areas . 

FIGURE 4-39 

SLOPE WITH REVERSE-SLOPE BENCH 

Ditch o, o ..... ro dWfft 

- ' .,,,_ flow 

--~. > 

c,-,.. 1-2$ 

(U. S. Depart• ent of Agricult•Jre, Soi 1 Conservat fon Service, 1975) 
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This grading or "contouring" is carried out in accordance with a plan 
based on an engineering survey and layout. This plan is based on topographic 
surveys and soil investigations which outline the parameters within which the 
contouring operation must operate. These investigations should outline condi
tions relating to slope stability, drainage patterns, the SWMP's effect on 
adjacent property, and requirements for drainage and water removal . 

Haxiaua overland flow distances should be controlled as shown in Fig-
ure 4-40. Land-grading design criteria and considerations are presented in 
Table 4-~l. Table 4-42 outlines items that bear consideration when preparing 
construction specifications for land-grading . Serrated cut slopes should be 
constructed in accordance with Figure 4-41. 

Slope 
djstance 

I 

FIGURE 4-40 

HAXIHUH ALLOWABLE OVERLAND FLOW DISTANCE 

c;(..,.x} • lS(X} 

A • X(l5-Y} 

ovcrl.nd flo,, djstance 

-• - ................ .. : · 

15' max. 

-

The maxi.mm total horizonul overland-flow-plus-slope dis
uncc (B) should not exceed 15 t~s the side slope (X) of 
th~ cut or fill slope. Haximua allowable overland flow¼ 
distance (in feet) to the top of the slope with DO diversion 
of surface water is deteraincd by use of the foraula A= X(lS-Y), 

where: 

A= &xi.am overland flov disunce in feet to slope crest. 
B = Haxi.aua horizontal disunce in feet (not to exceed 

l5X). 
X = Side slope; horizooul distance in feet to 1 foot vertical 
Y = Vertical interval; height of cut/fill slope in feet aea-

1ured vertically fr011 bott011 elevation of slope to slope 
crest. 

•Ir max1J11W11 allowable ov~rland flov is exceeded, surfa~e 
vater should be diverted froa the slope face and carried to 
a stable outlet, or conveved downslope vith a designed 
structure. 

(U.S. Department of Agriculture, 1975) 
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TAIILE 4-41 

LAND liltADIIIG DESIGN CRITEltlA AND CONSIDERATIONS 

a. Prwtsions (such IS wterwys. c!hersions. and outltt strvcturu) should 
be lllde to conduct surf1ca rvnoff safely to stora drains. protected out
lets. or stable wtar courses to insure that surface runoff will not 
dalge slopes or other graded areas. 

b. Cut Ind f111 slopes should not be steeper thin 2:1. Where the slope 1s to 
be aowed. the slope should not be steeper thin 3:1 (4:1 1s prefel'T'ed be
cause of safety factors rel1tad to mwing steep slopes). 

c. llr,erse-slope benches or diYersions should be provided """"'er the verti
cal t11tan1l (height) of 111y 2:1 through 5:1 slope exceeds 15 ft 
( Ftgure 4-39) • 

d. The following 1ppltes to re-,erse-slope benches (Ftgure 4-39). 

1. Benches should be loc1tad so IS to dhtde the slope flee u equally 
IS possible and sholold convey the 111tar to , stable outlet. Soils. 
seeps. roclr. outcrops. etc •• should also be taken tnto constder1tto11 
wn destgning benches. 

2. Benches should be wide enough to 1cc~ta the construction equtp
aent tn use and provide for e1Se of •tntenlnce. 

3. Benches should be destgntd with I reverse slope of 5:1 or flatter to 
the toe of the upper slope and with 1 • tnt- of 1 ft tn depth. 
Bench grldtet1t to the outlet should be betwen l and Z percent. 

4. The flow length within I bench should not ucf'"!d 800 ft unless 1ccoa
panted by 1pproprt1te destgn and ccaputattons. 

e. Surface 1Mter should be dhertad frta the f1c1 of 111 cut •~/or ftl l 
slopes by tnt use of dherstons. ditches. and s-ales or conveyed downslope 
by the use of I destgntd structure. except llltltrt: 

1. -:lit length of owerhnd flow ( 111 feet) to the crest of the .; lope 
(Figure 4-40) does not exceed Ula distinct •A• for 111y cc-,t111tton of 
stde slopes and v1rttc1l tnt1n1ls. 

2. The f4c1 of the slope ts st1btltzed and the face of 111 graded slopes 
ts pro~ected frca surface rvnoff unttl they are stlbtlhed. __ 

3. The face of the slope ts not subjected to any concentrated nows of 
surlKt wtar frca natural dr1t11191N1ys. graded s..les. dowlspouts. 
etc. 

f. Serrated cvt slopes should be c~structed so IS to f1ctlttat1 long-luting 
vegetative stabtltutton. These serrations should be Nde tn rtppablt 
roclr. with connnttonal equii-ent IS the uc1vatton 1s •de. Eich step or 
serrate shill be constructed on the contcur and vtll have steps cut at 
-11111 2-ft inta"1ls with no• inal 3-ft horizontal shelves. ThHe steps 
vt-11 vary depending on the slope ratio of the cut slope. The noraal slope 
11111 ts l.SH:lY. ThHe steps will Wither Ind act to hold -,1stur1. 11• 

_ud fertilizer. and seed. and to produce 1 •:h qutclr.er and longer lhed 
,egetlth• cover and slope stabtl tutiOft. OYerhnd flow 1s dherted frta 
the top of 111 serrated cut slOl)H and 1s carried to I sut table outlet 
(Figure 4-41). 

g. Slopes should not be creatad so close to pn,perty 1 tnes as to endanger 
ldjotning properties without •d~tely protecting such properties 191tnst 
eroston. sltppage. settleaent. subsidence. or other related dMlges. 
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TABLE 4-42 

GUIDANCE FOR GRADING CONSTRUCTION SPECIFICATIONS 

1. All graded or disturbed areas including slopes should be protKt~ during 
clearing and construction in accor'Qnc• with the 3Pproved s~iaent con
trol plan until they are peraanently stabilized. 

2. All s~iaent contrnl practices and aeasures should be construct~. 
appli~. and aaintaiMd in accordance with the approv~ sediaent control 
plan. 

3. Topsoil required tor the establishaent of vegetation should be stockpiled 
in aaount necessary to co• plete finished grading. of all expos~ areas. 

4. Areas to be filled should be cleared, grubbed, and stripped of topsoil to 
reaove trees, vegetat;on, roots, or other objectionable aaterial. 

S. Areas where topsoil is to be placed should be scarified to a • ini• ua depth 
of 3 in. prior to plac..-.nt of topsoil. 

6. All fills should be co• pacted as required to reduce erosion, slippage, 
settleaent, subsidenc~. or other related problet1s. 

7. All fill should be placed and co• pacted in layers. Loose lift thickness 
should not exceed 8 in. in thickness (aay vary with ~ize of co• pactor). 

8. Fill aaterial should be free of brush, rubbish, rocks, logs, stUIIPS, 
building debris, and other objectionable aaterial that would interfere 
with or prevent construction of satisfactory fills. 

9. Frozen aaterials or soft, • ucky, or highly coapressible •aterials should 
no~_!>~ incorporated into fills. 

10. Fill should not be placed on a frozen foundation. 

11. All benches should be kept free of sediaent during all phases of 
deve 1 opaent. 

12. All gr~ded areas should be pennanently stabiliztd iaaediately following 
finished ·grading. 

13. Stockpiles, borrow areas, and spoil areas should be shown _on the plans. 
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FIGURE 4-41 

TYPICAL SECTION OF SERRATED CUT SLOPE 

4.10.2.2 Waterways 

A wata..,..y has been defined as 11a peraanent, design storatater conveyance 
channel, shaped and lined "'ith appropriate vegetation or structural uteri al 
to safely convey excess storatater runoff11 (LH et al., 1984). However, an 
uncontrolled hazardous waste site's SW4P aay call for teaporary waterways, in 
order to subilize !he site, lithich uy not l>e includ~ in the final closure . ...-.,~ 
plan. TM discussion below applies, H appropriate, to such teaporary water-
ways, as well as to ~ 110re foraal ly defined peraanent ones. 

Note, also, that litherever t"'° planar sloping ~urfaces aeet in a dihedral 
angle, a •swale• is fot"Wd, lithich "'il 1 becoae a de-facto waterway under stona
"'ater conditions. 

The design of a waterway requires consideration of the following factors: 

• Total stol"IIWater capacity requireaents 

• Velocity of flow 

• Channel cross section 

• Land availability 

•• Channel lining 
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• Maintenance requiretaents 

• Vertical and horizontal channel alignaent 

• Collpatibility with the site's SW4P and surrounding environaent 

• Outlet conditions 

• Cost 

The coaaonly accepted design capacity for waterways has been the peak flow 
froa a 10-year-freque,,cy stora. Howver, soee state and local drainage crite
ria requira • design based on higher storai,ater requireaents than the 10-year
frequeocy stora. Therefora, as appropriate, state and local agencies should 
be consulted when deterainfng capacity requireaents. The rainfall intensity 
can be estiaated fro11 site-specific docuaent3tion, if available, or ff need 
be, froa rainfall-intensity ups which aay be found in s~urces aentioned above 
in Chapter 2 under "cl iaate." 

A nulber of li• its are iaposed upon the designer by flow-velocity consid
erations. The designer is faced with 110ving a voluae of runoff off the site 
rapidly. Froe this standpoint, a design which • axi• izes the velocity of flow 
wuld s .. to be called for. ~ver, three controlling factors are the ero
sion thrashold of the lining uterials, feasibility of constructing the neces
sary channel slopes, and availability of land for the purpose. If the veloc
ity of flow in a channel will scour the lining, then an adjustaent needs to be 
Nde in the chanNl's cross section, slope, or both. Consideration • ay also 
be given to decreasing the--voluae in a given waterway by increasing the total 
nUllber of channels in the s.MP. Howver, there • ay be li• itations on how • uch 
of the site area is usable for waterways, or space li • itations on channel 
cross sections and slopu. 

Channel cross sections can be rectangular, V-shaped, parabolic, trape
zoidal, or circular {as with channels foraed froa corrugated aetal pipe). 
Fropertfes of typical cross sections are shown in Table 4-43. Where conditions 
call for relatively saall flov voluaes, vee-shaped, circular, and parabolic 
channels with .saall top widths have been used. An exaaple is a roadside ditch. 
When velocities in these ditches are relatively low and water infiltrating 
into the cover soil fro11 the ditch is not a problea, a grass lining is satis
factory. However, where higher velocities are encountered (as in steep 
slopes), a aore erosion-resistant lining such as concrete, soil ceaent, bitu
• inous aaterial, or riprap is required. · 

Wide, shallow parabolic channels are used where the voluae of water is 
larger than that for V-shaped channels but the velocities are lov. Space 
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availability is a big factor for this wide, sh~l~c-. type of channel. Grass is 
a coaaon lining a.ate,,¥1, but riprap ur riprap/grass cOllbinations can be 
useful vhere s011e dissipation of energy (velocity) is desired. 

Trapezoidal and rectangular channels are nonaally utilized where large 
voluaes of water are to be carried at a relatively high velocity. Usually 
trapezoidal channels are preferred over rectangular ones, as it is usually 
easier to aaintain the stability of the cut (side stability). Nonaally, only 
the aore erosion-resistant linings (concrete, asphalt, riprap, etc.) are used 
in these channels. 

Specific procedures for the design of waterways are presented in Appen
dix H. 
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TYPICAL CHANNEL CROSS-SECTIONAL CHARACTERISTICS 
(Ch°"', 1959; Courtesy McGraw-Hill Book Co., Inc.) 
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4. 10.2.3 Diversion Structures 

A diversion is a saall structure that is used to intercept shfft flow froa 
and to critically disturbed are&S Mid convey or guide this vater to suble 
outlet points. It aay be a t.Nporuy or a perunent fixture. 8e1'9S or dikes, 
ditches or svales, or coabinations of these fall under the classiflc1tion of 
diversion structures. 

In selecting a diversion structure, consideration should be given to the 
following factors: 

• The aaount of runoff to be Mndled 

• The site's topography 

• The diversion's finished slope 

• Required service life 

• Ease of construction and reeoval (if necessary) 

Figures 4-42, 4-43, and 4-44 show diversion svales or ditches, dikes or 
benas, and ditch-bera coabinations, respectively. Table 4-44 gives design 
criteria. while construction-specification guidance is given in Table 4-4S. 
Table 4-46 gives soae exaaiples of • ui- velocities for unlined and vegeta
tively lined sv.les. 

FIGURE ,--12 

TYPICAL DIVERSION DITCH OR SWALE 
(U.S. ENVIRONMENTAL PROTECTION AGE~Y. 1976) 
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FIGURE 4-43 

DIVERSIO~ DIKE OR BERM 
(U. S. ENVIROtl4ENTAL PROTECTION AGENCY. 1976) 

II • height of 41ke 
11 • • 1•1- height of 

Pf'OtKtlw nl11f~t 
w • • 1•1-wl4th of 

protective nl11~t 

__ , ... 

............ ~ 
aolficioool•*--1 .._ ___________ ._ __ -:-==------~-:.===~ 

4-150 

~""·.,.· .. -\ 



C 

FIGURE 4-44 

COMBINATION DIVERSION 
(VIRGINIA SOIL ANO WATER CONSERVATION COMMISSION, 1980) 

Typial Parabolic Diversion 

10: Settleaent---=;::====::-i~=~ 
0.3" Freebolrd ----
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e;:::fl'Jn:::::~11,,,... Des 1 gn now Depth 

Typiul Tr1pezo1~1 Diversion 

Typial Vee-SMJ,ed Diversion 
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TABLE 4-44 

DESIGN CRITERIA FOR DIVERSION STRUCTURES 

a. Priaary applications of a diversion structure include (Lee, et al., 1984): 

1. Preventing surface runoff froa higher-elevated undisturbed or stabi
lized areas fr011 c011ing in contact with exposed soil surfaces (graded 
spoils, cleared areas, roadways, etc.) and causing erosion. 

2. Shortening the length of graded slopes, thereby protecting l~r por
tions of a hillsid• or roadway fr011 highly erosive surface water flow. 

3. Preventing sediaent-laden runoff froa an exposed slope fro• exiting 
the construction site without first passing through a sediment deten
tion structure. 

b. A dike (Figure 4-43) should be used only as a temporary structure where 
relatively saall aaounts of runoff a~e expected. 

c. Diversion structures that will exist for more than 30 days should be sta
bilized with grass, riprap, etc. 

d. Applic&ble locations for diversions include: 

1. Upgradient of any disturbed area to reduce t he volume of surface run
off which will atta~k the disturbed area. 

2. Along steep or long slopes to control sheet flow and reduce the slope 
length and steepness factor. 

3. Along the base ur toe of denuded and/or disturbed slopes to collect 
sediaent-laden runoff and convey it to a settling basin. 

4. Around soil stockpiles. 

5. Along the sides of access roads . 

e. All swales (Figure 4-42) should be designed along the criteria established 
for chanr.e ls. 

f. All teaporary diversions and diversi~n cOIDbinations (Figure 4-44) should 
be designed to withstand the peak discharge from a 2-year, 24-hour storm. 

g. Swale channel velocities should be such that they wiii not allow an unde
sirable aaount of erosjon to take place nor al l ow excessive sedimentation. 
See Table 4-46. 
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TAaLE 4-45 

CONSTRUCTION SPECIFICATION GUIDANCE FOR DIVERSION STRUCTURES 

l. All trees, brush, stumps, obstructfons, and other objectionable material 
should be removed and disposed of so as not to interfere with proper func
tioning of the diversion structure. 

2. Whenever feasible, the dike should be built before any disturbance begins. 

3. All dikes should be machine compacted to prevent failure and should be at 
least 85 percent standard Proctor density. In wooded areas where top-of
slo~e access is limited, diversion dikes r.an be constructed as the slope 
is being finished by moving soil upslope and dumping it at the crest. 
C011paction is sacrificed in this instance . 

4. All diversion dike3 should have positive drainage to an outlet. 

5. Dike stabilization should begin within 15 days of construction or less as 
site conditions dictat~. 

6. The swale should be excavated or shaped to line, grade, and cross section 
as required to meet the criteria specified herein and be free of bank 
projections or other irregularities which will impede normal flow. 

7. Perimeter swales should have a minimum grade of l percent and the bottom 
should be flat 

8. Fills should be compacted as needed to prevent unequal settlement th ,t 
would cause damage in the tompleted swale. 

9. All earth re110ved and not needed in r.onstruction should be spread or dis
posed of so that it will not interfere with the functioning of the swale. 

10. Diverted runoff from a protected or stabilized upland area should outlet 
directly onto a stabiliz2d area or into a g~ade stabilization structure. 

11 . Diverted runoff from a disturbed or exposed upland area should be conveyed 
to a SP.diment trapping device such as a serl1ment trap or sediment basin 
or - ·ithin an ;\rea protected by any of these practices. 

12. Vegetative stabilization should be accomplished -using information from 
Tables H-2 and H-3 (Appendix H) ~nd 4-46 . 

13. Periodic inspection and required maintenance should be provided. 
Diversion structures should be inspected at least every two weeks and 
repairs made when ne:essary . 
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TABLE 4-46 

EXAMPLES OF PERMISSIBLE VELOCITIES FOR STABLE DIVERSIONS 
(Lee et al . • 1984) 

a. Swales net completely lined 
with vegetation 

Sand and sandy loam 
Silt loam 
Sandy clay loam 
Clay loa111 
Clay, fine gravel, and graded 

loam to gravel 
Graded silt to cobbles 

Maximum velocity, feet per second 
Water transporting 

Clean water col l oidal silt 

1.50 2. 5 
2.00 3. 0 
2. 00 3. 5 
3.00 4. 0 

3. 75 5. 0 
4. 00 5. 5 

Shale, hardpan, and cuarse gravels 6. 00 6. 0 

b. Vegetatively lined swales 

Cover 
Vegetative a 

(1) Tufcote 
Midland 
Coastal bennudagrass 

(2) Reed canarygrass 
Kentucky 31 tall 

fescue 
Kentucky bluegrass 

(3) Red fes:ue 
Redtop 

(4) Annualsb 
Small grain 
(rye, oats, bar l ey, 
millet) 
Ryegrass 

Range of Channel 
Gradient (Percent) 

0 to 5.0 
5. 1 to 10. 0 
Over 10. 0 

0 to 5. 0 

5. 1 to 10 . 0 
Over 10. 0 

0 to 5. 0 

0 to 5.0 

aTo be used only below stabilized protected areas . 

Permiss i ble Velocity 
(Feet per Second) 

6 
5 
4 

s 
4 
3 

2. 5 

2. 5 

bused only as temporary protection until permanent vegetation i s 
established. 
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4.10.2.4 Check Dams 

A check dam is a temporary structure of stone or logs that, when placed 
across a natural or man-made channel, is used to stabilize the grade or control 
erosion. Some specific applications of check dams include: 

l. Temporary and permanent ditches or swales which for some reason 
cannot receive a nonerodible lining for the required length of time . 

2. Temporary and permanent ditches or swales which require protec
tion durinJ the establishment of their vegetative linings . 

3. Where a relatively rapid change in grade or elevation takes place 
which would endanger the stability of the ditch or swale. 

Figures 4-45, 4-46, and 4-47 illustrate several different types of check 
dams . In designing a check dam the following factors should be considered: 

1. Materials generally used in check dams include concrete, metal, 
rock, gabions, wood, and baled straw and hay. For other than short-term use, 
wocd should be treated with perservatives. 

2. The drainage area being serviced by the check dam should not 
exceed 10 acres. 

3. The maximum height of a check dam should be 2 ft .• 

4. Spacing should be such that the toe of the upstream dam is at the 
same elevation as the crest of the downstream check dam (Figure 4-48). 

5. Riprap may bl.! necessary at the downstream side of the c~eck dam 
to prevent scouring of the ditch or swale and to prevent undercutting of the 
dam. 

6. Consideration should also be given to aesthetic qualities of the 
materials. 

7. Check dams will usually require additional analysis of the channel 
design above and below the check dam. 

8. Check dams should be located in a reasonably stra i ght section of 
the channel. 

Construction details to be considered are: 

l. If a check dam is to be constructed from wood salvaged from the 
.clearing operations, these logs should be 4 to 6 inches in diameter and of 
sound quality . 
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2. Logs should be driven a minimum of 18 inches into the channel bed 
(1110re if into a cohesionless soil). 

3. Filter fabric can be incorporated into the u~streaa face of the 
check dam (Figures 4-45. 4-46. 4-47). 

4. Stone check dams shauld be constructed of 2- to 3-in.-dia• stones. 

5. Check dams should be inspected periodically. especially after a 
significant rainfall. 

FIGURE 4-45 

LOG CHECK DAM - TYPE 1 (RICHARDS AND MIDDLETON. 1978) 
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FIGURE 4-46 

LOG CHECK DAM - TYPE 3 (RICHARDS AHO MIDDLETON, 1978) 
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FIGURE 4-47 

ROCK CHECK DAM 
(VIRGINIA SOIL ANO WATER CONSERVATION COff-1ISSION, 1980) 

FIGURE 4-48 

SPACING BETWEEN CHECK DAMS 
(VIRGINIA SOIL ANO WATER CONSERVATION COff-1ISSION, 1~80) 

L • The distance such that points 
A and Bare of equal elevatfon 
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4. 10.2.5 Outlet Structures 

The final links in a S~P are the outlet structures. These outlet struc
tures include pipes and/or chutes which provide an exit for a concentrated 
flow of surface runoff without causing erosion. In the case where this con
centrated flow is conveyed to a relatively flat slope, then usually a simple 
pipe or channel outlet with the required outlet protection may be all that is 
required. Outlet protection is defined as methods and materials which prevent 
the flow froa an outlet pipe, channel, or conduit fro• eroding the soil at the 
outlet structure and in the next channel reach. However, if a rapid change of 
elevation or grade exists at an outlet, then a downdrain structure is required. 
Design and construction criteria for outlet structures are presented in Appen
dix H. 

4.11 Frost Action 

An ite• of concern to the cover designer may be the potential for frost 
daaage in cold cliiaates. However, there is reason to believe that such damage 
can be prevented by proper design. 

When a saturated soil freezes, the pore water undergoes a volumetric 
expansion of 9 percent. The soil mass as~ whole will expand by a fraction of 
9 percent, equal to the porosity. For example, a saturated soil of 50 percent 
porosity expands by 4.5 percent. Such unifonnly distributed expansion should 
not have a significant disruptive effect, although repeated expansion and 
contraction over the years may cause slow aiovement down slopes, as pointed out 
by Lutton, Regan, and Jones (1979). 

The distress that highways suffer during freezing weather .arises from the 
phenomenon of frost heaving. This process involves the fonnation of sizable 
ice lenses within the soil, not simply the freezing of many minute pores to 
fonn a frozen soil 11ass. Frost heaving has been studied at great length, and 
there are aany excellent published discussions of it. See, for example, 
Mitchell (1976), Oglesby (1975), and publications of the Highway Research Board 
cited in these two sources. 

In brief, frost heaving requires three indispensable factors, any of which 
by its absence is sufficient to prevent the process. These are (1) frost
susceptible soils, (2) freezing temperature, and (3) a supply of water. 

Frost-susceptible soils are those possessing to an appreciable degree both 
the properties of permeability and capil,arity. The ice lenses that cause 
frost heaving grow as water migrates to theta through unfrozen capillary chan
nels but, having reached the lense, then freezes. Capillarity is required to 
draw the water through the soi 1. Pe1"11eabil i ty is required for it to be poss i
bl e for appreciable quantities of water to flow. Because they possess both of 
these properties, the most frost-susceptible soils tend to be silts. 
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The third indispensable eleaent is a supply of water. In effect this 
aeans a water table. This uy be nonaal or perched; if perched, it uy be 
large or saall in extent; but the essential requireaent is a source fr011 which 
the.water flowing to the lense through the capillary systea uy be replenished. 
Even~if conditions are favorable for the growth of ice lenses, without a water 
supply they cannot grow. They are starved, like a fire without oxygen. 

It is the latter factor, a water table, that is un l ikely to be present at 
a properly designed waste-site cover. If a sufficient pool of subsurface 
water is present close to frost-susceptible soils , frost heaving •ight develop. 
It should be preventable, however, by design and uintenance ~fa proper 
drainage systa. No special design for frost heaving is required, only an 
awareness of its causes and the exercise of care to see that the three causa
tive factors do not COM together in a given cover syste• . 
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CHAPTER 5 

CONSTRUCTION 

Construction bears a close relation to design. The quality of the cover 
systea depends on both. The best possible design will not deliver good re
sults if it is not carried fnto effect by good constructio11. The designer, 
fn turn. needs to be infonaed about construction practices and probleas in 
order to prepare a realistic and constructible design. 

Measures taken to fnsure that the actual construction aeets the standards 
called for in the design coae under the heading of construction quality con
trol, which is treated fn the next chapter. Construction organization, meth
ods, and equipaent are considered in this chapter. 

5.1 Operational and Construction Guidance 

The cover systea's designer (or design tea11) should outline a set of 
operational and construction procedures to be followed in each of the three 
phases of cover construction: 

• Site preparation 

• Cover construction 

• Site closure 

There is not any single "best" procedural outline which can be efficiently 
prescribed to fit the variety of Superfund sites across the United States. 
An effective ope1·ational plan for a site in a humid region could prove need
lessly ·restrictive for a cover constructed at an arid site. Therefore, the 
cover's construction and op~rational procedure, like the cover's design it
self, must be based upon site-specific information in order to recognize all 
of the pitfalls as5ociated with a particular site as well as to exploit any 
advantages. 
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5.2 Phases of Cover Construction 

~.2.1 Site-Preparation Phase 

The site-preparation phase encoapasses the span of time fr0t1 the sec~ring 
of the site up to the construction of the cover's first layer. Generally, the 
operations included in th~s phase include: 

• Est~blfshllent of site security 

• Initial clearing and grubbing 

Establfshllent of controlled surface drainage to prevent runoff of 
contuinants 

• Es tab 1 ishaent of the support faci 1 it. i es 

• Establishllent of internal access roads and soil stockpiles 

• Precontouring site 

Since this Handbook deals with cover systems for CERCLA (Superfund) sites, 
ft is assuaed that a state or federally enforced site-security program will 
already exist at the site at the time the cover-construction contractor begins 
operations. It is a noraal procedure for the construction contractor to 
assuae responsibility for the security of the site shortly before or at the 
tiae he initiates operations . Nonaally, these security measures include sur
rounding the site with a security fence paralleled by a road for patrolling 
the fence. This fer.ce should bear signs which clearly ir.dicate that ft is 
dangerous to enter the site and that there is limited access (no trespassing) 
to the site. Generally, a security program's aim is to prevent the inadver- · 
tent intrusion of the general public onto the site. 

After the site .has been secured, the site's c learing and grubbing opera
tions are initiated. Clearing and grubbing are generally continual opera
tfons. Ideally, the clearing and grubbing operation should not proceed so far 
in advance of the construction operations that large denuded areas are created 
which will cause erosion or slope-stability problems. The amount the clearing 
progru may precede construction will depend upon t~e severity of the site 
conditions causing or contributing to the problems. This initial clearing and 
grubbing should be enough to enable the contractor to establish his support 
facilities (offices, repair shop, decontamination facilities, etc.) and any 
internal access roads needed to reach the construction area, borrow pits, and 
areas for stockpiling soils (if needed) (Figure 5-1). 

"Precontouring" a site is defined in this Handbook as establishing a uni
for11 grade across the site (or portion of the site) as part of the surface 
water management plan (S~P) or to provide a stable, suitable working surface 
fro• which to begin construction operations. The slope(s) established in this 
operation may or may not parallel the site's final contours . These initial 
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FIGURE S-1 

SIMPLIFIED SITE LAYOUT SHOWING TYPICAL CONSTRUCTION FEATURES 
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slopes are usually established by cutting down any high spots at the site and 
filling and c0111pacting soil in the low areas. Also, precontouring the site 
aay involve removing an area or layer of soil that is potentially troublesome, 
such as a layer of sandy soil or peat at the ground surface. 

5.2.2 Cover-Construction Phase 

5. 2.2.l Planning and Scheduling 

The cover construction phase begins with the initiation of operations 
surrounding the actual construction of the cover layers. The procedural 
outline for this phase basically includes: 

• 
• 
• 
• 
• 
• 
• 
• 
• 
• 

Ongoing clearing and grubbing operations 

Establishment of the site's surface water management plan 

Cover co~struction plan outlining: 

- Construction proce~ses associated with the installation of each 
cover elemer.t 

- Overall site plan showing the elevation of each of cover elements 
at any point on the site as well as their seque~ce of installation . 

Oust control measures 

Location ~f any soil stockpiles 

Area(s) suitable for carrying on operations during inclement weather 
(rain and freezing conditions) 

Types of equipment to be used for each construction process 

Traffic flow plan for the site 

Because it is impractical (often impossible) to construct a cover element 
(layer) across an entire site (with the possible exception of the foundation 
layer) before beginning the next, the construction of each layer must be 
sequenced so that the leading edge of the lower layer is ahead of the upper 
layer (Figure 5-2). Since the finished slope of the final cover surfaca is 
designed to maximize surface-water flow, cover construction should proceed in 
an uphill fashion (Figure 5-3). In this manner, flow is maximized away from 
the construction area rather than toward it. 

Traffic patterns on the final layer of soil shoul d be across the slop~ to 
minimize the initiation of rills. 

Care should be taken during construction to prevent accidental mixing of 
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FIGURE 5-2 

SEQUENCING OF LAYERS DURING COVER CONSTRUCTION 
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FIGURE 5-3 

DIREC;T~~ OF CONSrRUCTION 
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material fro~ one layer into another layer. This is most likely to occur as a 
result of heavy rainfall during construction. If heavy rain does occur, the 
affected area near the working face should be cleaned up before construction 
proceeds . The flat area on top of a newly completed portion of a layer (see 
Figure 5-2) should be wide enough so that cleanup equipment can operate effi
ciently, and equip:iaent used (see next section) should have low enough ground 
pressures so as not to cause rut formation. The most serious consequences of 
aixing would probably result fro~ infiltration of clayey fines into a granular 
permeable layer. Clay should be ·compacted soon after placement to make it 
more erosion-resistant. (A compacted clay surface should be scarified or 
othentide roughened before the next lift is placed upon it.) If heavy rain
fall is anticipated , the clayey wo~king face may be covered with plastic 
sheeting, or with a geotextile to reduce the erosive power of raindrops. 
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5.2.2.2 Equipment 

A cOMOnly overlooked factor which can have a great impact upon the suc
cess of a cover system is the equipment used. One problem may arise out of 
failure to recognize the effect a piece of equipment may have upon cover ele
aents already constructed. For example, if a sheepsfoot compactor is used on 
a relatively thin sand drainage blanket overlying a gravel drain and separated 
by a geotextile, there is a good chance that the sheepsfoot roller will cause 
a rupture in the geot~xtile. With the separating effect of the geotextile 
gone, the gravel drain will clog. Another problem could originate from over
looking the impact that a change in equipment type could have on the quality 
of the cover. An example would be a contractor's choice to use a rubber-tired 
dozer instead o' a crawler type to spread the protective sand layer over a 
geollellbrane. Mobility and speed are gained in going to a wheeled-type dozer, 
but there is a substantial increase in ground contact pressure. If the sanrl 
buffer over the geomembrane were not thick enough to distribute this extra 
pressure safely, or the foundation beneath the membrane not strong enough, the 
geomeabrane could be punctured or torn. 

Table 5-1 presents a general overview of equipment capabilities as they 
relate to cover construction activities. This table should be used for general 
guidance only, as a particular type of equipnent may rate better or worse 
depending upon what other types of equipment are also being used, as well as 
what types of soils and climatic conditions ·exist at the site. Basically, 
equipment used for cover construction can be grouped as: 

• 
• 
• 

Excavators 

Earthmovers 

Compactors 

• Special ty equipment 
-· 

The primary function of an excavator is to break up and remove material 
but not haul it. ~igures 5-4, 5-5, and 5-6 provide examples. Earthmovers, 
on the other hand, can excavate (to a degree) and move the soil from one place 
to another. However, the efficiency of th~se earthmovers varies with distance 
(Ffgurei 5-7, 5-8, and 5-9). Compactors do what the name implies. Fig-
ures 5-10, 5-11, and 5-12 present examples and Table 5-2 provides guidance on 
their use . Equipment items that are unique from the standpoint of more effi-. 
ciently pe·rtoming the duties of sevenl pieces of equipment combined, or 
that are designed to do primarily only one type of job, are designated as 
specialty equipment. Examples of specialty equipment are shown in Fig-
ures 5-13, 5-14, and 5-15. 
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TA8L[ 5-1 

Al'PlJCAIJLlTY Of [QCJll'HEIIT TYPU TO VAIIJM OP[RATJOIIAL fUIICTJOIIS 

£gufpaent Tye, 
l!o11r ~rteer li£Elioi ~o!a,r 

Optratlon,I Ei66cr- Self- Motor lu66er-
function Crawler Tired T-d Propelled Tr"tor £xcnator Gr1dtr Cravler Tired 

Sitt Preparation G , , , ,_,c NA G•f G , 
and Kllnttn1nct 

bCIYllt Corer [ , c' c' [ [ NA [ G 
Hattrl1h 
Haul Cower 
H,ttrl1h: 

I • 300 ft (91 •) f G ch G-P' C C NA f G 
or ltu 

?. 300-1000 ft p p f G C C NA C C 
(91-305 •) 

J. Mort Wn p p p [ C C NA C C 
1000 ft (30S •) 

Sprud Cover [ G [-G E-G NA NA G G f 
H,ttrhh 

Compact Cover G-F G•f 11A 11A 11A NA 11A G-f G-f 
Hlterl1h 

Sll•pe Cower 
,_, G•f ,_, f.p 11A 11A [ G f 

H,Ltrhh 

E • u.;1ll1nt1 G • Good1 f • fllri P • h>or1 C • Only In ccabl~Ulon itlth other equli:-ent1 NA ·• Not ~ltcablt 

1 Hlghly daptlldelll Upo,I lllt condltlonl and tQllf PMnt lht 

bEcono• lca of operation a pr11111n.nt factor 

'Depends on size of operatlllfl 

Ludfllt Powr 
Collp,ctor Coap,ctor Shovel 

NA p p 

NA p [ 

NA ,_, C 

NA NA C 

11A NA C 

NA ,_, NA 

[ [ NA 

NA p NA 

-----·~ ... -------------·· --· · ·· -

!i 
,r 
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NA 
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FIGURE 5-4 

BACKHOES 

5-8 

BACOOE TRACTOR 

Pr1 .. ry Use: Exc1v1tton of saall-
wtdtll trenches. 
S.ll-c1pactty exc1v1-
tton 1nd lllultng unit. 

Adv1nt1ges: Yers1ttle piece of 
511111 equ1paant. Useful 
1n constrvctton of 
dr1lnage ditches 1nd 
trenches for gr1vel 
dr1tns. Good aoblltty. 

DI ~dv1nt1ges: S.11 size lt• lts c1pa-
city. tt.ultng c1pabll-
!ties optt• tzed when 
used tn co• tltnatton 
wt tll trvcks. 

8AC»tO( OCAYATOR 

Prt .. ry Use: 

Desert pt ton• 

Exc1v1tfon below lll0rt
tng level. 

~pactttn 0.5-4 cu.yd . ; 
gl"OUftd PNSSUN 6-15 psf; 
speed Z-Z.51111)11. 

Advan~ : &rfftff CIPlclty thin 
blctlloe tr1ctor. llons 
.. tert1\s wheft It HCIY
ltH Ula. ~n dig 
lllrder .. terl1 ls Ulln 
dr1gl tne. GrNtar NICh. 
aore 1rttcul1te Ulln 
power shove 1 • 

Dh1dnnt1ges: "'st use 111 C011b1Mtton 
w1tll trucks to optt• tze 
effecttv...ss. Slow 
rate of travel. "''t be 
1 Olded 011 tr111 er to 
h-•tK-t ouirlrlv. 

' '""'-=-- ---::-- -- -· - - - - -- --- .· -- .. - . . - - - ~·· --- . 
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FIGURE 5-5 

POWER SHOVEL AND DRAGLIME 

POWER SHOVEL 

PriNry Use: 

Excavation above l«>rking 
level 

~paclties: 

~ly 4-14 cu .yd., 
la1"9er capactties not un
c~n. Typic~l excavation 
rates for average condt
tions 70-90 cu.yd./hr. per 
cu .yd. of bucket capacity. 

AdvanUges: 

Very veruttle for • ixt!lg 
layered NU.-ials durtng 
excavation; un excavate 
• uc:11 harder Nterh ls thin 
dragline; la1"9er capacity 
thin backhoe ucavator. 

DiudvanUgH : Fatrly accurate truck spotting ~tred when loading. Excavates hard 
Nterials in la1"9e chunks that • -1st be broken prior to co• pactton. 

.. 
i _·-~ -

Dt SMfvanuges: 

DRAGl.111( 

PriNry Use: 

Excavation below 'IClrlttng 
level 

~pacittts: 

Usu.lly co• parable to po,.•~ 
shove 1 , t.lloucJh SOM drag-
11 nes use hf'9er buckets. 

AdvanUgts: 

Y~ effecttve tn excavat
tng pentous a1tertals fro"' 
below 1111ur Uble·; effect
he when bon'ow-p1t botto .. 
1s too soft to support 
tnicks or scrac,en • 

Getierally slower tNn shovels and scrapers; cannot excavate hard •terhls; 
less eff1c1111t thin power shovel 1n • bing layered •terhl in bon,:,w pit. 
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FIGURE 5-6 

CONVEYOR-TYPE EXCAVATOR 

High-voliae exe1v1tion with direct disclllMJ• into lllullng unit 

Description: ~pacity 4,000-16,000 tons/hour; vertical cutting fie• 10-15 ft; 
conveyor length up to 60 ft. 

Adv111t1ges: High voliae of exe1v1tion; good blending of Nterlal; ffllbln selecttv• 
exe1v1tion of horizontally stratified soils; can exc1v1ta horizontally 
or vertially. 

Oisadnntages: Borrow 1rus a,st be ~lithely flat; slow travel sl)ffd; Ills difficulty 
with soils containing c~les. 
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FIGURE 5-7 

DOZERS 

Pr1•ry Use: Pvslll119 •rtll or other Mtfflals c,yer short d1stancts 

Descr1pt1oa: (S..11 and aed1111-shld tracttd bulldozers) Weights 1s.000-10.ooo lb; honep(lller 65-
JOO ... ground contact pttssuns 8-13 psi (standard -odels) or 4-7 ps1 (low-ground
pnssure -odels); speeds ·up to 7 ll!pfl. 

AdYant19H: Yery Yfl'Slt11e adlhie -.,toyed 1n ...erous COMtrvct1011 uses; e.g., clur1119 and 
gn,bbt119, help1119 to push-load scrapers and front..nd loaden. r1pp1119 hard •terhls, 
f111tsllt119 slopes, ucuat1119 access roMS, ass1st1119 other aob11• equ1pa111t by push-
1119 or pull 1119. lllde 1111 be a119led hor1zonta lly and vert1ca 117. 

D1uchantata: 111111 -ork1119 111 close proxt• tty to barrier COYer layer (especially with geo• e• bunes), 
great ~t10ft nqutrtd to a.old puncturt, barrier with bl11d1 or tracts . S1• 11ar cau
t10fts for other COYer layer,. Dozer has t• tted capacity for c011P1ct1119 and 111u1t119 
Mtffhl . 

5-ll 

An11able 111 l'llaff'OUS stzn, in standard 
and l01t-ground-pnssure -odels 

IHD.ID DOZDl 

USed .,... speed and •MWenb111 ty 
are required. S..11 and • ed1u• -s1zed 
• -chines haft speeds c' ~8-30 •• 
tvnlift'J radius 20-30 ft. ~. 
ground contact pnssurn •1 be 
20-25 ps1. 
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FIGURE 5-8 

SCRAPERS (STANDARD, ELEVATING, AND TOWED TYPES) 

PTl•ry Uses: UCIY1t10II, haultng, deposlt1ng of sotl Mterlals 

6-Mral Dntrlptlons: ClpacltlH 10-25 cu.yd.; .. 19hts 27-68 tons; ground contact prnsurtt 
loaded, 45-65 psi; et19lne hon~ 150-350 HP. 

Adnnta~s: 

DI s1dv1nta9H: 

Rapid-Ing type of ucantlOII •c.alnery; largtt', fastitr MChtllH 
can cmi,pete with tNCks as haultng units. Scrapen can be used to 
SllltCtlvely tllCIVlte horizontally stratlflld sotls and deposit 
Mttt'lals In lt'titn layers, scaettNS elt• lnattng MN for additional 
sprudl119 equli:-nt. !"1k1l19 up of Mttt'lll IS It ts HCIYltld 
f1c1lltat1tS l ater coapact1011. 

,.., ~~ unsatisfactory In w,ry soft Mtfflals; tancta-~~. 
p,,sPl-pull mdels ritqUI~ In S!ICh ltfl'tl~ts . AdY1tn1t gradH 
., ritqUI" ta~N".! l!Od91s. ScrePtt''S 1tfflclitney IS haultng 
unit dltCr1tas1ts wit/I distance. 

) · • ..r 
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STAIGWI TYP[ 

S.lf-prD91tllld; anllable In slngle• t19lne 
ar.d tllldea-~ aodels (SICO'ld lfMJllle for 
rur ttrtt ) . .._ uSld ,1-. sh19le....,.111e 
aodel Is best suited to n,t tffrllll 1M fn
or1bl1t HCIYltlOII COfldltlOIIS. 111 ldftrse 
COfld1t10IIS st1191e...-..111e scr1Ptt' ts -111 
pushed or pu 11 ed by crft l 1tr dozer or 1110tller 
scrapw. Tlftda pcM11rld sc:r•Ptt' AducH t/111 
dltpe:141..ce bllt soaetl• n operates -. efftc
l1t11tly Ill pall-tlvll confl911retl• wltll -u.r 
scraper or donr. 

EUYATIIII TTP( 

11Ns -.t "ly solely • C11i.tl"9 ........ 
SCOGll1111 actt .. of llowl to lOM self; .,.1oys 
lOMl"9 elnator to at• 111 10Ml"9 ,,.. ""ION• 
1.., 1011. AMllule l11 sl119l1t....,.1 ..... tll-• powerN .. h . '--rally hu .... 
capalttllty for wrtl.., 110-e. Soils ~ 
_.. Ei•l"9 (111....,111tl tll.all wltll ot.llltr scraper 
types. -- : -~, 

T1:IIED TTP( 

U-lly ~ by I cnalw tnct.w, .._IN 
tncter. or solf~llN scr....-..,.. 
-.U..tlJ• a.Nit!- ,....1" .... tnct ... 
_. ... 1 •tstNce _11 relatlftly llllrt. 

--~--- -
- -
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FIGURt 5-9 

FRONT-END LOADERS 

Pri .. ry Use: Exc1v1t1 and load cover .. teri1ls; haul S11111 qU1ntitl1s short dist.nett. 

TRACm> TTPE 

Description: 

Weigllt 15,700-55,000 lb.; ground cont.ct 
prtSSu ... s S-12 psi; CIPICities 1-3. 75 cu .yd . ; 
hors~ S0-200 ... 

AdvanUgn: 

Low ground cont.ct p"ssum 1v1il1bl1 wttll 
tracked aodels. ~n bt used tn coall1nlt1on w1tll 
trvclts to tnc ... ue haul efftctenc:y. 

Dtudv1ntagn : 

Does not spre1d OYff H well u dozer. Slower 
aovtng than ..._.I-type lOldft-. LOlfff' bucket 
CIPIC1ty than ..._.1-type l01der. 

5-13· 

Dncrtption: 

Wetgllt 21,000-60,000 lb.; gf"OUftd cont.ct 
pnssurn 11-'6 pit; up.ctttn 1.25-_5 cv. 
yd .;~ 50-250 IIP. 

Mv111uges : 

"°" aobtlt, grNtff bucUt U,-City tNill 
trKlted type. ~II be IISN '" c011b1Mtton 
wt:11 tnlelts to tncre1w "-ul tfftctlftCy. 

0t~1nt.19es: 

Higher gtilUftd COIIUCt prtSSWfl 



Pr1•ry UH: 

Dncr1pt10M: 

FIGURE 5-10 

SHEEPSFOOT ROLLERS 

To C(al)ICt f1M-9rained soils or c~rse-9r1 i ned soils with 1ppr«i1ble 
plasttc fines 

Weights 2.000-4,000 lb . per foot of dNI length; bllhsttd wit!I water 
or sud and .. ur. 

ICnNdtng. churning, and ~1119 action • hH soil and water better than 
ot!lff CCllll)Ktion equi~t (tMs does not Prfflude proper proctu1'1 of 
Mtertal prior to ccapaction, tiowYer); producH good bond beb,Ntl 1fts; 
bnats dcMI .uk rock or c-• -nttd soils. 

LNYH surface roug)I and loose. and tl1t"fore susceptible to wetting by 
rains or surface wattn . ~cts to shallOWtr depth than other equ1PNftt. 
£ffectt...ss di• inhhtd in C(al)lctin9 s,,11s containing cobblH or large 
rock fr1g• tnts. S.lf-propelltd rolltn sa•eti•s cause shHring or 
1•1Mt10IIS ta fi 11. 

I JI I I J 

{i~,,~f; t ~: :°. ·-, 
.;~ ~:;~7'~ :· :~, ~ ,4 

• I J• t • J 

--,-• -- . .. ~ : . • 
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Prt•ry use: 

Typtat 
Spec1f1at1ons: 

01 MdwllltlCJH : 
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FIGURE 5-11 

VIBRATORY STEEL-WHEEL DRUM ROLLER 

To CCIIIPICt cohntonltu Nttrhh or Nttrhh .titre I saootll ftnhlled 
surface ts cle11red (sucll as 1spt1alt or so11-<:-t) 

Ytbratton: bet.NII 1. 100 111d 1 .soo vpa; dynaatc force: not lus Ulan 
40.000 lb. It 1,400 YJlal .. tgllts 7 .ooo-w.ooo lb . ; COlll)lctton spNd : 
110t to ucNd 1. S • · 

'1'Nter dlftstttn c111 be obtatntd tn co1Ws10ft1Hs sotls tllan wt tll t,ap1119 
or rubber-ttred equtpaent. Ftll Ny be flooded wttll waur to t119rove 
COlll)IC t 1 OIi . 

Illy cause de9r1utton of soil or rod:•ft11 parttclu 111d crHtt layers 
of ftnes. 
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Pr1Nry Use: 

0.Krtption: 

FIGURE 5-12 

RUBBER-TIRED ROLLERS 

To coapact coMstve and coMstonless sotls wMre a SIIIOOth compacted surface 
ts desired 

Weights 18,000-25,000 lb.; --heel sp1etng, dhtince between adjacent tires 
not to exceed 1/2 of tire width. 

Adnntages: Coapicts to greater depths than SMtpsfoot roller. Produces relatively 
saooth COlll)ICttd surface wtltch ts rain-resistant. Effective tn coapacttng 
tn closer qu1rters than shttpsfoot. More effective than sMtpsfoot tn 
coapacttng cotltstve soils containing la1"9e particles. Wet areas of fill 
can bt detenitntd by observation of roller rutting. 

Dtsadnntages: Coapicttd surfaces -,st bt scartfted before phctng next 11ft. Not IS 
1ffectiv1 IS shffpsfoot roller tn breaking down soft rock or • bing ftll 
•ttrtal. 

Cowm1 lros Dhtst011 of A•ertcan Motst and Den-tclt Co. 

LARGE-WHEEL, TIMED IO>El 

Wl.L-ffn, S(lf-PflOPELLED 
llU)£l. 
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TABLE 5-2 

COMP~CTION EQUIPMENT GUIDANCE 
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Pri•ry Use: 

Description: 

Adnnuges: 

01 uctvanuges: 

...,... .. _ _,,,..... _________ ·~----

FIGURE 5-13 

LANDFILL COMPACTOR 

Spreading and coapacting cover •terials 

Weights 45,000-70,000 lb.; horsepower 200-300 HP; dn11 width 3-4 ft; nllllber 
of dnas: 4; dna diaaeter 4-5 ft. 

Relatively high-speed coapactor; dual•purpase aach1ne (spread and COlll)lct); 
undercarriage less vulnerable than dozer tracks; variety of wheel types 
available. 

Not n good IS dozer for spreading or excavating cover aaterials; wheels chop 
u ;'!Wll IS coapac:t. aay tend to shear soil. 

LAHOFlll COMPACTOR 

OITAIL OF WHEEL 
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FIGURE 5-14 

TRENCHER 

Priaary Use: Ex: avati ng narrow slit trench for anchoring geomembranes and placing utility 
or drainage lines 

Advantages: Lightweight, cc.pact, and maneuver,ble; s.-e tractor-mounted aodels l>lvt • 
backhoe attac'-nt. 

DisadvantagH: A spec ialized piec, of equi~nt with l i• ited field of usefulness 

HAHD--OPER_ATED !«>DEL 

Oescription: 
Weight S00-1,100 lb.; horsepower S-10 'IP ; 
trench widths 3-12 in.; trench depths 24-
60 in.; grouncfcontact pres~ure S-10 ps1. 

TRAC10R-IWNT:D l«X>EL 

Oescription: 
Weight 1,S00-10,000 lb.; horsepower 15-
100 HP; trench widths 3-24 in.; trench 
depths 60-95 1n.; ground contact press
UN 10-40 psi . 
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FIGURE 5-15 

fi«>TOR GRADER 

Pri111ry Use: ShAping and saoothing cover 

---,_. 

Description: weight 25,000-55,000 lb.; horsepower 125-250 HP; speed 25-30 mph. 

AdnnUges: C.n be used to dfg "V- notch a:ichor trenches for geoa:~ranes. Perfor"IS 
road 111intenance. Accurate method of shaping slopes and obtaining graJes. 
Available with variety of blade widths. 

Dis,dvanuges: Relatively restricted field of applications. 
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5.2.3 Site Closure Phase 

Site-closure activities are basically twofold in nature. 

• The institutional care and aaintenance required to stabilize the 
cover systea are perfor.ed. 

• The cover systea is 110nitored to ascertain that it is perfonaing its 
design function. 

Theoretically, the closure phase begins when the final stretch of cover 
layer is installed. However, since the cover's final elevation and grade are 
not reached all at once, but rather in a progressive state of coapletion 
(Figure 5-2), there is soae overlap bet-.een the construction and closure 
phases. While a rHN section of the cover systea is being constructed, closure 
operations are unden.,ay to stabilize and 110nitor the portion of the cover 
already coapleted. 

Institutional care. and aaintenance activities include repairing daaage 
froa erosion, slope failures, subsidence or any occurrence, foreseen or unex
pected, which is not directly related to a design flaw. These probleas by 
nature do not require perpetual active aantenance . 

. 5. 3 General and Special Construction Operations 

. . 

Most of the construction operatior,s carried on during the installation of 
a cover systea are standard ones coaaon to earthwork in general. A partial 
list of construction operations and functions is presented in Table 5-3. It 
is outside the scope of this Handbook to describe coaaon construction opera
tions. Excellent sources of infonaation on construction are Nichols (1962) 
and Church (1981 ). · 

Briefly discussed below are certain special construction operations perti
nent to installation of waste-site covers . 

5. 3. 1 Mixing and Placeaent of Soi l-Ceaent 

When const~~ing a soil-ceaent layer , • 1x1ng aay be done in place or in 
a central plant. Mixing in place involves spreading the portland ceaent over 
the soil and dry-• ixing or blending it into the soil evenly. This is norully 
accoaplished by •ans of an agricultural disk harrov. Water is introduced 
into the soil-ceaent • ixture, &nd • ixi ng continues until the soil-ceaent is 
unifona in color and free froa wet and dry streaks. 

Central-plant • ixing involves • ixing the ceaent, soil, and water in a 
batch plant si• ilar to that used t~ produce concrete • ixes. The soil-ceaent 
• ixture is transferred to dUllp trucks, which take it to its final destination, 
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where it is placed in lifts of 6 to 8 in. thickness. Generally. the centr•l
plant • ixing operation cre1tes a higher-quality soil-cement. as tighter quality 
controls an be exercised. Hawver. acceptable results hive been obtained 
using the • ixir.g-in-place aethod. 

TABLE 5-3 

PARTIAL LIST Of CONSTRUCTI<JI OPERATIONS AND FUNCTIONS 

EArthwrk 

Borrow Pit 

ExaYltion 
Screening 
Nixing 
Watering 
Disking 
~ing 
Hauling 

Cover Site 

Dllllping 
Placing 
Spreading 
~cting 

Installation ~~ 

Pipes 
Tiles 
Nl!llbranes 

Aspult mplaceaent 
Concrete aplacment 
Soil stlbiliation opentions 
Vegetation opentions 
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Control Operations 

Surveying 
Inspection 
Sapling 
Testing 

Service Operations 

Transportltion 
Fueling 
Lubrication 
MlinteNn.:e and Repair 
Field Slnitltion 
Wlter Service 
~st Suppression 
Trash D1spoul 

Mln1geaent Functions 

Scheduling 
Supply •nageaent 
Personne 1 unageaent 
Accounting 
Payroll 

Record keeping 
· Field laboratory operation 
Security 
Slfety 

- ·;.,,,,,JtJ-
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After • ixfng and placing, the soil-ceaent is compacted by means of a 
rubber-tired, sheepsfoot, or steel-wheeled compactor. 

If a stair-step configuration (Figure 5-16) is used because of steep 
slopes, the bond strength between successive layers becomes important. In 
general, bond strength decreases with increasing delay between placement of 
·successive layers. No 110re than one to three hours should elapse between 
construction of successive layers. Therefore, soae operational planning is 
required to • eet this tiae li• it. Also, bond strength is enhanced if one or 
110re of the follCNing procedures is used: 

• Scarify the COlll)leted layer with a power broom or spiked-tooth tool, 
to a depth of about 1/4-inch, within one to three hours after con
struction of the layer. 

• Sprinkle dry ceaent (about one pound per square yard) on top of the 
110fstened COIIJ)leted layer just prior to construction of the successive 
layer. 

• Use a sheepsfoot roller rather than a steel-wheeled or rubber~d-tired 
coapactor. The diapled texture left by the sheepsfoot may key the 
succeeding layer to the lower layer. 

After the soil-ceaent has been placed and coapacted, the layer is imedi
~tely covered, to prevent an excessive loss of water. Some ciaterials co1111110nly 
used for this purpose include waterproof paper, plastic sheeting, moist straw, 

FIGURE 5-16 

STAIR-STEP CONFIGURATION 

FOUNDATION . 
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110ist earth, and bituainous aaterials {RC-250, MC-800, RT-5, and asphalt 
eaulsions) . The application rate for the bituainous aaterials varies froa 
0. 15 to 0.30 gallon pe~~ quare yard. 

S.3.2 Coapaction of Foundation Layer 

Nonaally the c011paction procedure proceeds along the following outline: 

• Preparation of .. the area to be c011pacted 

• Adjust.aent of the water content 

• C011paction of the aaterial 

• Scarification of c011pacted soil if anottw!r layer is to be coapacted 
over it and a bond is desired 

The initial preparation of the site usually involves the clearing and 
grubbing of any trees, stuaps, brush, or other vegetation that would have an 
adverse effect on the cover systea. Spraying the ground with a soil sterilant 
could also be necessary, as soae hydraulic barrier aaterials are susceptible 
to plant penetration {such as thin asphfllt and synthetic Mllbranes). If this 
clearing and grubbing leaves the surface in an unsuitably loose condition or 
if the existing surface is to be incorporated into the foundation layer {as is 
usually the case), then the preparation phase will include scarifying the 
surface {as necessary) with an agricultural type disk harrow to facilitate its 
coapaction. Even if c011pactfon of the site's surface is not specified, ft is 
a good practice to scarify ft to assure a good bond between ft and the rest of 
the foundation layer. If the site's surface is not to be coapacted, then the 
final phase of preparation would be to deposit the aaterial foraing the first 
layer {if 110re than one is required) of the foundation layer. This is usually 
accoaplf shed by bottoe-duaping out of !.crapers or end-duaping froa trucks. 

After the material to be coapacted is in place and prepared, then its 
water content is adjusted to that specified for the desired density. The 
water content of the soil is adjusted by disking the soil and air drying it, 
if it is too wet, or spraying water {usually by trucks equipped with tanks 
and sprayers) and disking until the required 110isture content is uniforaly 
achieved. A good field indication that the soil is at the proper 110isture 
content is how it reacts to the passage of the coapaction equipeent. If 
excessive rutting or sinking of the coapaction equipaent into the lift occurs, 
this could aean that the water content is too high. The absence of any 
•spring• in the soil after the passage of the c011pactor could indicate that· 
the water content is too low. Rapid 110isture deterainations can be aade in 
the field with the nuclear 110isture-density ~uge {see sec. 6.5 and Appen
dix G). 

The deposition of loose lifts and their coapactfon should be a highly 
coordinated affair. Ideally, these operations should occur at the sa. tiae. 
As one lane of soil is being c011pacted, an adjacent lane of aaterial is being 
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deposited. If another layer is to be C01111)aeted over a oreviously coapacted 
l~r. then the lCNer layer should be scarified to ensure a good bond betwen 
thea. 

5. 3.3 Placeaent of Asphalt Concrete 

Asphalt concrete is placed using conventional highlitay paving aachines 
aodified (Figure 5- 17) as necessary to work on the slope. This aodificatfon 
NY entail hooking a winch (at the top of the slope) onto the paving aachine 
for aoving 1.4) the slope or attaching it (with chains or cables) to another 
piece of e<;'Jipeent at the top of the slope for aoving across the slope. The 
paver is supplied by duap truck. front-end loader, a 110ving conveyor, or a 
cOllbfnation of these. 

FIGURE 5-17 

ASPHALT PAVING MACHINE 

Coapactfon is accoaplfshed using steel-wheeled rollers, rubber-tired 
ro l lers , and vibratory steel-wheeled rollers . 

5. 3.4 Installation of Polymeric Barri ers 

Construction of a polyaeric barrier usually takes place as follows : 

• Panels are spread by hand or aachine (Figure 5-18) and anchored 

• The panels are aligned and weighted down (Figure 5-19) 

• Field seaas are constructed (Figures 3-16 through 3-19, Chapter 3) 
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FIGURE S-18 

SPREADING POLYMERIC SHEETING 

a. Manually 

b. Mechanically 
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FIGURE 5-19 

SHEETING ALIGNED AND WEIGHTED 

• Seas are inspected (Figure 5-20) 

• Cover aaterial 1s applied over the geoaeabrane (Ffgure 5-21) 

The figures cited above show llellbrane installation at liner rather than 
cover sites because the nuaber of sites where geOllellbranes have actually been 
installed in waste-site covers is small. However. see Figure B-5 in 
Appendix e. •case Histories.• for an illustration of a •abrane being placed 
at •- cover site. The question of how steep a slope a geoaetlbrane aay be laid 
on is discussed in section 4.6.3.4. 

Although possibly aore econ011ical than buying the aachinery needed to 
spread the polyaeric aaterial. laying the aetlbrane out by hand has its 
shortcoaings. The wind is usually the priaary eneay as it can catch the 
Mllbrane and create a •llelolbrane sail• which is difficult to hold down. Also 
it takes a highly coordinated effort to get a long line of aen to correctly 
align the sheeting. 

Although there are aany seu testing devices available (infrared. ult~a
sonic. air wand. etc.) the one device that seeas to have the confidence of the 
designers is the vacuua-box tester. However. it is a tiae-consuaing 11ethod 
that can only test a short length cf se1111 at one tiae. Also. the designer 
..st decide if this degree of assurance that his seam is coapletely watertight 
1s needed. 
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FIGURE 5-20 

INSPECTION Of SEAMS (V~BOX SEAM TESTER) 
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FIGURE 5-21 

COVER APPLIED OVER GEOMEJeRANE 

0 

Note: these views show liner rather than cover installations. 
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Polyaerics are susceptible to soee aechanical failure aechanisas that are 
not present in the other barrier aaterials . They are : 

• Fold strain (Figure S-22a) 

• Tension froa wind and •nchorage (Figure S- 22b) 

• E~nsion-contraction forces (Figure S-23) 

As the wind flows acro:.s the aeabrane it tends to lift it. In large open 
areas. the wind forces can be consi~rable. If the end of the polyaeric is 
left unanchored. daage could result froa the flapping of the aetlbrane caused 
by the wind. This problea un be handled by: 

• Anchoring the trench (Figure 5-24) 

• Weighting down the edges with sandbags 

• Using a wind cowl (figure S-25) 

SON polyaeric uterfals. such as HOPE. exhibit a high degrH of expansion 
and contraction when exposed to variations in t~rature. This creates addi
tional stresses at these•. However, these stresses, by thNselves. uy not 
be enough to break a f iel~ se• that is corrKt ly :onstruct~. Therefore. 
eaphasis should be placed on the quality of the field seaas in these types of 
uterials. Also. these aaterials sho~ld be covered as quickly as possible to 
reduce this phenoaenon. 

Protection of the ~rrier during const.ruction is very iaportant. In gen
eral. all of the different types of hydraulic ~rriers require a protective 
cover. Usually this ts a wini- of 6 in. of sand. However, with the fre
quency of uchinery-generated punctures aany aanufacturers are raising this to 
12 in. The Asphalt Institute rKoaaends a 12-in. • ini- protective cover 
requireeent. This und buffer aay be replaced by a geot.extile if it can be 
shown that the geotextile will sufficiently protKt the aetlbrane f--oa 
puncture. 
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FIGURE 5·22 

GEOHEHBRANE FIELD STRESSES 

a. FOlO STRAIN 

FIGURE 5-23 

EXPANSION-CONTRACTION PHENOMENON -

--.,.,,_. 
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FIGURE 5-24 

ANCHORING DETAILS 
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FIGURE 5-25 

WINO COWL 
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CHAPTER 6 

CONSTRUCTION QUALITY CONTROL 

6.1 Construction Organization 

Three groups contribute to the quality control of construction of covers 
for uncontrolled waste sites: (l) design. (2) construction. and (3) inspection 
groups. 

The design group analyzes an~ designs. and produces the plans and specifi
cations which are the ~ritten standard of quality for the cover(s) to be 
constructed. This group also verifies the design as the construction group 
exposes site aedia. All feedback fro• the construction and inspection gNups 
is interpreted. and changes to the design are made when necessary. 

The construction group provides all workmanship and materials. 
aedia are ~xposed. findings are reported to the design group. The 
group is the eleaent in the quality-control systet1 that physically 
the standard of quality. 

As site 
construction 
achieves 

Hellbers of the inspection group sample. test. observe. and document during 
. construction. and unacceptable workmanship or iaaterials is reported to the 

construction group. The inspection group provides feedback to the design 
group when possible. In the quality-control system the inspection group 
assures that the standard of quality has in fact been achieved by the con
struction group. 

This quality-control system works best when all three groups interact and 
coaaunicate for their mutual benefit. It also works best when all three 
groups report to a single higher authority. so that none of the three groups 
holds a subordinate position to another. When these conditions are met and 
the three groups work as~ teaa. a synergistic effect results that is benefi
cial to all. 

The higher authority referred to above. which might generally be called 
the site aanager. can coaple..ent this synergistic organization. Intelligent 
scheduling. to allov inspection·group functions to be performed on a particular 
block of work while the construction group is tusy on a different block of 
work. is an exaaple. The site aana~er • ust also enforce the absolute nature 
of the standard of quality at a CERCLA site. That standard of quality must 
never be coaproaised. This standard is the site manager's responsibility as 
well as that of all three groups. The site manager ~ust enforce the tenet 



that cost-effectiveness is a consideration only if the standard of quality is 
achieved. Such direction by the site manager will greatly aid the three 
groups by relieving them of the need to weigh quality versus 
cost-effectiveness. 

6.2 Quality-Assurance/Quality-Control of Construction 

Quality control of construction of cover·s for uncontrolled waste sites. as 
considered here, pertains to the physical construction of the cover but not to 
any site characterization nor to the design. Quality assurance of construction 
of covers for uncontrolled waste sites includes those actions by EPA, its 
local agency (if there is one), and the site manager w~ich assure that the 
quality-control procedures for the construction will in fact assure that the 
standard of quality is achieved . In effect q~ality assurance is merely quality 
control of the quality control . 

The quality-control procedures recommended for the construction of covers 
for uncontrolled waste sites include tests and observations. The difference 
between a quality-control test and a quality-control observation is merely a 
aatter of the formality of the method involved. As an example. consi~er the 
quality-control procedures necessary to assure that a geomembrane seal has 
been bonded properly. An observation of 100 percent of the bonded seam would 
reveal any large f~shmouths, large anomalies, or incorrectly sealed portions. 
The use of the air-lance method for 100 percent of the bonded seaa would 
reveal saaller fishllouths, anomalies. and incorrectly sealed portions unde
tectable to the eye. This air-lance method is considered a quali~y-control 
test. 

6.3 Quality-Control Observations 

Quality-control observations are made continually by the inspection group 
while it observes the construction group work and while it actively performs 
its inspection functions. Quality-control observations of particular concern 
for the construction of covers for uncontrolled waste sites are organized by 
construction process and discussed below. 

6.3.1 Si~e Preparation 

The process of site preparation includes clearing . grubbing. stripping. 
and grading. The primary purposes for this activity are (a) preparation of 
the uncontrolled waste site for excavation and/or embanklller.t placuoent, 
(b) construction of haul roads, and (c) alt~ring the sit2 drainage patterns. 
The follO'tlling observations should be made and documented: 
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• Observations of the exposed ground surface within the site li• its, 
following stripping, as part of site •edia confiraation. Noraally, 
only visual-•anual field identification procedures will be necessary 
{ASTM Designation 0-2488). If an unexpected •aterial or zone con
figuration is encountered, then aore foraal tests •ay be necessary. 

• Observation of ground-surface contouring • easure• ents to confir• 
adherence to the planned drainage pattern. 

• Observation of the perforaance of the surface drainage systea, durin~ 
the first significant rair.fall, to identify erosion or ponding 
prob leas. 

o. 3. 2 Excavation 

The preparation of an uncontrolled waste site •ay involve (a) excavation 
below the ground surface and/or {b) the stripping and shaping of a natural or 
•an-•ade depression. The following observations should be •ade and 
docu• ented: 

• Datailed observations should be aade of the exposed walls and floor 
for the purpose of site • edia confiraation. These observations 
should be suppleaen...ed by confiraation tests for those features that 
confor• to the site characterization studies. Photographs are often 
of value. The tests will usually consist of field consistency tests 
~nd those tests required for uses classification, i.e . • gradation 
and/or ·Atterberg li• its. More extensive testing aay be necessary if 
an unanticipated •aterial or zone c~nfiguration is encountered. 
Undisturbed saaples and engineering-properties tests •ay be justified, 
with additional saaples tested for index properties. Changes fr011 
expected site characteristics should not only be recorded, but i •• e
diately reported to the per• ittee 1 s group responsible for the design 
function, for possible revision of the design. 

• Observations should be recorded of construction surveys involving 
locations, slopes of walls, and slopes of floors. Conforaance with 
planned slopes should be noted. 

• During and after construction, visua1 observations. supplementea by 
surveying where necessary , should be aa~ and recorded of excavation~ 
related soil aove• ents. Tnese recordings ~hould include heaving 
and/or cracki:'lg of the floor, and slaking, sloughing, creep, sliding, 
or other aioveaents of the side walls. Agcain, photographs • ay be of 
great docu• entary value. Survey aonu•ents. placed at the start of 
construction, should provide docu• entable data. 

• Observations should be recorded of erosion controls for conforaance 
with plans. These observations • ay include peri•eter ditches and/or 
dikes and the pla~eaent of any spray-on erosion-inhibiting •aterial, 
including the •aterial 1 s identification and application rate . 
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6.3.3 Foundation Preparation 

If an earthfill eabankaent is U!ed to partially or coapletely ~nclose a 
waste site, the natural foundation and abutaents • ust, as discussed in Engineer 
Manual 1110-2-1911 (Dept. of Aray, 1977), (a) provide positive control of 
underseepage, (b) provide satisfactory contact with overlying coapacted fill, 
and (c) • ini• ize differential settleaents and thereby prevent cracking in the 
fill. The observations aade and recorded during foundation preparation should 
include: 

• The stripping to assure that all soft. organic. or othervise undesir
able • aterials are reaoved. Softness aay be checked by a hand pene
troeeter or si• ilar device for a very relative strength estiaate. 
Proof-rolling by construction equipaent is often used to locate soft 
areas. 

• The soil and rock surfaces for s110othness. adequate cleaning, and 
filling of rock joints and depressions . 

• The construction of underseepage cutoffs. if used. to check required 
depth, aaterials encountered. backfill aaterials used. and proper 
placeeent of backfill. If coapacted fill is used, it should be 
observed as for other fills as discussed below. 

6.3.4 Coapacted Earthfill 

Coapacted earthfill barriers aay be used to partially or ,oapletely en
close a waste site. When used they aay include a coapact.:e-soil hydraulic 
barrier and a coapacted granular hydraulic-conductor lar,r. When finished 
they • ay be overlain by a vegetation-supporting layer. 

The waste contai~d by the barrier systffl aay consist of solid wastes with 
• oist soil backfill. which aay eventually becoae saturated with water, or in 
the case of a surface i• poundaent. it • ay consist of a high-water-content 
slurry or sluoge. H appreciable stHdy-state seepage is expected, then in
ternal seepage-control features such as filter drains and underseepage control 
Masure,- • ay be needed. The systea • ay contain a hydraulic barrier, such as 
a geoaellbrane, supported by a co.;,acted. lc:,-.-penieat,ility cohesive soil. It 
• ay also contain a hydraulic conductor. usually a granular filter • aterial of 
high per.ability. 

The observations and tests that should be • ade (Dept. of the Aray, 1977; 
and USSR, 1974a and 1974b) and recorded during coapacted fill placeaent, using 
cohesive or granular soils are: 

• The quality of the borrow • aterials • ust be tested. The source of 
the borrow • ay be a natural borrow pit or a stockpile of soil froa a 
trench excavation. Two or • ore soils aay be blended to produce a 
desired gradation or plasticity. Saaples of the borrow • aterials 
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should be tested for uses classif;cation (gradation and/or Atterberg 
li• its) and for natural water content. If ad• ixes are blended into 
the natural soil, the application rate and unifonaity of • ixing 
should be observed and docuaented. 

• At• ospheric conditions should be recorded. COIIJ)action specifications 
often place restrictions on work perfor• ed just after a rainfall, 
during very hot or windy weather, or during freezing conditions. 

• 

• 

Equipeent type, size, and coapatibility ~ith . the soil type • ust be 
evaluated and recorded. For cohesive soil, a sheepsfoot roller, a 
taping roller, or a rubber-tired roller aay be used. For clean, 
granular soil, a vibratory roller i5 appropriate. As given in Engi
neer Manual 1110-2-1911 (Dept. of the Arwy, 1977), iteas to be checked 
and recorded include: (a) for a sheepsfoot roller, dru• diaaeter and 
length, eapty weight and ballasted weight, arrangeaent of feet ·and 
length and face area of feet, and yoking arrangeaent; {b) for a 
rubber-tired roller, tire inflation pres~ure, spar.ing of tires, and 
eapty and ballasted wheel loads; and (c) for a vibratory roller, 
st.tic weight, i11parted dynaaic force, operating frequency of vibra
tion, and dru• diaaeter and length. 

The unc011pacted or loose lift thickness should be • easured at several 
locations in a layer of fill. Both actual thickness and unifontity 
of lift placeaent are of i• portance. Loose lift thicknesses of {a) 6 
to 8 in. for a sheepsfoct roller. or (b) 9 to 12 in. for a 50-ton 
rubber-tired roller are usual for cohesive soils; while clean, gram.
Jar soils should have loose lifts of (c) 6 to 15 in. -,hen using a 
vibratory roller or 50-ton rubber-tired roller, or (d) 6 to 8 in. 
when using a crawler trKtor (Dept. of the Arwy, 1977). Measureeents 
are usually ude with a aarked st,1ff or si':ovel blade. although survey 
levels should be ude every few lifts for verification and docuaenu
tion. All level survey points should be r!ferenced to the site grid 
so tNt c~risons of lift thickness can be aade directly. 

• Coapactive effort and unifonaity of coapaction should be obsen:ed and 
recorded. C~ctive effort can be revised by changing the nu• ber of 
puses of the roller, the size and weight of the roller, and/or lift 
thickness. For cohesive soils (a) six to eight passes of a sheepsfoot 
roller or {b) fovr coverages of a 50-ton rubber-tired roller are 
usual; ~ile for a clean, granular soil (c) three or four passes of a 
vibratory roller or (d) three to six coverages of a crawler tractor 
an usual (Dept. of the Arwy, 1977). Unifontity of coverage should 
be closely observed, particularly at fill edges and in turnaround 
ar.as. When a crawler tractor is used, the coverages • ust be by the 
trKks of !..~ .tractor. 

• Coapacted density and witer content should be • easured and recorded. 
The coordinate location of each test and the elevation of the ground 
surfKe should also be • easured. The latter is a check on lift 
thickness, and when a retest of unacc~t.able fill is necessary, 
serves to verify that no additional fill has been placed. 
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• Laboratory coapKtion tests should i:>e aade of saaples of the saae 
fill so11 whose field density and water content were •asured in the 
it.ea above. The effectiveness of the coapactive effort in the field 
1s referenced to the laboratory coapac:tion test. Specifications for 
coapKtion of cohesive soil and •dirty• granular soil require 
achfeveaent of a • ini- percentage of the aaxi- density, at a 
water content vithin a spec'iried range and related to the opti
water content. as deterained by the specified laboratory coapaction 
test procedure. For clean granular soils, vhich density aore readily 
under vibration than under illl)Kt, a • ini- relative density or a 
• ini- percenuge of the laboratory aaxi- dry density is usually 
specified. This involves c~rison of the density of the field
Co• pKted soil "1th the aui- and • ini- densities for the s
so11 develc,s,.d in a specified 1.t>oratory procedure. 

6.3.5 Liner-Type Materials and Geotextiles 

The construction of a cover- for an uncontrolled hllardous waste site MY 
include the construction processes involved in liner Mterial or geotexti le 
insullation. The hydraulic-barrier l~r of the cover -systea is expected to 
provide -1 peranb111ty saaller than a required value. When this perllNbil ity 
annot be effectively achieved in a c0lill)Kted soil fill layer, then off-site 
•terials uy be used. The off-site uterials My consist of bentonite, 
portland ceaent, asphalt. 11•, or si• ilu Mterials that are adllfxed through
out or are • 1xed "1th only the surface lift of the coapKted soil of the 
barrier. The barrier uy also be II spray-on aaterial or a geci• 111bnne. 
GeotexUles uy also be used as II filtar aid or for soil reinforc .. nt, e.g., 
to enhance slope subility or cover strength. 

The tests and observations that should be ude and recorded during 1 iner
•terial or geotextila insullation are generally aaterial-dependent: 

• For all off-sit.a aaterials used (liner aatarials and geotextiles) the 
type and s&.IPl)lier's identification for the aaterial should be 
recorded. Lot nmbers-or their equiv11lent are often useful in tracing 
aateri11ls ot questiOftllbl•quality to specific • anufactur~~ 
procedures. 

• For bentonftic L"ld adllixed-aateri11l l11yers these tests 11nd observa
tiC>nS should be those whose nsults can be correlated vith expected 
values of field perMM>ility of Mey soil laver, i.e., field density 
tests and observ11t1ons of l~r thickness. Where peraeability is a 
signtficut consider11tion. laboratory peraubility tests . on field
co• pacted speciaens (•p1ugs•) 11re preferable to reliance on density/ 
saturation correllltions "1th .laboratory-co• pacted speci•ns. The 
hole resulting froa the test ..st be filled 11nd NP11ired. (See tests 
and observlltions in the previous subsectio."t on COlll>!<;ted Earthfill.) 
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• The tests •nd observ•tions for the insull•tion of ,1 portl•nd ceaent 
or Hphalt liner •re not within the fraework of soils engineering. 
Referencn describing these tests •nd observ•tions include Dept. of 
Af"IIY, 1971; Asph,llt Institute. 1978 and 1979. 

• For acabed Nterf•ls. the spreading and aixing or blending equipaent 
and procedures should be observed •nd recorded. Reference should be 
aade to industry suncSArd •tho-Js, to unuf.c:turer' s recc 1nded 
procedures, or other c»scriptions of the sute of the ,1rt for the 
Nthods. 

• For acaixed Mteri,11", the 11PPlic•tion r•te should be obs.rved &nd 
recorded. "-thods for verifying the 11PPlic..tion rate, such H c•li
bratfon of spreading dnices, should •lso be recorded. 

· • For acaixed Mteri•ls, CoapKtion of the soil-~ixture blend should 
be observed, tested, and recorded in the s- Nnner H described 
urlier for C°:fci.d E•rthfill. Soil cl•ssific•tion tests, observ•
tfons of 11ft th ckness and of uniforaity of rolling, obserntions of 
the suiubi11ty of blending and coapKting ~ipaent, ,1nd the coaip,1r
tson of field density (and water content, if -.,plic'1ble) with the 
specffi" 1.t,oratory control test, should •11 be~ ,1nd recorded. 

• For spray-on auterl•h. the observ,1tions and tests include identifi
utfon of the Mteri•l, verific•tion of aanuf.c:turer's qu,.lity tests, 
i!pplication-equipaent suiubtlity, 11PPllc•tion-t.echnique coaip,1rison 

0 wit.It sutrof-the-•rt directions, 11PPlic,1tion rate, appliution 
tltictness. and uniforaity of coverage. 

• for gee I b(ws or geotextfles. the sawlier's Mteri•ls identific•
tfon •rts should be ca.pared with the purchAsrorder or c•ulog 
descriptions. The s.othness of the pl.c:aent surfKe, •nd its 
frNdall fra objects that • ight puncture the Nteri,11, should be 
inspected. If nqutred, test speci..ns •Y be cut froa the field 
sheets; this will require s,.tching. and the s,.tching itself should 
also be observed and recorded. The •tbod of plKeeent of the Mte
rial should be recorded and supplaented by photogr•s if possible. 
The HaS should be inspected at ,---rous lontions •nd the required s--• o,,erl11p ... sured and recorded. The -t.hod of se•l ing the se .. , 
"'-ther theraal or d,eshe, should be obs.rved &nd recorded; &11 
.... foraation should be close~y inspected. S...-integrity tests. If 
specified, shovld be aade and recorded, including noution of the 
loatfons of the tests. The entire pl.c:ed Nteri,11 should be syster 
atfcally inspected for i-s,erfectfons or te.n, &nd the results of the 
inspect ion rearded. 

6.3.6 Hydraulic Collector Systea 

The final cover aay conuin • perauble 1.,yer Above the hydraulic bar
rier. Its function is to chAnge the direction of the percol&ting ~ter froe • 
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-. .. rd •nunt to a horizonul ~eaent ~rd I ne1rt>y collector dr1in. 
Us..ally tt ts forad of a clun granul1r •teri1l placed directly Oft the sur
face of the 1-.,.rlllHbl• ~au11c barrier. The surface of the barrier is 
sloped ~rd the collect.or sysua. usually loated 1t the per1&eter of the 
disposal unit. Observ1tions and tests thlt should be lllde 1nd recorded f~r 
tht S fNture 1n: 

• The surface of the base for the perauble layer should be inspected 
Ind observations recorded. Iaperfections include soft scils. organic 
•tertals. the lack of specified acaix or spray-on Mterial. or lNks 
tn a ~ 1mbrane. 

• The aaount and direction of slope of the peraHble layer base should 
be verified and recorded. This "111 usually involve sundard suney
fng techniques. 

• The clun gramalar Mterials used in the perNable l~r should be 
tested for gradation. particularly for the presence of undesirable 
fines. ~rison should be Mde to the specifi ed gr~tion 
requf~ts. 

• The placeaent. C011pKtion. field density testing, and relative density 
testing should be perforad and recorded as described Above for 
Coapacted E1rUlfill. 

6. 4 Qua 1 t trContro 1 s..p 1 i ng 

Qualttrcontrol Sllll)ln -.st be drawn on I systeeltfc buis in order to 
Justify conffdence fn test results. This syst....,.tic bash for sapling. for 
the purpose of testing. requires further discussion. The sutistical Sllll)ling 
procedures dncribed below an based fn part on si• ilar discussions in Hild 
(1952) Ind Aaerican Society for Testing and Nlterills (annual). 

The •thod and frequency of Sllll)ling and testing in construction have tr1-
ditf0ftl1ly bNtl based on intuitive decisions of the saapler or his superiors. 
The purpose of Sllll)ling and testing ts to provide dlu for enluat1on of 1 
portion of the work. Unless Sllll)led by probability, or randoa. Hlll)lfng •thods. tM result 1s often I biased and nonrepresenutive esli•te of 1 
qualt~ CMracterfstfc. Frequenc;y of sapling and testing can only be ration
ally discussed tn suttstfcal-analysis teras. It ts a function of desired 
level of conftdlftce. aui- error or percent error, and the actual variab11-
i~ of the test.cl quality characteristic in the Sllll)led portion of -,rt . . . Coa
parison of standard and alternative test •thods can be -.de on the basis of 
Sllll)le sizes ••did for equivalence of confidence levels. 

6.4.1 Frequency of Sapling and Testing 

Then 1s an inherent Yariabil i ty in ...sunaent dlu for any specified 
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quality dlaract.eristic of any soil ass, ~ther Mtural or construct.ion
prcces~9d. \'ar1ab11ity 1n wsurwnts occurs H a result of (a) •terial 
coapositfon variability, (b) plac1• 1nt (for•ation) process variability, and 
Cc)~ process variability. All Masur-eaents conuin variability 
froa all th1"N causes co•bined. 

Eada 1ndh1dual • -asunaent of a quality char~ristic • -y be considered 
to be one of a •counubly infinite• Mllber of si• ilar Masunaents that could 
be • -da ia a universe of the Mterial. The difference or ern,r between the 
• -asuNd value and the •true• or referenca value is the su• of ccaponents. an 
accuracy (systaatic or calibration) ern,r and a precision Crandall) ern,r. 
This can be written H (ASTM, annua 1): 

'6 .... - .., 

I • -rial value of a ~t "••true or ~ted reference level of the property of the 
•terial to be • NS...-.cl 

(6.1) 

(6.2) 

tip• tM upected value or the average of -any observations NC\lrded 
for the process 

6 • awrection for cor.shtent or systaatic ern,r of the Masurwnt 
process at the reference level 11 

& • correction for randoa deviation about tt.e average of the 
obsenations l'p 

Accvrecy nfers to the dlgrN of agn-nt of individual • NSurwnts, or 
U. average of a large nu•lber of aNs•..--nts, with a •true• or accepted rr 
fennce value. Thh definition i•plies the idea of a consistent deviation, 
or systwtfc or!!.!!! error, ""ich h a fixed or c~ con~rlbut.ion to error 
1n wa of a set of wsvrwnts. PNchfon h the de9T'N of • utual agrewnt 
Wft9 individual wsurwnts of a consistent •tertal Mcie under prescribed, 
lflte cond!tfOM. The 1-,rachion of wsurwnt • -y be .characterized by the 
standard c1Nfat1• of the ern,rs of • NSU'l"eMftt. 

In Eq11atio. 6.1, the 6-t.era for con-ecti• for systeaatic, or accuracy, 
eM"Or 1s the sa·of con-ections froa Ndl oi the three causes of nonrandall 
variation and 1s vr1tten: 

(6.3) 
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~ • cornctfon for systwtfc error due to •terfal coapositfon 
S =- cornctfon for systwtfc error due to placwnt process 
6j- =- cornctfon for systwttc error due to tntfng process 

lecw t.he effects of Nterfal COIIP:)Sitfon. plKWnt process. and tntfng 
process are interrelated. it ts not usually possibly to differentiate tMH in 
a ~ ef aNSurwnts. If t.he .. terial-coapositton and plac-nt-process 
effects are COllbined into a •tertal quality •ffect. then: 

(6.4) 

(6.5) 

aQ • cornctfon for systwtf c error of t.he aHsurwnt process at 
t.he Nference lwel tit due to t.he •terfal qu,alfty (t.he cor 
bined effects of Nterfal coapositfon and placwnt process). 

TIie precision tera of Equ,atfon 6. 1. c • h a randoa effect. and h tM 
COllbh•tf• of rendoa effects due to the three ausn dfKUSHd aboff. The 
statfst~cal variance. oi • of a group of 8HSUNNftts of a characterfstfc of 
a C011Sht..t •terfal uslng a consistent test •t.hod h the 11111 of the vari
ance due to tM three causes of randoe variaibflity. Thh NY oe gfftfl as: 

and defining 

02. ~.oz . 
Q " p 

oz. oz.~ 
0 Q ~ I 

a:• owerall variance 

~ • variw. due to Nterfal coapositfon 

a:• variance due to plK•1nt process 

~ • variance due to testing process 

o~ • variance due to uterfal qu,alfty 
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If the variance due to a particular testing process, al- , is ~. or 

can be esti•tad, then its effect on the overall variance, 1 can be eval
uatad froa Equation 6.8 as: 

2 

00 2 OQ 1 + ( :; )' 

a0 • total standard deviation 
oQ • quality standard deviation 
°i • testing standard deviation 

(6.9) 

When coaparing alternative test Mthods, the effect of different standard 
devtattons of the test Nthods on the overall standard deviation should be 
considered. It can be seen froa Equation S. 9 that when aaterial 'lualfty ts 
untforw (low a) the precision of the test Mthod (a) 11 of great faportance. 
Ho11111trer, _,_.. •terfal Cf'Nll~ty is not unifor11 (high a ) the relative precision 
of OM test •tllod (o ) versus another is of little overall iaportance. 

6.4.2 Types of s..p1tng 

'1-obaibly the ••t satisfactory •thod to the engineer concerned about 
....,11ng all parts of the block is a coabinatfon or '•l stratified randOII 
.... Ung and (b) 1ysteaat1c H11Pling with a randcr # • .srt. 

If a unh,erse, or block, consists of, or can be divided into, a group of 
strati!, theft a randoa saple can be drMm froa uch stratua instead of drawing 
a single randoa saple froa the entire population. This procedure is called 
strattffed randoa :7s11,. The division of a soil aass or a construction 
process into blocks s a Or'II of stratified randoa sapling. 

A popular sapling •thod is systwtic srv;ling with a randoa start. 
Thfs •thod tnwolves the selection of suc:cessve s..plt units at unifont 
fntenals of tf•, distance, area, or voluaa. It is argued that ff the first ....,1. unit ts selected at a randoa location, then all successive units are 
randoa also. 

ly subdividing NCh block of '-'Ork into a convenient large _nUllbtr of sub
blocks, using a randaa start, and following a systeaatic pattern, a randoa ....,1. with untforw CO¥erage of the block 1s obtained. 

6.4.l Seltctfon of s..ple Size 

A statfst1cally rational And valid Nthod of selecting saplt she is 
given in ASlN (Annual) Designation E-122. •suncSard R•cc•1nded Practice for 
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Choice of Sallple Size to Estiaau the Aver~ Quality of a Lot or PTocess.• 
The equation for the nUllber of units (saaple size, n) to includa in a u111pl• 

·in order to estiaau, .,ith a prescribed precision, the aver.ige of soee cMrac-
uristic of a lot is: 

n = (ta'/E)2 

or, in Ul"ti of coefficient of variation 

n = (tV'/e)2 

n = nUllber of units in the saaple 
t = a probability factor, fr011 the Student-t Tables 

a•= the known or estiaated true value of the universe, or lot, 
standard deviation 

(6.10) 

(6.11) 

E = the aaxi- allowable error betwen the estiaau to be aade fr011 
the suple and the result of aeasuring (by the saae Nthods) all 
the units in the lot 

V' = coeff1cient of variation= o'/X, the known or estiaated true 
value of the universe or lot 

• = E/X , the allowable supling error expressed as a percent (or 
fraction) of X' · 

X = the expected (aean) value of the character istic being aeasured 

6.5 Quality-Control Tests 

Quality-control tests are perforaed on a scheduled basis by the inspection 
group in accordance with the systeaatic saapling technique selecud and pref
erably in consona~e with the construction group• s work. Qua 1i ty-contro 1 
tests applicable to the construction of covers for uncontrolled waste sites 
are listed in Table 6-1. Tests are organized by geotechnical paraaeter. For 
aost par-.ters, several ust aethods are given. The selection of a partic
ular test Nthod should be aade on a site-specific basis, as each Nthod has 
relative Nrits and li• itations. However generally peri oraed, and thus gen
erally rec011Nnded, ust aethods are indicated by the footnote to Table 6.1. 
Oe1cript1ons of test Nthods are given in Appendix G. 

Independent-Laboratory Verification Tests 

C.mfn tests are perforaed by geoaeabrane/geotextile aanufacturers to 
arrive at the specifications for their products. Theses_. usts are soae
ti•s also perforaed by the design group, should they not accept the aanufac
tunr's clafas for his product. The design group uses the ~st -res:Jlts to 
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decide on the ~ • ellbrane/geotextile to be specified in the design. The con
struction or inspection group. like the design group. perforas these saae 
tests. The construction or inspection group aust perfona these tests to 
assure that the product that arrives on site vill in fact perfona to the stan
dard specified by the design. Noraally neither the design group nor the con
struction/inspection group actually perfonas these tests itself. They con
tract an independent laboratory which has the requisite equipaent to perfona 
the tests. Thus although these tests can be considered quality-control tests. 
they are not perforMd by the inspection group. Thus they are not included in 
the previous section on test aethods. However they vill be aerely identified 
hen: ASTN designations 0412 (tensile strength and elongation at failure) 
02240 (hardness). D4ll (se• strength). 0624 using die C (tear strength). and 
Federal Test Method SU~rd 101B (puncture resistance). 

6.7 Quality-Assurance Progr• 

An effective quality-assurance progr• for the construction of covers for 
ur.controlled wste sites .-ay take uny forws. However any such prograa aust 
have as its b,cltbone CQIIPleu documentation. Everything of iaportance to the 
quality-control systa aast be properly docuaented. This includes every ob
senation. test. con-ectiv• action when a block of writ is unacceptable. etc. 
The operative aspect of a quality-assurance progr.- for the construction of 
COflrs for uncontrolled 11Mste sites 11USt be and is coaplete. proper 
docuaenution. 

In the developaent of the Plan for re.dial action at an uncontrolled 
halardous-wste site. a Quality-Assur.1nce prograa tailored to the particulars 
of the site and the planned Ktfon(s) should be forailated. 
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APPBC)JX 8 

CASE HISTORIES 

C.S. histories can convey valuable inforut1on to the cover designer, as 
they record actual experience. including probl.-s that arise and their 
solution. Unfortunately to date not aany cover systeas have bffn designed and 
built •t uncontro_lled hazardous wste sites. 

Tw cases of recently insUlled cover systeas •t hazardous w.ste sites ""°" debils were aHilM>le to the p~re" of this Handbook are presented 
here. These are the SylvHter hazardous 1Mste site, near Nashua, NH. and the 

~· ltfn-Buc gniury landfill, in Edison Township. Middlesex County. NJ. 

The cover designer wishing to investigate perforaance histories of esub
ltshed wstrsite coven aay consult docUMnUtion of low-level nuclear waste 
repositories, of ll'hich there are approxiMtely a half dozen in the U. s .• and 
of closed aunfci~l landfills, of which there are Mny. Experience froa such 

C sites will be relevant in varying degrees for uncontrolled haza:-dous 1Mste 
sites. since, ~rticularly •t ..,ici~l 1Mste sites, cove" have ~n called 
upon to perforw various functions other than acting as an iapel"Mable roof. 
Daonstr•ted problas at such sites have included, proainently. subsidence due 

C" to coll-.,se of buried conuinen and erosion due to a variety of specific 
causes. 

The Sylvester hazardous wste site, M>Out 20 ac"s in she, is located on 
Gilson ROM M>OUt three • iles --.st of Nu~. NH. The Nev HMipshire ~t.er 
Supply and Pollution Control Coaaission, punu.ant to a cooperative agneaent 
with the USEPA, contracted for site investigations and for reae-dial-action 
design and COMtruction. The latter IMS carried out during the su.Nr and 
fall of 1982. 

Extensive site investigations including gr-ouncHMt.er saaplfng, s,u.plng 
tests, surface-wt.er saaplfng, wter-qualfty an.lyses, boring$, test pits. and 
ugnet.oMt.er surveys were perforaed. The presence of high levels of tetrahy
drofuran, Mt.hylene chloride, and toluene, as well as other volatile organic 
COIIIP()Un(h. IIM4 established. It IMS kncMI that daolit1on debris, including 
stullps and tfaben, had been buried at the site along wlt.11 hazardous wstes . 
Over 1300 dnas were ,aoved froe the site, ·but others were believed likely to 
be ,still buried. 
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The loal geology COlll)rises glacial SMCts. silts. And gravels. overlying 
schist bedrock at depths of about 30 to 100 ft. Iapervfous soils are rare in 
the am. Ne.in • onthly tellperaturts rang., betwen 22°F (~ry) and -ro-F 
(July); aun annual precipitation approxfMtes 40 inches. 

A bentonite-slurry trench (wall) was installed to bedrock coapletely 
enclosing the site. Site topogr~ was aodified by leveling several saall 
prcafnencn. The vastes wre covered with a • inf- thickness of 3 ft of 
loal soil placed in 6-fn. lifts And COIIPKted with vibratory rollers to at 
lNSt 95 pct of Standard Proctor •ui- det'lSfty. On the COIIPKted surface 
was laid a 40-ail tl>PE gl<ll• 1mbrane. The roll width of the • -brw was 
22.5 ft. And adjoining strtps were hut-bonded with 1~ joints. The • -brw 
Mterial showed approxiMtely 500 pct elongaitfon before failure. The •-brw 
vas laid over the top of the slurry wall and anchored with a Y-s~ anchor 
trench around the periphery. The • -brane was then covered with 3 ft of local 
son. aoderately coapacted. Upon this was laid a 4-fn. layer of •1oaa• or 
topsoil. witch was sffded with a specified • fxture of grasses and legu• es. 

Where exploration had indicated the uxi- concentrations of decayable 
buried Mterial. gas vents wre installed. cOMisting of vertical PVC pipes 
perforated beneath the • -brane. protruding 3 ft above final grade. and capped 
with act.ivated-carbon gas .ctsort>ers. Oesfgn details of these and other fea
tures are shown fn Figures 8-1-B-4. and views of the site during construction 
are shown in Figures 8-5-8-7. Shafts for the gas-vent pipes wre drilled with 
an auger through holes cut fn the aeabrane; the joint between pipe and • -brane 
IMS Sffled with a flange connection as shown fn Figure 8-4. It was necessary 
in soae plw.:n to stabilize the top of the slurry wall by laying a geotextfle 
over ft. A view of the geotextfle. a nonwoven polyester. can be Sffn in 
Figure B-7. 

The final grading plan called for cut slopes along the site boundaries as 
steep as 52 pct in places. and slopes over ·the cover of 3 to about 11 pct. A 
separate • ix of grasses and leguaes was specified for sloping areas. Around 
• ost of the peri•ter a 15-20 ft wide fht was placed just outside the slurry 
11Mll. This cu be driven on by vehicl~s. Also. being slightly canted outward 
~rd the cut slopes. ft acts as a de facto ditch. intercepting surface 
runoff frca the slopes. 

In the first few • onths since cover coapletion. the syst.ea has performed 
wll for the • ost part but has expe-:-ienced sc.o erosion problem in swales 
frca runoff wien the soil above the aeabrane was saturated (Toa Roy. NHWSPCC, 
personal coaaunfcatfon. 21 April 1983). Also there have been soae erosion 
probl..s ~re subsurhc:e water exits at the edge of the ..t>rane. 

A t.bulatfon of the bid figures for reaedial construction at the Sylvester 
site ts presented fn Table 8-1. 
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CAP DETAIL. SYLVESTER SITE (N.T.S.) 
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DETAIL Of "9ISIANE CAP AT SLURRY WM.L. SYLVESTER SITE (N. T.S.) 
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FIGURE 8-3 

GAS VENT DETAIL. SYLVESTER SITE (N.T.S.) 
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FIGUIE 1-5 

GEaNE!i_. IEJlli WO AT mV£STil HAZARDOUS ~TE SITE. 
STIIP VIDTH JS 22.5 FEET. THJCDESS 40 NILS. 
MTEIJAl HOPE. NOTE l»P£D SON AT RIGHT. 

FIGURE 8-6 

GAS V8fT PIPES PllOTIUDJNG THA0UGH 3-FT-THICl LAYER OF SOIL 
puce, OVER GE<IIEMBIME. SYLVESTER HAZARDOUS WASTE SITE 
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FIGURE 8-7 

GEOTOOILE LAID OVER SLURRY IMLL FOR REINFORCEMENT. 
GEOMOIIIME Vlll BE LAID OVEI GEOTEXTILE. BROOl. 
NIOOLE DISTANCE. RECEIVES LOCAL SURFACE DRAIMGE. 
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8.2 Kin-Bue Landfill 

The Kin-Bue sanitary landfill is located in Edison Township, Middlesex 
County. New Jersey. near the towns of Highland Park and Metuchen and just 
north of the Raritan River. The landfill is actually a 110und coaposed of 
succeeding layers of wastes, all above original ground level. The geology at 
the site coaprises a aarine tidal aarsh adjacent to the Raritan River, adjoin
ing and overlying a penaeable sand and gravel fonaation which dips southward 
beneath the river. Hean aonthly temperatures in the area range betwecn about 
31°F (January) and 76°F (July); 11ean annual precipitation approxiaates 
41 inches. 

Duri ng the period 1973-1976, 70 •illion gallons of chemicals were dU111ped 
at the site (Fred C. Hart Associates, 1980). A set of envirorwental probleas 
developed, and a lawsuit led to the withdrawal of the site's operating perait. 
Resoluti on of the lawsuit required as a first step t~e capping of the landfill, 
"lhich was acc011plished in 1980. It was expected that capping would • itigate 
the leachate-outfloo., problea. 

The Kin-Bue landfill is approximately 20 acres in size and has roughly the 
shape of a • esa, with a flat top anj sloping sides . The cover design consisted 
of regrading the top, placing a 12-in. layer of coapacted clay overlain by a 
syntheti c • eabrane, overlaying this with a 6-in. layer of sand, and fina11y 
placing a 12-in. layer of soil suitable for supporting vegetation. A carefully 
planned drainage systea was incorporated. Around the edge of the top area a 
beni was constructed; just inboard of the bera is a drainage ditch with a 
perforated subdrain pipe buri,t beneath it. The ditches lead to downchutes 
located at three corners of the top area. The downchutes incorporated gabions 
in their constn-ction and discharge to stilling basins, thus conveying water 
to the lower leve! without erosion. 

The side slopes of the landfill are graded to a slope of about one in 
three. Capping of ~lopes consisted of placing a layer of compacted clay, 
6 to 12 in. thick, over the coapacted wastes, and then covering the clay with 
12 in. of soil suitable for supporting v~getation . Soil • ight slide off a 
• cabrane placed on slopes as !teep as these. Near the base of the slopes a 
drainage ditch systea with an outlying bera was designed to carry off the 
surface water floo.,ing down the slopes. 

' Four gas vents were installed in the top of the landfill . These con!ist~d 
of vertical PVC pipes tl'le lower portion of which was perforated and set in a 
gravel-packed well in the wastes. 

Figure B-8 is a plan vie.. of the Kin-Bue landfill showing the layout of 
the drainage systea. Various detailed aspects of the system are shown in 
Figure~ B-9-B-15. One of the downchutes aay be seen in Figure B-16. 

The drainage systea is reporte~ to have worked well to date (G. Tawadros, 
EPA Region II laboratory, personal coaaunication). The only problem has been 
a certain aaount of rill erosion on the slopes (Figure B-17). These rills are 
periodically filled and reseeded in an ongoing aaintenance program. 
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FIGURE B-8 
PLAN VIEW OF KIN-BUC LANDFILL, SHOWING DRAINAGE SYSTEM 
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FIGURE B-9 

EDGE OF TOP AREA. DITCH ANO BERM. KIN-BUC LAN>FILL 
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FIGURE B-10 

DOWNCHUTE SECTION. KIN-BUC LANOFILL 
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FIGURE 8-11 

COVER SOIL SECTION. TOP AREA. llM-BUC LANOFILL 
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FIGURE 8-13 

GAS YOO DETAIL. llN-BUC l.Nl)flll 
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FIGURE 8-14 
GRASSEO CHANNEL SECTION, KIN-BUC LANDFILL 

FIGURE B-15 
SIDE-HILL DITCH AND BERM, KIN-BUC LANDFILL 
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FIGURE 8-16 

DOIMCHUTE AT ONE CORNER OF lIN-BUC LANDFILL 

FIGURE 8-17 

RILL EROSION IN SIDE SLOPES. KIN-BUC LAHOFILL 
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APPENDIX C 

COSTS 

It bu not been fusibl• to p~n a coaplete disc1·ssh>n of costs for 
cover-systa design and construction. A good exapl• of such a discussion is 
Chapter 7 of Spoonar et al. (1984). which truts in detail the ujor cost 
•1.....u for sluny-tranch design and construction. Since several probleas 
and KthiUn are coaon to the construction of slurry tnnches and coven. 

"lq" it 1s recc • 1l'l1ied that the cover designar consult this reference. 

In an •ffort to develop UM!ble cost inforution for Superfund reeedial
responsa r:tions. R1shal. Boston. and Sctwidt (1981) perforaed a detailed 
conceptual study of tt,e ·costs of rwdial MHures at landfills and surface 5 iapoundllants. They identified 35 •unit operations• (UO). 21 for landfills and 
14 for iapoundllants. Exaples of UO would be •Ponding• and •sheet Pile Cut-Off 
Vall.• EKh UO was analyzed into its coaponents. a.""ld these were then costed 
for the spacific asa of ~rk. NJ. and also for estiuted lower-average and 

• uppar-avaraga costs for the U. S. Both Capital and Operation-and-~fotenance 
, 0 (O&N) costs were considered. A walth of cost inforution vas developed (in 

term of • id-1980 dollan). 

.. 
The bblas listed bel°" are froa Rishel. Boston. !nd Schllidt (1981). The 

cover designar should be able to recognize those iteas that pertain to cover 
S"JSt..s. 

Tabl• No. 
C-1 

C-2 

C-3 
C-4 
c-s 

C-6 

Title 

Capital and o&M Coaponents Which Contribute to 
Unit Operations 

Average U. S. Low and High Costs of Unit Opera-
tio~s for Hed1t.a.rSized Sites (Metric Units)• 

Landfill Capital Cost Coaponents - Hetric Units 
Landfill o&M Cost Coaponents - Hetric Units 
Surface Iapoundllent Capital Cost Coaponents -

flletric Units 
Surface Iapoundllent o&M Cost Coaponents -

Metric Units 

1 Rishel. Boston. and Schllidt present equivalent tables in English units. but 
list cost-data sources only in their Hetric tables. For this reason the 
Metric tables have been re,produced here. 
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The cover designer vill find this report instructive, and it is highly 
NC>?l 1ndad. The authors offer a distinct caveat regarding UH of their cost 
figures. howver, and it is considered appropriate to reproduce it hen 
(Rishel• Boston, and Schllidt, 1981, p 3): 

•QUALIFICATIONS AND LIMITATIONS OF RESULTS 
•The overall objective of this stuey was to esti,ute the cleanup 

costs of hazardous-waste sites using a conceptual-~sign approach. This 
approach was necessitated by the fact that •superfund"' reaedial-nsponse 
activities are still in their infancy. and that real-world fHdback on the 
cost of these hazardous-waste cleanup activities is largely unavailu»le. 

•in using these cost est1Mtes. the reader should exercise consider
able caution. Cost estt .. tes are only as c011plete as the unit operations 
they describe, or as realistic as the various assU111Ptions and site profiles 
upon which they are based. 

•A subsequent voluae to this report will use real-life experiences in 
actual hazardous-waste-site reaedial actions to refine this voluae's 
costing •thodology. • 

The cover-systea designer considering the iaportation of bulk aaterials 
will find an inforaative discussion of the econoaics of bulk shipaents by 
various IIOdes of transportation in Collins and Miller (1976, pp 241-267). 

The actual bid figures for rcaedial construction at the Sylvester hazardous 
waste site. Nashua, NH. are presented fn •case Histories• (Appendix B). 

A uble of year-to-year cost indices is presented i n Appendix C of JRB 
Associates, Inc. (1982). 

C-2 

\ 
' 

\ 
i 
i 
J 
I 
I 

l 
I 
l 



r 

ii !I 

1 ..... . . ._ .. . 

---

n 
I 

w 

0- 1 1 o,.., •• ,-

- - -- - --- ---- ------
9 r 2 5 6 

TABLl C· l 

CAPITAL ANO O&M COMPONENTS WHICH CONIRIBUTE TO UNIT OPERATIONS 

>-

Ill • 
"'• - t-

-
.. " •- • - • - Ill>- . •-

' - -- - ~ 
C,.t.P J TAI I U"\TI ··----- - - ------------ ---· ---- ---- --- - ----~ 

... ..... . , ....... .,.t.htlitbll 



TABLE C-2 

AVERAGE U. S. LCM AND HIGH COSTS OF UNIT OPERATIONS FOR MEDIUM-SIZED SITES - METRIC UNITS 

1.rf P.1• I.I, ~.fll1 !lf,!11,.r. r!iH!f' I.lo IJ!.f"I !1fif:IJ,.1. ,,,, ... C.,11•1 , .. , .... .... C.,11•1 , .. , ... c-, 

1111 INllllllt !11111 !IIU _J..._ _J..._ _J__ 
I, c..,_,. ............ , .. ., ... ,. .... .,,,. Ill ... ,. ,, .... , .. ..... 

, ........ • , .. ,.u. 
, . .............. ,. .. .... ..... .. ...... .,,,.. ... , .. • .,,,.. ... , .......... 
J. ............ ., .......... ,,.,. ltl U , IOI ... - Ill .. ... .. ..... , ...... ,, ., .... .. .. , ........ •' ti.I .... , ... , ti . I '·'" Ill I i 

I r i n 

' ' .. 
4,,1 I 

·;1, • 

' /r I ! 

I 'i• . ,, 

_ _,, •II 

, . ., .......... ._. I fMt eue , •' - .... u, l,IM . ... IIM 

•• .... ,.u .. .... ,, ... ... .. ,., .. , ... •' ,, • ,, IN • IN 

, .. ................ . .... , ..... ,., ...... l,IM ,., ...... "·'"· ... '·'" 11,11,,000 

•• •ulM ,,,. ........ "·' u., HI IN ,.,. ... 
,. •11 ...... , ... , ...... .,. , ... ., ... ·' IJ , t 1,11 Ill ltl .... IIJ ... ..., .u ., .... , ....... ,. .... ., ... ·' .... I , I .... ..., J,11 11 , 1 

II , IOJNla- . ... , .,. , ........ ·' II ... .. , .. N HI ,,,., 
II , w ...... , .. ,, ........ .., .... ... .... .. '·'" I,,.. ... ,.. .. ,.. 1,110 , ..... 

........ 1 .. , ...... 

IJ, c:a...Jul flutl• IIU .... , M ...... , .... .,,_ ....... '·'" 10,IOI 

u . c:::a.., ... ... , ... '-- t...ill I"'-••' 1.U ·'"' 1 . 11 >. II ,lt)I 1,11 

II, &ac .. •U• * u'"-rl•I LN,;1111 .. ,_. , • 1 I II 1 ,111 Ill IIO 0.016 IN 
I 

i cc-11-1 

(. 

i· 

~ .. 

(continued) 

-- ---------------~-- ··-··· 



, 
! 

,I 

t 
Jf 
r 
~

/ . 
l I 
> I ,, I 
t. i 
,: 

n 
I 

(,II 

9 'J 9 0 

TABLE C-2 (Concluded) 

"" .,,,,,.. ... -· .. 
u. ,, .............. .. 
"• ...... H .,_,.. . ,..,. ..... ... ......... ., ......... -' ., ........ , ... ............ .. ., ... -·" ........ ., ......... ,., . .... " 

....... 
--1111'« ..... 
ltU .,Nt .. 

,, ........... . 
,,.., ........ . 
c...., ........ ,. 11, 

.... ,.,, ... , .. 
Ill•,.,._.,,,• 

"· ............... ....... . .... , ... ... ., .. , ....... , .. . ..................... ..,, ....... ., ..... _ ........ ,_ ..,_ 
,.. ........... .. ... , ... .. 
"· ,..,,, .......... ,, ... .. .. ,.,, ., ... •' .. . .,... ....... .. .. ,., ...... •' 
11, .... , ,,u .. ,_.HI •U !NII ,.,, ,,.,, •' 

"· ..... ..... .... . .... , ..... 
"· ......... ,...... ,,,.. ......... . 
,., ... ,. .... .,... , ... ,..,. ..... , .... , ... .... .... ...... . ... ,..,.. ......... •' 
"· .. ,, .. , ....... ., .. . 
u. '---..... , .. .... 
,._ .... , ......... .... 
,._ ..,_'- ..... _, 

.. -~1111 

......... ,., ...... •' 
c.ec., ... ., ...... u, 
............ J 
~ .. ~ .. , 

.. , 
"·' 
" ·' 
'·" ... 

Ill 

... -

... -
, .... .... 

I,. 
, ... 

.... -
11, 

U . I 

11,1 

II.I .... 
, .. 

,.. 

• .. ,.. ..... 
1 , 111 

..... 

.... 
..... 

Ill 

• .... 
/ , II . ..... ... 
"·' .... 
'·" .. ,.. 
t . 111 

• 

4 

.. , 
II. II 

•• 
'·" ... 

,., 
n.• 
" •* 

1,,,. .... .. , .... 
'·"'·-

1,UI 

1/1 ..... 
••• . ... .... 
,.. 

2 5 

-?.ril!f ,,,, •M" fi•I 6£ fill . . ,. ,.,., . 
c.,11,1 , ... - C... 

-L-
I .tit .. ... ... 

'·" 
'" 
1/t 

• 
•• llt 

t.n, 

..... 
I.II 

11 . , 

..... , ... 
,._,. . 
, .. ,. . ., ... . 

... 1 , 11 

Ill 1,11 

,,.,,... ,.,,. - , .. 
111 11 ,1 ..... .. .. .... 

1.N 

, ... 
,.. 

.... .. , .. .. , .. 
• 

l,Nt 

N,11 . .. 
.... 

, .. 
'" 

ti.Mt 

... ,. 
, .... ... ... 

111 

,,,., ... 
..... .. 

•·· ... . ... . . ., 
,.. 



I, 

'I 
TABLE C-3 

\}' 
LANDFILL CAPITAL COST C()1PONENTS - METRIC UNITS 

'~- , . ,_,., ,.,__,, hfUlthe ~ 
_lslW,_ --'t.11-- ...JII- JuL_ .lallL. 

~I, H•III .... -•• ............ t;•::f.~..:r::'~ ... 11 ellu ........ .... I , II 11., 11,1 

1~,, 
I 

AIM ,-,..HllM ...... ..... ............. , ... ,,.. ..... ,- , .. ... NJ 01 .... ,..., ..... ..,,_ ................... , ... ., .. -IHI '" "' '" '" 
llHUIII ...... ...., ......... , .. ..... , ,,., ........ .... 1. 11 .... 1 , 11 

llHUIII 
.... _, .... , .......... , ... ,.,,., ,,., .......... , ... .... . ... , ... 

........ , """'"' ......... , .. ," ... a1,...c •I k•••lu.., ull ., .... .., ...... .... 111 . .. ..,, ... ,. .... .. ,. .... ,,_,'- .,.,u .. , ..... , ...... IN Nfa,•r . , .. ..... ,- .. ,. 1 , 11 .... 1,11 

11-., .... , .... , ............ u,..,, '" ., .... ., ..... , ... I ,Ill ... ,,,.. . ... ... ,.,,., " ....... ... ,., .. ,, .. ,.1u,,. "' ..... ., .... C.,hH , ... '" Ill ,,. ,. ... ,.,,., ... "'• .. .... , .... , ...... ,,.,, .. "' ..... ., .... '"''"' .... ,.. Ill ,.. 111 

c.-...,, ... ,. ...... MN•IN , CIN• HOO -,.,,ul• 11• ..... IIN , .. 1, N 1, 11 1,11 ,.,, ...... 
c.-., ..... ,. ........ .,.,.,, ... ca ... .,.. ..,.,,,,,. 11• --- , ... J,N 1,11 ,.,. .... 
,.., ..... 4 

n c..... ,.,., •• ...... ......... , ........... , •.... II• .. ... IIN 1, 11 I.ti • •N 1,11 

Ji 
,.., ..... 4 

c..... ,,,., •• ......... ......... c, ......... , ..... ,,. .. ....... ••• . ... . ... ,,,, ,.,, .. , ... 
c.-.t ,,,., •• ...... c.....c ,,,., .... ,.,, ... , .. 11• ........ ,.,. 1,11 ,,., ..... 
~,a,.,.- ......... C.-•t ,,,., .... ,.,, ....... lie ......... .. ,, . ... .... ,.u 
"'-"•le ......... ,, ...................... ..,,., ... , ..... 1/1 ,_,.. , ... .... 1 , 11 1,11 1, 11 

lleCltl 

.... MUI,·• ......... 11 .... t,111"4 _. ·- lie ........ 11., .... 11, 1 II , I ......... ., ... .... , .... 11 .... fH C:MI ................ ,N .. rl• , ............................. ..... .. ...., .. , .... ,. ...... ,we, ................. II• ..... INO 11 ,1 11., ,.,, n.1 .......... , ..... ,. ......... "',, ...... .., ......... ,,. .. ....... t , 11 ,,., , ... .... 
, ..... I el II 

() 

(continued) 

---



TABLE C-3 (Continued) 

.,,,, ...... --... ,._ ~UIIII• ...IIJJ.L.._ _..a,ws__ Jal_ -'-- ...II.IL- ..lal.li-
H ....... ,1,.,,- .,_ NC,1 .. ,1,, ......... II• ......... 14 , 1 11,J "·' .... , .i , 
ll ....... ,1,.,,. .... , ..... n,c ,htllt, k..,_l, .. II• •-1 ... "·· II.I ,,,. u., ! 

.... ,. ... ,,, .. , , ............ C...1rwll•.., .. ,,1 ..... ,1,,,.1, .,., ......... '·" I ' II l,U J,IJ ............ 
tfU1.e4 NIH, l.t• ..,.,u,,1, .. ,,,i..,1..- ....................... II• ......... 11 , 1 .... ... , lf.f 

... uu., NIH , •• .. , .. u,,,, ..... ,., , .. hll l -4 _, foNH "11• ,1,. I/• ......... 11 , 1 u., .... u., 

.. 111 ,., "-•I , ... ,, .,1 ... ,1 ,, ....... ..,. .. ,, ,, .. ..,, .,.,, .. 11 .. , .. ...... ... , .. ,,. •• .................. ·- ... ... ~ ....... 11.' .. ...... ,.u 1, 11 J . M , ... .. -.................. .. ,.,a..,, • ..... u... ..... , .,., ......... .. .. I . It I . II I.M .. -

....... a.1., ..... , .. ,, I.AH ::::-.::~~·;:•c1.t-:;•..:~ .,., -...... 1, 11 .... 1, H .. ,, _ .. ....., ............ .... _. :::~.:: ~~·;:•c1.,-:;' ~~ .,., -·· .... .. " .. " .. ,. .. ,. 

....................... I.AH IN II CH•> a..-1, .... , _, ,,_., "·' ·- .... ..,, .. ,, .... .... 
,_,..."'•"• n 11• > I -"''-• .... Uf ... .... _. ,.. ,, , ... , W-1, .... , ... ,,_,. ·- .... 1, 11 1. 11 1,11 l,U ..., ·-... "'·"· ....... _, ...... .. ,.,u1,/&Mu1a,1•• , .. , • ., ....... , .. ,. , ... uu, ... II• ....... "·' 11,1 ,,,, ..., 

:rn'!t :~:!! ::1::•'- . , .. 
n., •Mn, t• .,u,u,,1,au, 11,1&.. ..... , ....... , ,._ ., .... ,. ..... .,, ... 

.. ~i-, 
1441111 .... ... IM 1,IM ,,.., 

, .... -.,.,,. ......... , ..... , ...... • ... ,.. ,.., ., u •• , i-,u11 ... 11,, .. ~ ... , .... , .... IM ,,,.. , .... .... _, 
too«ec+:t1sel a-..ca.- &..iMc"/..i•1Ltl• ... , ............. .,., ...... ...,.,., ... 11,, .. Kl IHI ,,,.. J,IM t,12t ,., . ...... ... 111 .. ,1.,,,1111., ... "'-• -. ....... , ..... .,_, ~ 0N .... , .,.,....,, .. ,,_, 4r&Mf 11• ' 

._,,.. , ... ,.,. ,.u '·" .,_, .. "'"'· )/4• NI .......... 1/• I ._ .... '·" ,.,. ,.u ,.,. _ _.... ....... t.. ,,u • ..... , ... .. 11. c., .. ,., "•' ·- .... JU . ., ,., 
"' • .... ........ u _ _.... 

........ i. ... •·" - ... ,.u, , .. ,. c., .. '" ..... ......... u II•' ._ .... ,.,, "·' lf , t "·' 
(-1 I •I I) 

,, 

(continued) 

' ... ~. 11--••"+·· 111 a<, --~·re!W :'lh\.u.~,'U .. i.i.-.. N.•~ •'-'-~•••JQ¥ift'±':f¥'\1Ji'ftt?Mlli(f('~:.;i · 
• .. .. 1 •tJr: 



---
~------------,---

•J ,. 
_.·1 

Cl 1• I '""lfl 
(••J ffl'WIU4 ,., •/ft'tl Ut-'f IIIIJ 

f'lf •·oc .. ,, 0l'tl OHi ••u-, •11 o, •1•,~~ .• , , ... -· '"' ..... , ,., ., ....... •••• ,.,.,., '>Al ,.,., 

l'lf (' II I'll 0'f\ Otll ... ._ 
•""" 

•11-... , ,., ... , .. .,., _,,.,, .... , ., . , ... ., ,.., . ..,,, 
C'OI , . ., l'H 0'41 Ottl ...... .. .,..,. ............ , .... , .. .,., .,.,,., .. -· . , ... " ,.,, . .,., t'II l'ot o·tr .. ,, M&f ••• t11H•Jt ...... ... ,., ....... ,., ., .. ,, .... , ••. , ... i, '641 ... ,, 

l'K 1·,1 I'll 0'11 "" ..... . ... ,. .,, ... "' ... .,...,, .. .,., .,.,,., .. ., . , ... " ,.,, . ...,, 
C'tt I'll f'tl r·11 OHi ,.,. .. ..... ,. .. , .. ., ,ct ., .. ,, .... , ... , ..... ,.,,.., ... ,, , ... I'll o·o, o· II OHi .._ • ._ ..... ,. .. , .. ., ... .,., ..... ., ', ....... , ,.,, . .,,, 
,·11 l'tl ,. ,, 0'11 OHi ..... 

"""" .. ,.,., ... •UttttlNI •• 't ..... t•J ,.,., ... ,, 

,·er , . ., ,·or 0'll "" ........ . .,..,. .. ,, .. , ... .,.,,. ... ., ··~··· ,,., . ..,., I'll I'll I 'II I'll o .. , .. ,.. "" .... ,, ..... . .... , .... .. ,.,1 .. 

"' 
Ill ltl 011 o .. , .. ,.. ... ,. ..... , .... .,.,,.,.,. .. , .. , .. ,.,. II I I 'II I'll 001 .. ,.. ... ,. .. ,.,, ...... ,_, .., .. , .. .. ,, ........... .,,.., ,., co 1·11 I'll u·c ,. .. "" ...... .,. .,,., c• ,·u ,, 11 •c•• ,.,, .,·• -•••ftUMI .......... , .. ,, .. I 

............ "" '"''"' ,., u 
.,., r, I 

~·· t 
t(" I 

"·' ...... .,. ., .. , c• ,·o ,, u •c•• ,·u .,·• .,.,,., .. ..................... ,_,_.,II•- nw> ... ,_..,.,..,•rt,.,. ... 

----
"" Dt ""'" ., -·····--··"• ., ... ,., . ., ..-, .... . .... , ..... , .. ., ... 

-
0ll 

"' "' "" 
. ...,n• .... It .... ,. ,.,. ....... ,, ,., ... .._... .. ,,.,,., .. ,,.,.,,., .. ... ,, ., ... , .. .... ,, .. ,,., ... ,, ............... .,., .. ,,.,,., .. ,,.,., .. , .. .. ,. .. , tftJH"9 

. , ........ , .. , '"" ..... ,.., ll'I ll' I ll't _,,-.. ,.,, • .. ,-.£u .............. ,, ... ti .,.,,., .. ,...., , .. ., 
tll tll tll tll 

"" .. ,.. ... 11 ., .... , ......... ,.. ,... ....... , _, ... ._._, .. 111 ,,. 
'" 

llt 
"' "" .. ,.. "" ...... , ............ ,... . .,.., .. , .,.,,., .. '-t...-'49 

11 

"' 
tll tol Ill "" ..... ...,, ...... , ................. ,.,", ._, ... .......... f'K 1 ·n c· rr f 't( .... '" .. •II "., ..... .,,., .. , .. ,,., ... ..... ,,._ 

t'U .. ., , . ., ,.,, ... , ..... •II "•I-ff,., ........ .. ... ,, ...... -,imr ·-.r -u,---mr iJJDI --rmr DlliiiJ4 IIAiiiiiN ......, ...... . ' 

I 

I 
.. ~ I . ····• 

...,, i iii' . ' ... -. . .. , . 4 , .. ,, 
.... , .... ,._,.;,ttJ1'"'1-~••••s;;;.oa.w.?~t• • 



- --- ----- ~ --
, 

2 

TABLE C-3 (~ontinued) 

' [:j; ...... ... ... 
Cw1111t .......... 11111111a ...hUi- laUI Jul_ --la.... ..l1IL. ..1mJi.... 

li ,a,., PIC, IMH• lo, r ........... '" ... HUNI ... WIII, .......... II• ..._ .... ,,., .... 11., 11,1 

: 

I! 
,.,.. "'· lMH•··· .,. ....... ,. '" ............................. II• ... _ .... .. .. ,.,. .,,, N,6 ............ ,,,. , .... ,,., ....... 
,.,., "'· ... ,,.,,, u• ........ ,. .. ,., ...... ., .......... , .......... II• ...... ltN 11 . , 11 , f •••• ... , 

, I 
'I 

: i ,.,., "'· ,, .. ,., .. .. , .... 1. ,., .................. , .......... 11• ......... , . 11 '·°' '·" 1,60 

,,.,., tfC, ,i..u, •• ............ , .............................. II• 
..._ , ... 11 ,1 11., 11,1 IS.I 

",., r,c, , ... ,. •• ... ., .. ,. IH 1,H HU.,11• WI h, ....... , W llo 
... _ , ... ... , 11., "·' 11,1 

rt ,.,., ""· ,. .. , ... ........... ,., ..... ,, .. ,._ .. , ................ 11• ......... 11 , 1 "·' II, I N,1 

,-.,, .... ,., .... a.,1,-..c,1 .. , •• , •• ,_ .,,. ,,,,.. ., .... ...... , ... ,.- 1, 000 ··- ··-,._., .... , ..... i.-., I W • 4• • ...._.,.,.,, ., .... .. ... , ... , .. 110 00 ,.. 
~ ...... ,. .... .... , .... I W • •• ...... ,,11111 ., .... ,-..,., UN .,, IIO 00 -..... , ... , ..... .. ,., .. ,., ..... , ..... ...... , .... , ., ..... .,., .._., I HO ..... I. II I.N . ... - ..... , •• ,.,, ........ ,.J I ,., ... ,., ............ ,. .. ,, ... , ...... , ... , .... . ... .... . . ., 
_,, ..... .... ,,, ... , ............ ,..,..,,, ,,, ,~,,,', .,,.,_. --- .... .. , IN '" '" n -· , .. , .. ····••1t••- f :;;•:!!,::,;• ._., • ~•II 

.,, .... ..... , ... 100 ., Ill I I& 
I 

U) .,.,,, ., ............... ... , .... , ............. , ................ ,_ ., ... ,_ .. , .,., ..._ , ... .. .. II , I ,.,, 0,1 .1.,,, 
.. ,. .. •M•••IHI NIU I l l ...... 0.. ............. , • • • ,. , ....... ,.,. II• 

I 
111.H• IHO I . JI Ill , IJ I . JI t . lJ 

.. ,. ........ ,,4 ... .... , , ... ,.. .. .,, ........... , ... '~•·- .,., ..,.,... IHO 0,\1 o.u '·" O.tl .. ,, ................... ltwulhfl- t• Cl , N •I 1•1rL ,., .,., .. ... 1110 1.0\ .... I.II I .If , ... ,. .. .. ,, .................. .. , .... 1 1• Cl . OIi •t 11111• ,., .,., .. ... IHO , ... I . JI J, II J,11 , ... , ... .. ,,., ....... ,., ... .... ., .. ,., ... , ....... .. ,., ..... , ... , .. ,. ,.,., .... II" .,., ..,. ,. ,.,. , . ., '·'° ... , , ... ,. ... ,., .... __ ., 

..,, ........ ,,., ... ... ., .. ,., ......... , .. ... ,. ..... , ..... ,., ............. .,., ...,. ,. ,.,. ,.11 , . 11 1 , 11 '·" "'-"' .... , ... , 

... , ........ 11, ... .. ,.,,.,., ... , .. , .. ,. ,,. ,,.. .. , '" .... ........ , .. .,., ,..,u, ! tll '·" , ... ··" ,,,. ... , ,._~, NI I ,_., 

, ....... , ,, 
(continued) 

I 
I 

: l. 



,,, _______ ,::!::_ ___________________ ....... _____ , .. , __________ , .. , ..... .,_ ...... ___ ;:;;;;;;...:;;;;;= -.-----------------------------•--r----.,.. 

u,.' ,_, 

I'll , ... ..., I'll OHi •t• .. IIM/1 .. , ........ ,.. ... , .... •~•rttrt .. t/.J1•t•••• 
"'""'" ""'Mtt• 

-c-•. ,, 
l'lt , . ., ('It I'll "" ., ... .,. (4 ,.,, '"' (I '>M .,,~,., .. ,,.,.,,""' .c·, ....... n• I 

I ., 111 ,.., .............. ". 

t tl'I tl'I ti' I tl'I Oltl ._. ,•11 •t ~ ... •tt•••a.. M HIN.II ..... , .... --- U'I 11·, 11'1 11'1 ... ,-.. ,"" 
"~I ... ,,. .. , ........ , ... NO _, 

---
I 

(P/1 IN'ffll -

l ... 111n 
--......... _,. If •1 I ,.",.,,., .. • t1N1 ru1•4 ., ....... ---

0 
..,., ... 4JU 7 ... ,., ··-"" ....... , ....... u t n,·, 01'1 .,. .. 111'1 1111 ,,. _,,. -,.... ., .. ,." ..... , ........ , _,_,_, ..,,..-.. ( 

_,.., ,,,. ' ... ,., ....... ,, .. ,.., ........ ..... 111'1 ..... ... .. IHI f:11 _,,. -~ ., .. ,.,, ........ ••-te _,_,_, .., .. .-., 
Ill Ill tll 

'" "" ,,. 
... ,11 .,, .............. , ... ,. .. , ... ..... ,, .. -· '"'"" '",. .... , ......... OU "I Ml NI ... , ,,. ,.,,. .. , ............ ...,,, .... ..., _, ..,__ 

-• II .. C-1 .ti _,,., 

-- ... , "'' 
ti'( H't. "" .,., .. ,•11 .,., , ...... ., .. cu.-.cn.c •••e-tre...,,,,.,,. ... ...... ,.. .. ,.. •-II .. _, .ti 

--
I'll , ... ,., I'll ... , ...... ,•11 . .,., .. , ....... ,...,.,. ., .... ..,...,,....,, ... , ..... "".,__,_ 

,. .. , II .. 1--..1 oil -1'"1 _,_,II_ N't M'f n·c co·• '"' ...... ,•11 •••• ,.., ........... c ...... u .c ..... ,,.. .... ,.,., ..... _, ·.--, ... ·-, ... ,_, ... '"' 
t('f .... 11·, '"' ...... ~ .... .,., .. , .... ""'" , .... , .,, _,,.,,.. .... ,,,..,, .... ... ., .,__,_ 

,im;r -.,. ~ -mr-. ., ... DIIIUl)ii If .... .. .. 
t :, 

(papnL:>UOJ) £-J 318Vl. 



•1· • '• I' .:.· wr 
._I. ·,. 
' ' . ; . , 
' .( . 

9 I 9 4 4 
TABLE C·4 

LANDFILL o&H COST COMPONENTS· METRIC UNITS 

" . ,.. , .. ,, .. tst:, ...... ,11 !!t[l•llle ~ ...l:W..L. ..w1- ....Ii!!... .!.I.IL l!m.11. 
a...., ••• .... , .... --. ....... ,.,, ........... ., .. , .... , , .... t1,1 •• , ICI INII •.on 0,011 0.111 o.ou 

,..._luh . ,., ...... ) 
.... ., .. u, , ... , '"'' P•r •ltf IUII ... I pl#lt f • lrHIIN, ., .... ICI IHO o:o, 0 . 01 0.11 0 ,0, 

l•JHIIM , ~ ....... ., .... 11,,..,, 

~ !· 
; 

j t 

_, .. 
i.r..,, ..... ,.. •• .. .......... , ... , .. c.1 .. ,, .. , ., .,., .._.,, IHO 0.1, 1 , 11 0 . 11 ,.u ~--

:!:::=:~::r"· ... , ........ .. ~ .... ., ........................ "·' ...... ,to 1. 71 I.I) J , IO , ... 
I• J I IM• I Jflf .,,_, .. JH ,1,,.. .. , ....... uwr PH .. , ... UHi .. ti NltH e-4 1/lu ICI IUO II . I , ... • ••• ..., 
JtHI" .. , rNUel INlfll.eU..-, 

l\ 
' . ....... , .. , ... ,.a,) L..ku1,,y , .. ,, P•r If ..... Wltt/hN .... U ... 11,rl-, ,, ...... ICI IHO no J)O J)O J)O 

tr .. _. .. .,, .. wile 

I . i t 
.. I r f I "r· 

-u .. , .. '-''--' ..... , r,, ar---4 wtn/lHc~ ..... u.,,-, I/tu ICI 1100 11.J , ... .. .. , .. , 
h• ... u,, 1 .. wJh ----- W!Mrl•••r ltlt IN H• ,._, rl4# ..,.,, _. _,.,,,,r ,,... ""4,. IHO tl.t ... , Ill ... , 

I n 
I 

...... '-- -· ...._, l•t NIH UHt.ae•I ,1 ... .,.., ..... I/~, ICI IHO 10 6 , )0 IJ, 11 11 , Jt ,.,..-.1 
I, _, 

. _, 
i -:, 

j \' 
...... '--_ ~ , .. _.. .. ~1 .. u ... , .... .,.,.u .. .,., ICI ltOO IJ ,.o It.ft 11.1, ,., ..... .. , ... , ......... WMl'/MIHleh .....,. uhrllUuu ...... ,., ,.., ,,... -•NO ,.. '" , .. ,.. .... ...... u .. , .... .,,., ,, ......... , 1/U ICI ltOO '·" '·" '·" '·" 

l 
' 

f 
l l:J 

·.1 
r, 

. ! I , 
. ' , 
. ' 
l, I 
. : . ' ~, .·, 

+. ,• ~ ;. 1 • ;. ( 
-.{ ·· r-

H 
·J< 

t: 



1 · 

j 

Pwntll -~-.. -__ .. _ 
.......... .. u .. , .. -.~ ... ,, -·~-·· .............. ---··-.............. ~. 
c-, ......... 

..-ui., ...... •• 

n .. au'" 
I 
~ -a. N 

-a. 
...... ,a.1,, .. a.a. 
•• II 

... " .. a.1 ..... a.a. .... 
c..._..., .. , 1-,ar 
.. a.. 

--•-a.-,a. ...... .. _, 

---le 
I 

TABLE C-5 

SURFACE IHPOUH~ENT CAPITAL COST COMPONENTS - METRIC UNIT( 
! 

... . .. 
--lmmD1l1.- hft!llfn ii!i°'- ,.,,,. -SIIJ.._ -1t!L-
i.... '" ., .. ~ ... ,.,u,e, ........... .....I ... '·"' .... , .......... 
-..1- '" .... , ... ,.,., 1ee, ,. ......... .,., ... .. 1 ... I . HI ,.,n ...... , ... 
.,.,,.,., .. 1,. ... .., ..... ., ..... , .. ., ,.u • ., J .. .,,_, ......... .... ..... 1ac, .......... ,., ...... , .. ,., ............. 
•1•r'-l• cs ... MOI, ,..,.,._,H, ...... , .. I/• ... _ INI , ... .... 
... ,.,i.,a... ci.., ,aoo, ,.,,H,1.,, ...,.,, .. I/• .. ....... 1.11 I.H 

._ INI_., .. kdlUI J II 
Cl •I -

.,., ........ 1.11 1.1• ... ,,_.. INl_,l .. INcUUI J ft (I•>'"' "•) .......... I.SJ I ,SJ . .. ,., ..... c..., ... u- ....... 0, .... , ....... "·1 . ... ·~ '·" 1. ,, 

•.••.••• , ..... ,i.,,- hUl-4 -4 uH4 •ll• ,,,. II• .......... u., u., 
-•I u.,,_,, c, .......... ~., ••• ., .. , ...... IMO - , .. 1-, 
._ 0.. ... ,,..., .,..,.,., "·, -. ... 1NO ,.1, .... 
.......... ,,_, ....... ., "·' 

.. _ 
INt .. ., .. ., 

i..w, C--lrieft•h••••>, ... ,. .,., ..... ltll I . II , . 1• 
(IOI al w.J 

.......... '- .,_,,.., h•u•J, loot II "·' ..... IHO .. ,. '·" (IOI el.._, 

....... u , .............. ,,~ ............. 1/•NII ICI IMO U,MIO ,,,... 
............. u, ...... _ ....... 
.. u •• ,_,. ... u. ,.,.,. ......... ...,,, .......... ., .... ICS I- 1,000 1,160 

'--'-/1.MeellelL.- )/4• Nrt-..4 ,,..,,.1 , Ne ...... 
.,., .. ........ , ... l,M 

.,., •• ., ..... ,..,.. 4, ... , .... ,, ... ,, •• .. ,..-.4 ., .... . -- ...... .,., ......... 1,H ,.w 

.,.,. •• , .... ,,..,, 4,a .. , 

i..w, a.-, ••• ,, ... , ......... , ••••. .,., ........ o ,., IU 
l•1rl4 

-~·-.... --··- ···•·~·-- --- ___ ,.. _________ , ____ .... 

., ........ it ... ·1•~1 

; ~I 

......11,L_ _JmlL. 

··- ..... 
I . HI '·"' 

111 IM . ... '·" ••• ,.u 
'·" ,.u 
I . II I.SJ 

,.n I.II 

"·' n., 
.,. .,. 

'·" .... 
, . ., .. ., 
'·" ,.u 

'·" '·" ... ,.. 1,.-

,.u, ,,,.. 
,.n '·" 
, . ., '·" 

,., 
"' 

,_, I •f JI 

(c~ntinued) 



- - ---"',t'"'.•:c-~~?,rc.l .. t--~~, -... -. -=-=.-::: __ -____ .. __ ,. ·-- -.••• -•• --·-

.. \~,~ ,tJ?:' .,,·_ -1•·· 
~- I I 

''. i t/ , ,J 

, .. 
~ 

"' ,, 

" ; 11 ' . 

J 
i ' 
~ . I I . 
t· i' , I 

.I ; 

~: l 
1; I , I 

~: 
~ 

1. 

I 

I 

I 
!· 

I ! 

\. - ' 
,. · 1 r 

,:~ ' 

,.,r··-
~-

n 
I _, 
w 

--•i-.. ........ 
....... ,1-.. 
'""' .. 

..., ..... ,u...,a 

... ..... , ... Le 

_,,11 ... 

- ,11 ... 

-

..,__,, 

. , ........ 

.... , ..... 

.,,....,,., ..... ,. 
~,a..c.11 .. ,

.,.,u .. .._,_,_, 
...... u.c•• .. .. , ..... 
1 .. ui1,,,. 

L.-... ._ 
L.-/_I_ 

--
9 9 n 4 

TABLE C-5 (Continued) 

I· a.ur. 
bU•IIIII ~ l:a:[H 

a..w., ., ... , ........ '"'·· ,...,w -1-
r,c ., .... ,. , .... ..... .. ., .... II• ........ 
NC ,1 ... IM, .... , ~'41 ........ II• .. .. , ... 
......... , .......... , ........ , .,.1 -·-............. ,__.., ........ 11.' -·-11p4.-1 .. 11.' -·-....... .., ,,., -·-... ~ ... .., 11•' -1-
..... ,a. .. .., 11•' -·-116•- 11 ... , -·-I a,, ••• i., .. , .... ,.""9 .,_ -·-I•• 4•, ................ ., .... ....... 
,.,.,, .... , .... , ,uue cu L_,,,,, .,, __ ....... 
_,, ..... -· ,111 .. "' ... ,,.,, .,, .... -·-IHUII •lwry ,..,.... t• NC.-CM 11., .... , ... .,_ 
'"""GNcNMlull ... •U ... Ma, 
llwn wll , ... .._. 

wt, ........ , ..... u.,. .,., ........ 
""· .... ,., .. , .... , ., .. ....... 
ll fl II ol - o r IN -.I 11-• ......... -'••· .... , .......... , .... 
ll 1111 • 1 -•r IH .. I 11-• ........ 
u~••• ,..,, ........ a. •••• 

6 

...... 
_Sat,_ -l,8._ _.,.__ -!11111.. 

M,I o., "·' JI.I 

"·' •••• u., "·' 
,.,1 .. ., u., ... , 
•• ,111 ...... '·"" l.lltJ 

• . .. 11 .... ,, '·"" I.tilt ... .,. 1,1114 .... ,. ..,.,. , __ , ,_..,. l .~111 ..... , 
1.1111 l,OIU I . HU ..... , .... ,, .... ,, .... ,, .. ..,, 

··- ··- ··- .... 
,.. JH .,. :tN 

.,. ,,. .,. ... 
IOI ., Ill IU 

,., , .. ,,, .,. 
u., 11.1 , .. , 0,1 

.. ., . ... , . ., .. ,. . ... . ... .... . ... 
IH ,.. 

···" 
,,. 

,,. .,, ,,, ,., 

,_, I ol II 

(continued) 



,~ 
i1 

.,. 
jt, 

' • l 
>•' 

K 

,J 

,, 

n 
I _, 

.la 

C, I ... , ...... , ........... 
, .. nu ..................... ....... .. , ...... , .... , . ., 
.............. , ... 
........ ... , ... , .. ... 
..,, ....... ,. ,,, ... -._, ......... 1a..-.... ,11..., ... 
..,, ...... 1,"' 
......... U# 

... , ..... .a ...... ........ 
a.n.,, .. 
""' .. , .. ,,...,..,., '-

INU Ulll .... 1• 

W.11 uu, ..... . 
.. u ....... ,.,-
v.u,.a.a ,uu ... 

11t11m11111 ~,, ......... 
a.c., •• ,. 

.... ,,.a.,a..,,1,.,, • 

.. u,, .. ,.,, .... ,, ..... 

.. u,a.lal• .. ,.,,.,, .. 

.... ,a.a.1, .. 1111.,, .. 

.. , .. , ••• ,, .... 11.,, .. 

.... , .... ,.,. ............ 
-.u,hhtl••••llatl-

.....,, 
""" ..... ~,, .... ,,..., 
u ... ,, .... ,,.. •• 

u.11 , .... 

...... 
'11111,-•l 

.... , .... ............ ......... , .......... . .. .. , ... 

If••"' ., ,.,.i•·· · 
~ 

TABLE C-5 (Concluded) 

hfUUlr 
,- C, ,N •t ••••• .-., 

a• ••~ ., '"'' • ., 

•• (1......, .,., .............. . 
, ...... , NH ... ., 

ar (46-n) ... , ,.,. , ....... ,.-,~, ........ , 
ar ,,...,._, ,., __. ,.,. , .. a ... , ., • 
Ul-ca) .. 11 ,.,..., 

n· fW..Ca) fl• ... , ............. . 
(U-ca) NU,..,., 
t• CU-ca) I a.-,1 .. ll he4 • .,. 
,wl*• 11· o.__, .. u .... , 
»-u rw ..... , ... •••· , .. ,..,.. 
11• (U,--c•> NII, ... , 

,. cu-.. , ............ o, ...... .. 
II"' 14• -cel .. 11 , ... , 

1....,,c-••IMJ 

ht ,.u ti wun IN4IUI 

>O•IM 4_., trvcll/4ri•u. hN4 -
.,..._. • ...,_llr1; 41h11Mf, •••-•• 
Olp l,w:h,4 .. 

U-•- ..... uw,/4rhH, M-4 • 
............ 1 ............. ,. ... , .. 
Uh la.ch, .. ... 

c.., ..... ,,.. ..... ,, ....... _, .. 
ltlO, •It• ICI HIINO 

I' f 1 0 •I 4••P • 1 fl Cl •l wl .. , ...... ,.. .. .,., ... , .... , ... ,., 
16 fr O ., •••• • J II Cl •J ., .. . 
"6cU•- •• .. ••• .. r', tl ... 41 1/111 

" ,. u., ., .... 
,. .................. ,, .. 

. .,,. 
~ 
.,., 
II•' 
.,., 

tnu, ........ 
.. ....... 
.. , ... '"' 
•rrl• 1111 

... , ..... ,. 
.,., .. , ... "" 
.,.. ...,. .... ,. 
.,., ........ ,. 
"•' -.,,,. 1n1 

.,..,. llt-• IHO 

l/1.,... ICI 1111 

l/1--•M ICI ltll 

1/1-..w•II• Kl IHI 

.,,,,., 

.,., 
t/wll 

,,_,, 

"· ., ... 

._,.,. IMO 

.. ... ltH 

...... ltM 

.... tt,O 

.. .,.. IHO 

111,4.,. IMO 

..... IMO 

7 

..... .. 
--&ll.--

1,H 

, ... 
,.11 

1 , 11 . ... 
..,. 
1 ,H 

II . I . . ., 
110 

110 

o.-

0 .111 

O. lt 

I . JI 

, ., . 
111 .. 
" ·' 
11 , 0 

J .• 11 

J, M 

,.11 
, ... 
.... 
1. 16 

t . lJ 

'·" 
uo 

110 

0 .060 

. .... 

.. ,. 
' ·" 
1, 11 

" ·' . ... 
'° .... 

J,11 

.... 
I.U 

1, 11 

.. ,. 
1 ... 

"·' 
1 .06 

,.0 

110 

0 , lll 

.. ,., 
I.II 

I . JI 

, .,. 
,,.. .. 
11' , 6 

,. 
... , 

--la11... 

'·" .... ·, .... . 
·~ , ... 

, . ., 
1. 16 

,.u 

'·'° 
11,J 

I . N 

1)0 

110 

I.lot 

0 . 11, 

.. .. 
O,JI 

.... 
, .... 
110,1 

., 
11,1 

, ..... ,., JI 

··--.. .. 
' ... ._ 

;; j 

.'iii ,ii , .. 
! 

,, 

_........- . - - .. --- ~- · •¥0 -· . 
······--···--------·----·-----··--•-·""--- ··--· ··-·· ... -· ·-· ---- ···. --·----··- - . -

-1 
I 

:J 

-



!, ~ r-· I 
.. , \\ I ,.,. . ,r 

-

n 
I• _, 

V, 

w 

8 
TABLE C-6 

SURFACE IMPOUNOMENT 0&H COST COMPONENTS - METRIC UNITS 

.. .. 
s-nm, ... HI hfl!lltr ....11.1.J.L_ .Jmu_ ..,Sai_ ....lilL. ...I.Lil... ..Im.IL -.... ..,., .... .......... ,, ....... ,, .. , .... ,, ... """'' ICI , ... 1.111 1 ,111 1,111 1.111 .~i..,. uo11-1 

U..llltl" ,..,., ..... , ...... , lne,__. ,1-1 M HON • .,_ IICI , ... I.ti I.ti I.ti I . H 
U•• l•J .. ci.M, ...... ••tr•l 
•II•/-

.. , ... 11 ..... LailrriM/•tHl.ah ..._. ,.,uu.a ...... ,,.., .,., ......... 1.-. 1.-... 1 .... I.NH ......... .._, __ 
,._ ., .. , -,• • •'-•I,..,• .,., ., ....... ,., ., ... ......... I.NII 1.-, I .NI I.NII -... .._,_._ 
,._ --..1 ,,,... ... (IIHr .... ) •f .,., ........ .... I.II i .n I . II -......... ,,..,..,. ....... , .. '- ....... ......... , .. ,., .... , .,.1 ........ '·" 1.11 , . ., 1.11 

., ..... &.a. ..... 

........ ,-1,.,.1 ......... .,., ..... '" ........ ,.,,, ....... _ ........ ., .... , . ,. __ ,, ........ u. let, ... ,,. ,. ,. ,. 
_. ..... ,_a ... , .._ , ............ ,,, ....... _,,", .. ,,.. IICII .. II.I , .. .. .. ..., 

,, ......... , .... u. 
.,__.., ........ .._ ,... ......... , ... ., ., ....... , ..... "'" -.. ~"•,.,_ .. "lat 

ICI 1 ... 11.1 '·" ... , ... , 

--------------·----·-.... ·---••1 ...... --.. ··--.. -.. -.... -....... -.... -----------------------------------~ 
! , 
' 



THIS P GE I TENTIO ALLY 
LEFT BL K 

, 

I 

~ 



0' 

..s::, 

0--

~.J 

. :, 

A 

I 

a (alpha) 

MSHO 

AASHTO 

ADS 

AET 

ARS 

ASCE 
ASTM 

b 

BS 

C 

CSR 

CERCLA 

cc . 
cfs 
CH 

Cl 

APPENDIX D 

SYMBOLS, ABBREVIATIONS, NC> ACRONYMS; METRIC CONVERSION 

area; 
activity; 
slope of saturation vapor pressure curve; 
acre 

vegetation paraaeter 
slope angle 

Aaerican Association of State Highway Officials 
Aaerican Association of State Highway and 
Transportation Officials 

agricultura~ drainage standard 
actu.11 evapotranspiration 
Agricultural Research Center 

Aaerican Society of Civil Engineers 

Aaerican Society for Testing and Materials 

bottoa channel width 

channel surface width 

clay {in the Unified soil classification ~yste•); 
percent of clay-sized aaterhl; 
runoff coefficient; 
Centigrade {Celsius) 
California Bearing Ratio 

Coaprehensive Environaental Response, Compensation, 
and Liabilit;r Act <.of 1980) 

cubic centiaeter 
cubic feet per second 

a soil group in the Unified Soil Classificati on 
Syst• 

a soil group in the Unified Soil Classification 
Syst• 
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010, 050 , etc. 

DA 

Dd 
6 (delta) 

6. 

6P 

I ,-
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6t 

dia. 
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centiaeter 

curve nu• ber 

chlorinated polyethylene 

Cold Regions Research and Engineering Laboratory 
Canadian Standards Association 

change in soil • oisture storage 
Coefficient of Unifor• ity 

see Cu 
cubic 

cubic yard 

depth; 
diaaeter 

diaaeter; 
depth; 
angle of repose; 
thicKness of drainage blanket 

diaaeter of 10-pct-finer, SO-pct-finer, 
etc., soil particle 
Oepartaent of the Arsy 
relative density 
correction for consistent 
• easureaent process 
correction for systeaatic 
co• position 
correction for syste• atic 
process 
correction for systeaatic 
quality 
correction for systetaatic 
process 
diaaeter 

• axiau• allowable error 
void ratio; 

or systeaatic error of 

error due to • aterial 

error due to place• ent 

error due to aaterial 

error due to testing 

rate at which water iapinges on drainag~ layer; 
base of natural logarith• s; 
a~lowable saapling error 

• axi• UII void ratio 

• iniata void ratio 
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E. O.S. 
EPA 
EPOM 
& (epsilon) 

F 

ft 

G 

g 

gal 

Y (gaaaa) 

yd 

Ys 
Yt 
Y._ 
GC 

GI 
GM 

GP 

equivalent opening size 

Environaental Protection Agency 

ethylene propylene diene 110noaer 

correction for randOII deviati~n about the average 

Fahrenheit; 
total water infiltrat~d 

infiltration capacity 
fly ash 

bend factor 

equilibriU11 infiltration capacity 
Federal 
initial infiltration capacity 

infiltration capacity one hour after start of 
excess precipitation 
foot, feet 

foot, feet 

specific gravity; 
gravel (in the Unified soil classification system) 
acceleration of gravity; 
graa(s) 

gallon 

unit weight 
dry unit weight. dry densit~• 
unit weight of solids 
total unit weight · , 

unit weight of water 
a soil group in the Unified Soil Classification 
Systea 

vegetation growth index 
a soil group in the Unified Soil Classification 
Systea 
a soil group in thb ~nified Soil Classification 
Systea 
specific gravity of solids 
a so.il group in the Unified Soil Classification 
Systea 
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H 

h 

HCB 

tl>PE 

HELP 

haax 
HP 
hr 

tNS 

I 

i 

Ia 
in. 
• 

K 
='--' 
' 
' . 

k 

• r 
' kN 
' 
~ Ks • 
! ~~ 

k 
f s 

K 

f. 
u 

L t 
i 
t 
J 
; 

1 
LAI .r: 
1 

lb. 
LCFA 
1. f. 

height; 
high (in the Unified Soil Classification System); 
horizontal; 
net daily solar radiation 

height; 
head 

hexachlorobenzene 
high-density polyethylene 

Hydrologic Evaluation of Landfill Perfonaance 
height to which water will rise in blanket layer 
horsepower 
hour 

hazardous waste site 

rainfall intensity; 
infiltration 
hydraulic gradient 

initial abstraction 

inch, inches 
inch, inches 

hydraulic conductivity; 
Kelvin (temperature scale) 
coefficient of penieability; 
decay constant in exponential equation 
kilonewton 

saturated hydrau?ic conductivity 

saturated penaeability of drainage .b1Anket 
unsaturated hyd,aulic conductivity 

distance or length; 
lw (in the Unified Soil Classification System); 
twice the distance between subdrains; 
albedo 
leaf area index 

length 

pound 

liae, ceaent, fly ash, aggregate 
li~ar foot 

0-4 



- - - • • - - "- I ~ 
·, •· .- . -'- ·- . - . , 

~ . 

l ~ - - - -

1 ! . 
•: 

(" -

0' 

LFA 
LL 

M 

iii 

.2 

•ax. 

MIL 

• il 

• in. 

Ml 

-HPa 

• ph 

µ (• u) 

µp 

µr 

n 

NCC 

NCP 

n e 
NR 

N. T. S. 

0 

OH 

OL 

li•e. fly ash. aggregate 

liquid li• it 

silt (in the Unified Soil Classification System) 

•eter 

square •eter 

aaxi11ua 

a soil group in the Unif~ed Soil Classification 
Syste11 

• ilitary 

(see glossary) 

• ini • u.; 
• inute 

a soil group in the Unified Soil Classification 
System 

• illimeter(s) 

• egapascal 

• iles per hour 

kinematic viscosity; 
expected or mean value; 
micro- (= x 10-6) 

expected value or average of many observations 
recorded for a process 

true or accepted reference level of a property 
of material to be • easured 

nUIDber of units in a sa111ple; 
porosity; 
roughness coefficient (Hanning 1 s 

National Climatic Center 

National Conting~ncy Plan 

e ffective porosity 

not recoa!>ended 

not to scale 

~ 

equation) 

- --- -- -~ 

organi c (in the Unified Soil Classification System) 

a soil group in the Unified Soil Classification 
Syste• 
a soil group in the Unified Soil Classification 
Syste• 
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p 

PAS 
PCA 

pcf 

pct 
PE 

PEF.~ 
PET 
pH 

• {phi) 

PI 
PL 
pls 

PSD 

psf 
psi 
Pt 
PVA 
PVC 

Q 

R 

r 

RCRA 

p {rho) 

RO 

Ro 

-~ ... --~ 

poorly graded {in the Unified Soil Classification 
Systea); 
"letted periaeter; 
precipitation; 
a nlllerical exponent 

total 5-day antecedent rainfall 
Portland Ceaent Association 
pounds per cubic foot 
•. ~rcent 
polyethylene 

percolation 

potential evapotranspiration 
{see glossary) 
diaaeter; 
angle of internal friction 
plasticity index 

plastic li• it 

pure live seed 
pipe slope drafo 

pounds per square foot 
pounds per square inch 

peat {in the Unified Soil Classification Systeill) 
polyvinyl acetate 

polyvinyl chloride 

volu•etric flow rate 

hydraulic radius; 
runoff; 
incident daily solar radiation 
radius 

Resource Con5ervation and Recovery Act {of 1976) 
density 

surface runoff 

radius of channel bend 
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s 

s 

;, 
SC 

scs 
sec 

Sf 

s. f. 
a (sigma) 

" 00 

aq 

at 

02 

02 
• 

02 
0 

2 
op 

l • 

02 
q 

oz 
t 

1 a 

SL 
SN 

J .- CSL. i L JEYL t & 4D .t£ 1202 e _w • 

degree of saturation; 
sand (in the Unified Soil Classification Systea); 
slope; 
potential retention; 
available soil 11e>isture storage capacity; 
capillary suction 

second 
channel botto• slope 
a soil group in the Unified Soil Classification 
Syste• 
Soil Conservation Service 

second 
safety factor 
square foot 
sUndard deviation 
total sta~rd deviation 
quality sUndard deviation 
testing sta~rd deviation 

variance 

variance due to uterial coaposition 

overall variance 

varfance due to placeaent process 

variance due to uterial quality 

variance due to testing process 

kn0WI or estiuted true value of universe or lot 
sUndard deviation 

shrin~ li• it 
a soil group in tha Unified Soil Classification 
Syst.; 
sroaelt 
threshold degTN of saturation 
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SP 

Spec. 

sq. 

ss 
STD 

SW 

SIN) 

s.y. 

T 

t 

USAE 

USBR 

USC£ 

uses 
USDA 

USGS 

V 

y• 

. - -

a soil group in the Unified Soil Classification 
Systell 

specification 
square 

actual degree of saturation 

standard 
a soil group in the Unified Soil Classification 
Systell 
Surface Water Manageaent Prograa or Plan 
square yard 

tetlperature; 
top channel vidth 

ti•; 
probability factor. froa Student-t tables 
ti• of concentration 
total soil porosity 

ti• of saturation 
tons per squ.re foot 

U. S. Af'W'/ Engineer 
U. S. Bureau of Rec!aation 
u. S. A,-y Corps of Engineers 

Unified Soil Classification Systell 
U. S. OepartMnt of Agriculture; 
U. S. Oepartaent of the A,-y 

U. S. ·Geological Survey ...·--· 
voluae; 
velocity; 
vertical 
vol ... of gas 

volume 
volume of solids 

v~lume of voids 

volme of wt.er 

coefficient of variation 
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w - -weight; 
~- ·::.-=.-wen-graded (in the Unified Soil Classification 

Systea) 

" water content; 
vidth 

w effective water content 
e 

WES Waterways Experiaent Station • 
"1 liquid 1 i• it t 
WP plastic 1 f• it I • 
w weight of solids; • .. 

s t 
shrinkage li• it i 

wt weight ! 
"w weight of water 1 

X nu•erical value of a aeasureaent r 
X expected (aean) value of characteristic being 

•easund 

y channe 1 depth 

yd yard 
yi1- square yard(s) 

0' ~ cubic yard(s) 

z reciprocal of tangent of slope angle; nUllber of 
horizontal units for a vertical rise of one. 
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TABLE 0-1 

METRIC CONVERSION TABLE 

Multfl!l,l ~ To Obtafo 

acres 0.4046856 hectares 

ataospheres 101.325 k il opasca ls 

cubic feet per second 0.02831685 cubic aeters per second 

cubic yards 0.7645549 cubic aeters 

Fahrenheit degrees 5/9 Celsius degrees or Kelvinsa 

feet 0.3048 aeters 

gallons (U. S. liquid) 3.785412 liters 

inches 0.0254 aeters 

kips (force) 4.448222 kilonewtons 

• il°es (U. S. statute) 1.609347 kf loaeters 

pounds (force) 4.448222 newtons 

pounds (force) per 6894.757 pascals 
square inch 

pounds (au,) 0.4535924 kilogram 

tons (short. aass) 901. 1847 .iUograas 

tons (short. aus) 1. 102 aetric tons (tonnes) 

-ro obuin Celsius (C) taperature readings froa Fahrenheit (F) readings. 
use the following fora.la: C • (S/9) (F - 32). To obuin Kelvin (K) 
r'Ndings. use: l • (5/9) (F - 32) + 273. 15. 
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APPENDIX E 

GLOSSARY 

This glossary is intended to define tenas in this Handbook as well as 
soae tentS that aay be encountered in researching subjects herein. Chief 
sources for this glossary were the glossaries presented by Lee et al . (1984), 
Haxo et al. (1980), Hilf (1974c), and Johnson (1981), and definitions in 
Webster's Third New International Dictionary (G. & C. Herriaa Co., 1981). In 
soae cases original definitions were prepared from other sources by the pre
parers of this Handbook. Where teras are defined by cross-reference, the tera 
specifically defined is nnt necessarily to be preferred. 
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ABSORPTION: A taking up by capillary, osaotic, chemical or solvent action; 
distinguished fr011 adsorption. 

ACID SOIL: A son with a preponderance of hydrogen ions and probably of 
aluaim• in proportion to hydroxyl ions. Specifically, soil with a pH value 
less than 7.0. For 110st practical purposes. a soil with a ?H value less than 
6.6. The pH values obtained vary greatly with the aethod used; consequently. 
there is no unani110us agreeaent on what constitutes an acid soi 1. The tera is 
usually applied to the surface layer or to the root zone unless specified 
otherwise. 

ACTIVITY: In clay terainology. a property of clay • inerals related to the 
plasticity of the soils in which they occur. 

ADSORPTION: A taking ur by physical (physical adsorption) or chellical (chelli
sorption) forces oft~ 110lecules (or ions) of gases. dissolved substances. or 
liquids by the surfaces of solids or liquids with which they a" in contact; 
distinguished fr011 absorption. 

AEOLIAN DEPOSITS: Wind-dep('sited aaterial such as dune sands and loess 
deposits. 

AERATION. SOIL: The process by which air in the soil is "J)lenished by air 
fr011 the ataosphe". In a wll-urated soil, the air in the soil is si• ilar 
in COllpOsition to the ataosphe" above the soil. Poorly aerated soils usually 
contain 1 • uch higher percenuge of carbon dioxide and I cor"spondingly lowr 
percentage of oxygen. The rate of aeration depends la~ly on the vol.,.. and 
continuity of po"s in the soil. 

AGGREGATE: A granular •aterial of • fneral COllposition such as sand. gravel, 
shell. slag. or crushed stone. used vith a caaenting Mdiua to fora •ortars or 
conc"te• or alone as fn roadw.ly base courses. rail~d ballast. etc. 

AIR DRY: The state of dryness (of a soil) at 1q11ilfbriua with the •ohtu" 
content 1n the surrounding ataosphere. The actual ao1sture cont-..t wi 11 
depend on the relative huaidity and the teaperature of the surrounding 
ataosphere. 

AIR LANCE: A devfc. used to test. in the field. the integrity of field seaas 
in plastic sheeting. It consists of a wnd or tube through vhfch c0111>ressed 
air is blCMI. 

AUALINE SOIL: A soil ~t has a pH value grater than 7.0. particularly 
above 7.3. throughout ~tor all of the root zone. although the ter• is 
coaonly ~li~ to only the surface l~r or horizon of I soil. 

ALLOYS. POLYMEIIC: A blen.2 of two or •ore poly.rs, e.g •• 1 rubber and I 
plastic, to i11pf'Oft a given property. e.g •• iap,act strength. 

AlLUVIlll: Soil the comtituents of -,hich have bffn transported in suspension 
by flowing water and subsequently deposited by s~i•ntation. 
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AM81KNT: Any aaterial, such as li•, gypsua, sawdust, or synthetic condi
tioners. that is wrked into the soil to aake it 110" productive. The tent is 
used mst c011110nly for added aaterials other than fertilizer. 

AMPHOTERIC: Hning the property of reacting as either an acid or a base. 
Many oxides and salts have this ability (aluainua hydroxide. for exaaple). 

ANOl>R TROICH: A long narrow ditch on waich the edges of a plastic sheet are 
buried to hold it in place or to anchor the sheet. 

ANGlf OF INTERNI.L FRICTION: Angle between the abscissa and the tangent of the 
curve representing the relationship of shear resistance to norul stress 
acting within a soil. 

ANGlf OF REPOSE: Angle betwffn the horizontal and the aaxi- slope that a 
soil assuaes through natural processes. For dry granular soils the effect of 
the height of slope is negligible; for cohesive soils the effect of height of 
slope is so great that the angle of repose is •aningless. 

ANION EXCHANGE CAPACITY: The sua total of exchangeat,1• anions that a soil can 
absorb. Exp-essed as • il11equ1valents per 100 gr• of soil (or other absorbing 
aaterials such as clay). 

ANISOTROPIC MSS: A aass having different properties in different directions 
at any given point. 

ANNUAL PlMT: A plant that coapletes its life cycle in one yen or less. 

AQUIFER: A -ater-bffring foraation that yields econoaical ly significant quan
t1t1u of ground -ater. 

ARTESIAN: An ~ecth• referTing to ground -,ater confined under hydrostatic 
pressure. 

ASH (FIXED SOLIDS): The incombustible aaterial that raAins after a fuel or 
so 1 id .ate has been -burned. 

ASPHALT: A dart-bNMI to black s•fso11d ceaentitfous aateria1 conshting 
principelly of bttmens which gr~lly liquefy when hHted and which occur in 
nature u sucta or are obtained as rn1due 1n UM refining of petroleu•. 

ASPHI\LT CBIEJ(T: A fluxed or unfluxed asphalt specially prepared a~ to ~ltty 
and cons1suncy for direct use fn UM ....,facta,n of bttu• inous peveaents and 
having specified penetration consistency. 

ASPMLT NOelMIE: A relattwly thin 1-,.r of asphalt fo.-.d by spraying• 
high vhcosi~. high softentng potnt upMlt c-•ent in tw or mre applications 
Oftr the surface to be COftred. It h noraally 1/4-tn. thick and buried to 
protect tt fraa watherfng and NCMnfcal dmnge. 
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ATTERBERG LIMITS: Moisture-content values which are aeasured for soil aateri
als ~ssing a no. 40 sieve and llthich define soil plasticity properties. The 
Atterberg Li• fts are the Lfq~id Li• ft. Plastic Li• it. and Shrinkage Li• it. 
q. q. Y. 

AVAILABLE NUTRIENT: That portion of any eleaent or coapound in the soil that 
readily can be absorbed and assi• ilated by growing plants. Not to be confused 
vith exchangeable. 

AVAILABLE WATER: The portion of vat.er in a soil that can be absorbed by plant 
roots; USUAlly that 'dter held in the soil against a soil vat.er pressure of up 
to approxiNtely 15 bars. SN Figure 4-5. 

BAND SEEDING: Seeding of grasses and leg-..es in a row one to two inches 
directly above a band of fertilizer. 

BASE COURSE (BASE): In hipay cons~ruction. a layer of specified or selected 
Nterial of planned thickness constructed on the subgrade or subbase for the 
purpose of serving one or • ore functions such as distributing load. providing 
drainage, • ini• hing frost action. etc. 

BASE EXCHANGE: The physicocheaical process vhereby one species of ions ad
sorbed on soil ~rticles is replaced by another species. 

BENTONITE: A rock or n.tural deposit coaposed largely of • ontaorillonite. 
Because of its Sllltllfng and slaking properties ft is used in oil-wll drilling 
auds and suling applications such as slurry trenches. 

BEllt: A lnel aru ""ich breaks the continuity of a slope. or vtlich forllS the 
shoulder of a road. Also loosely used to • Nn.., Nbanaent vith a level top. 

BINDER (SOIL): Portion of soil ~ssfng No. 40 United Sutes su~rd sieve. 

BIOOECIADMLE: Susceptible to decoaposition as a result of attKk by • icro
organisas - nid of organic Nterials. 

811\MJe: A class of black or dark-colored (solid, 1•isolid, or viscous) 
ceeentftfous substanc.s, natural or aanufactured. coaposed princi~lly of 
relatively hfgtr.oleculu-wight hyd'rocubons. Asphalts, urs. pitches, and 
asphaltftes are typical exaaplH of bft.ua.n. 

BLOCXING: Unintentfon.1 d»sion usually occvn-ing during storage or shipping 
bebMen plutfc fil• or betwen a fil • and another surface. 

IUMI ASPMLT (AIR-BUMI ASPHALT): Aspl\lllt produced in ~rt by blowing air 
through it at • high taperature. If a cau1Y$t, e.g •• ferric chloride or 
phosphorvs pe,1toxide 1 h used in the air-blowing operation, the product ts 
lcnGIIIII u catalytically-blCMI asphalt. 

800IED SOLVOfT ADHESIVE: An ~1ve conshtfng of • solution of the ttner 
COlll)OUnd used 1n the Sff• ing of liner • -branes. 
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BOOT: A bellows-type covering to exclude dust, dirt, aoisture, etc., froa a 
flexible joint. 

BOULDER: A rock fragaent, usually rounded by weathering or abrasion, with an 
average diaension of 12 inches or aore. 

BREAKING FACTOR: Tension at break in force per unit of width; units, SI: 
Newton per aeter, custoury: pound per inch. 

BRUSH Ni\TTING: 1. A aatting of branches placed on badly eroded land to 
conserve 110isture and reduce erosion vhile trees or other vegetative covers 
are being established. 2. A aatting of aesh wire and brush used to retard 
streaabank erosion. 

BULKING: The increase in voluae of a aaterial due to aanipulation. Rock 
bulks upon being excavated; daap sand bulks if loosely deposited, as by duap
ing, because the •apparent cohesion• prevents 110veaent of the soil particles 

M to fora a reduced voluae. 

... . 

BUNCHGRASS: A grass that does not have rhizoaes or stolons and foMIS a bunch 
or tuft. 

BUTT JOINT: A joint in vhich the edges of tw plates, sheets, etc., to be 
joined are •rely abutted together without overlap. 

BUTYL RUIBER: A synthetic rubber based on isobutylene and a • inor aaount of 
isoprene. It is vulcanizable and features lov perMability to gases and water 
vapor and good resistance to aging, chetlicals, and weathering. 

CALCAREOUS SOIL: Soil containing sufficient free calciu• carbonate or aagne
siu• cartaonate to effervesce carbon dioxide visibly when treated with cold 0. 1 
noraal hydrochloric Kid. 

CALIFOINIA BEARING RATIO: The ratio of (1) the force per unit area required 
to penetrate a soil • -ss with a 3-squarrinch circular piston (a.pproxi• ately 
2-tnch-di-ter) at the rate-:;A{;~.05 inch per • inute to (2) that required for 
cornspondtng penetration of a stanci.rd • -terial. 

CAPILLARY ACTION (CAPILLARITY): The rise or 110veaent of "'1ter in the inter
stices of • son due to capillary force$. 

CAPILLARY FlINGE: The lower subdivision of the zone of Hration, i..ediately 
above the wt.er table, in which the interstic.s are filled with water under 
pressun less then that of the ataosphere. being continuous with the water 
below the wt.er table but held llbove it by surf.ct tension. Its upper boundary 
vtth t._ 1nteradtate belt ts indistinct but is soaeti•s defined arbitrarily 
as the level at Wttdl 50 percent of the interstices are filled with water. 

CAPILLARY HEAD: The potential. ui,ressed in hHd of water. that causes the 
wt.er to flow by capillary .ction. 
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CAPitLARY NIGRATION (CAPILLARY FLOW): The 110veaent of water by capillary 
Kt1on. 

CAPILLARY PRESSURE: The difference in pressure across the interface betwen 
blo i•iscible fluid phases jointly occupying the interstices of a rock. It 
is due to the tension of the interfacial surface, and its value depends on the 
curvature of that surface. 

CAPILLARY RISE (HEIGHT OF CAPILLARY RISE): The height above a free water 
elevation to which vat.er will rise by capillary actio~. 

CATION EXOWIGE CAPACITY (BASE EXCHANGE CAPACITY): A Masure of the extent to 
which the cations in a soil (adsorbed on • ineral surfaces; within the crystal 
fraawork of soae • ineral species; and within certain organic COIIPOundS) can 
be reversibly repl.ced by those of salt solutions and acids. Usual I:, expressed 
in aeq. (• illiequivalents) p,!r 100 graas of soil . 

CELL: Portion of waste in a landfill ~ich is isolated hori zontally and 
vertically froa other portions of vaste in the landfill by •ans of soil 
barrier. 

CHEMICAL FIXATION: Treataent process ~ich involves react ions between the 
waste and certain chaicals, and ~ich results in solids ~ich encapsulate, 
iaob11ize or otherwise tie up hazardous COIIPOMnts in the waste so as to 
• ini• ize the luching of hazardous coaponents and render the waste nonhazardous 
or 110re suitM>le for disposal. 

OtLORINATED POLYETHYLENE (CPE): F•11y of polyaers produced by cheaical 
re.ct1on of chlorine on the linear backbone chain of polyethylene. The re
sulunt rubbery theraoplastic elastoaers presently contain 25-45% chlorine by 
weight and 0-2SS crystallinity. CPE can t>. vulcanized b1..-t is usually used in 
a nonvulcanized for• • 

CHLOROSULFONATED POLYETHYLEHE (CSPE) : F•11y of -polyaers that an produced by 
polyethylene ructing with chlorine and sulfur dioxide. Present polyaers 
contain ZS-43X chlorine and 1.0-1.4.X sulfur. They are used in both vulcanized 
and nonvulcanized foras. Most • -branes ~~:::! on CSPE are nonvulcanized. 
ASTM design,at1on for this poly,Mr is CSM. 

CHUTE: A high-velocity, open channel for conveying water to a lowr level 
without erosion. 

CLAY (CLAY SOIL): Fine-grained soil or the fine-grained portion of soil that 
c&n be aade to exhibit plasticity (putty-like properties) within a range of 
vater contents, and which exhibits considerable strength when air-dry. 

CLAY MINERALS: Naturally occurring hydrous aluainosilicate • inerals with a 
planar or sheetlike crystal structure (known as phyllosilicates), for• ed in 
nature by weathering or hydrother• al action, alvays very ffne-grafned, usually 
occurring fn Nrthy usses. Positive identification of cl~ • fnerals usually 
requires a coabfMtion of optical, x-rll)', cheaical and/or physical tests. 

E-6 

_,,/. 
"'""'7·-..... t•..:....;,...... ____ ===;= !..-;,::....__.....--;....:.._ ""' _.;. --· _, __ 

~ -



i 
~ 
1,:: -

~ . 

CLAYPAN: A dense, coapact layer in the subsoil having a auch higher clay 
content than the overlying material fr011 which it is separated by a sharply 
defined boundary; fonaed by downward aoveaent of clay or by synthesis of clay 
i n place during soil foraation. 

CLAY .SIZE: Grain sizer finer than 0.002 •· (0.005 •· in soae cases). See 
discussion in Sec. 3.2.2, and Figure 3-3. 

COAL TAR: Tar produced ty the destructive distillation of bituainous coal . 

COATED FABRIC: Fabrics which have been iapregnated and/or coated with a 
plastic aaterial in the for• of a solution, dis~ersion, hotaelt, or powder. 
The ter• also applies to aaterials resulting froa the application of a pre
fonied fi~• to a fabric by aeans of calendering. 

C088LE: A rock frag• ent usually rounded or se• irounded with an average diaen
sion betwen 3 and 12 inches . 

COEFFICIENT OF COMPRESSIBILITY (COEFFICIENT OF COMPRESSION): The secant 
slope, for a given pressure increaent, of the pressure/void-ratio curve. 

COEFFICIENT Of INTERNAL FRICTION: The tangent of the angle of internal fric
tion (see Internal Friction). 

COEFFICIENT OF PERMEABILITY: The rate of discharge of water under la• inar-flow 
conditions and at a standard .te.perature (usually 20°C) through a unit cross
sectiOMl area of a porous • ediu• under a unit hydraulic gradient. Frequently 
siaply terwed •per• eability• in soil-aechanics usage . See •Penaeability.• 

COEFFICIENT OF UNIFORMITY: The ratio D60/0 10 , where 060 is the particle 
di-ter corresponding to 60 percent finer on the grain-size curve, and 010 
is the particle ~i-ter corresponding to 10 percent finer on the grain-size 
curve. 

COHESION: That part of soil strength that is present independently of any 
applied pressures, either aechanical or capi llary,".":ind would reeafo, though 
not necessarily pe~nently. if all applied pressures were ~ved. Indicated 
by the ter• C in~ Couloab equation: S = C + a tan • • 

COHESIONLESS SOIL: A soil that when unconfined has little or no strength when 
air-dried. and that has little or no cohesion when subaerged. 

COHESIVE SOIL: A soil that when unconfined has considerable strength when 
ai.r-dried. and that hu significant cohesion when subaerged. 

COLLOID: In soil. organic or inorganic aatt'er having v~ry s• al l particle size 
and a correspondingly large specific surface. In general, colloidal particles 
are too saall to be seen with the ordinary coapound • icroscope. and reaain 
indefinitely in a suspension rather than settling out. · 

CONPACTION: T~ densification of a soil by • eans of • echanical • anipulation. 
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COMPACTION CURVE {PROCTOR CURVE) {K>ISTURE-DENSITY CURVE): The curve showing 
the relationship between the dry unit weight {density) and the water content 
of a soil for a given c~ctive effort. 

- ·-..rF-

COMPACTION TEST {HC>ISTURE-DENSITY TEST): A laboratory coapacting procedure I 
whereby a soil at a knO'<ffl water content is placed in a specifiea :tanner into a I 
1101d of given diaensions, subjected to a coapactive effort of controlled 
aagnitude, and the resulting unit weight deterained. The procedure is repeated 
for various water contents sufficient to establish a relation between water j 
content and unit weight. 

COMPANION CROP: Seeding of a short-life crop with the peraanent species to 
aid in erosion control until the peraanent species are established. 

COMPRESSIBILITY: Property of a soil pertaining to its susceptibility to . 
decrease in voluae when subjected to loa~. 

COMPRESSIVE STRENGTH {UNCONFINED COMPRESSIVE STRENGTH): The load per unit 
area at which an unconfined prisaatic or cylindrical speciaen of soil will 
fail in a siaple compression test. 

CONSISTENCY: The relative ease with which a soil can be defonaed. 

CONSOLIDATED DRAINED TEST {SLOW TEST): A soil test in which essentially . 
coaplete consolidation under the confining pressure is followed by additional 
axial {or shear) stress applied in such a aanner that even a fully saturated 
soil of low peraeability can adapt itself completely {fully consolidate) to 
the changes in stress due to the additional axial {or shear) stress. 

CONSOLIDATED UNORAINED TEST {CONSOLIDATED QUICK TEST): A test in which COft
plete consolidation u~r the vertical load {in a direct shear test) or under 
the confining pressure (in a triaxial test) is followed by a shear at constant 
water content. 

CONSOLIDATION TEST: A test in which the speciaen is laterally confined in a 
-,._ ring and is coapressed bet~n porous plates. 

CONSOLIDATIOH-TIIE CURVE (TIME CURVE) (CONSOLIDATION CURVE) {THEORETICAL TIME 
CURVE): A curve t.hat shovs the relation between (1) the degree of consolida
tion and (2) the elapsed tiae after the application of a give~ increeent of 
load. 

CONTOUR: 1. An iaaginary line on the surface of the earth connecting points 
of the saae elevation. 2. A line drawn on a aap connecting points of the 
, .. elevation. 

COOL-SEASON PLANT: A plant that aakes its aajor growth during the cool pcrtion 
of the year, priaarily in the spring but in soae localities in the winter. 

COURSE: See •Lift.• 
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COVER. FINAL: The cover aaterial that is applied at the end of the useful 
. life of a disposal site and represents the peraanently exposed final surface 
of the fill. 

COVER MTERIAL: A soil or other suitable aaterial that is used to cover the 
liner or vastes in a disposal site. 

CROSSUNKING: A general tena referring to the foraation of chellical bonds 
beblffn polyaeric chains to yield an insoluble. three-diaensional polyaeric 
structure. Crosslinking of rubbers is vul~anization. q.v. 

CRITICAL POINT: {Physical Chellistry) For a given substance, tellperature and 
s,ressure above which no aeniscus can fona, so that liquid and gaseous phases 
becoae indistinguishable. 

CULTIVAR: An asseablage of cultivated plants which is clearly distinguished 
by its characters (a:>rphological. physiological. cytological. chellical. or 
others) and which ~n reproduced {sexually or asexually), retains those dis
tinguishing characters. The teras •cultivar• and •variety• are equivalents. 

CURit«i: See •vulcanization.• 

CUT: Portion of land surface or area froa which earth has been reaoved or 
vill be reaoved by excavation; the depth below original ground surface to 
excavated surface. 

CUTBACK ASPHALT: Asphalt ceaent that has been liquefied by blending vith 
petroleua solvent.s which are in this context also called diluents. Upon 
exposure to ata:>spheric conditions the dil~nts evaporate leaving the asphalt 
ceaent to perfona its function. 

CUT-OFF TRENCH: A trench that is filled vith aaterial that aay be iapermeable 
r. ... very peraeable to the flow of a gas or vater. The barrier is used to 
prevent the -,veaent of gas or ~ter or to intercept thett and to direct theta 
to another location. - -· DEFORMATION: Change in shape. 

DEGREE OF SATURATION: SN •Percent SJlturation. • 

DENSITY: (in Soil Mech&nics) see Unit. Weight. 

DIKE: A barrier to the flow of surface v.ters . It aay be a raised Nbanlcaent 
or a ditch. 

DILATANCY: (in Soil Mechanics) TI,- voluae change of cohesionless soils when 
subj-~t to s._.r defo .... tion. 

DISPERSION, SOIL: n,. breaking down of soil aggregates into individual parti
t:.les. resulting in single-grail\ structure. Ease of dispersion is an iaportant 
factor influencing the erodibility of soils. Generally speJking, the .:>re 
usily dispersed the son. the aore erodibl• 1t· is. 
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DISPERSIVITY: Tendency toward dispersiun. 

DIVERSION OM: A barrier built to divert part or all of the water fro. a 
streaa into a different course. 

DOUBLE LAYER (ELECTRICAL OOUBLE LAYER. DIFFUSE DOUBLE LAYER): In colloid 
cbeaistry. the electric charges on the surface of the disperse phase (usually 
negative). and the adjacent diffuse layer (usually positive) of ions in 
solution. 

DRILL SEEDING: Planting seed vith a drill in relatively narrow rovs, generally 
less than a foot apart. 

EDAPHIC FACTOR: A condition or characteristic of the soil (chetllical, physical, 
o~ biological) vhich influences organisas. 

EFFECTIVE DIAMETER (EFFECTIVE SIZE): Particle diaaeter corresponding to 
10 percent finer on the grain-size curve. 

EFFLUENT: A liquid vhich flovs out of a containing space. 

ELASTICffi: The capability of~ strained body to recover its size and shape 
after deforaation. 

ELEVATION HEAO: Head possessed by an eleeent of water by virt~ of its eleva-
C. tion vith respect to a level dab.a plane. ~Y be positive or negative. 

. i 

. ' 
' 

Expressed in linear units (e.g. feet). representing vertical distance fro. 
datua. 

ELONGATION: See •u1 tiaate Elongation.• 

BIJLSIFIED ASPHAlT: A • ixture of asphalt and water in vhich the asphalt is 
hffd in SU$pension in the water by an eeulsifying agent. Eaulsified asphalts 
aay be either c.-tfonic or anionic depending on the eeulsifying agent used. 

EPmt: A synthet1c elastoeer based on ethylene. propylene. and a saall aaount 
of a nonconjugated diene to pro..-ide sites for vulcanization. EPliM features 
excellent ~t. ozone and weathering resisunce. and low-teaperature 
flexibility. 

EPHEMERAL STREM: A strua or portion of a stre• that flows ~nly in direct 
response to precipiution, and receives little or no water froa springs or no 
1 ong-conti nued S14)1) ly fn)II snow or other sources, and its channel is at a 11 
ti•s U>Ove the •ter table • 

EPICHLOROHYORIN RUB8ER: This synthetic rubber includes tvo epichlorohydrin
based elastoaers lilhich are saturated, high-aolecular-weight, aliphatic poly
ethers with chloro-aethyl side chains. The b«> types include a hollopolyaer 
(CO) and a copolyaer of epichlorohydrin and ethylene oxide (ECO). 



T"Mse rubbers are vulcanized "'ith a variety of reagents that react difunction
ally "'ith the chloroeethyl group; including di•ines. urea. thiourea~. 2-
•rcaptoi• idazoline. and ..oniu• salts. 

EROSION: 1. The waring llltlay of a land surface by • oving "'ater. "'ind. ic'-', 
or other geological agents. including such processes as gravitational creep. 
2. Oetachaent and • ove• ent of soil or rock fragiaents by "'ater. "'ind. ice. or 
gravity. 

ESSEKTIAl ELEMENT (PLANT NUTRITION): A cheaical ele• ent requi~ for the 
noraal growth of plants . 

EVA: F•ily of copol~rs of ethylene and vinyl acetate used for adhesives 
and ther• oplastic • odi_fiers. They possess a "'ide . range of • elt indexes. 

EXCHANGE CAPACITY: See •tation exchange capacity.• 

EXCHANGEABLE NUTRIENT: A plant nutrient that is held by the adsorption co• plex 
of the soil and is easily exchanged "'ith the anion or cation of neutral salt 
solutions. 

EXPOSURE: Dire-ction of slope "'ith respect to points of a co• pass. 

EXTRUDER: A • achine "'ith a driven screw for continuous fonaing of rubber by 
forcing through a die; can be used to • anufacture fil • s and shffting. 

FE?.TitlTY (SOIL): The ~lity of a soil that enables it to provide nutrients 
in ~te aaounts and in proper balance for the growth of specified plants 
when other grovth factors. such as light, • oisture. teaperature. and the 
physical condition of the soil, are favorable. 

f-ERTILIZER FORMJLA: The quantity and grade of the cnm stock aaterials used 
in • aking a fertilizer •ixture; for exaaple. one foraila for a fertilizer "'ith 
an analysis of 5-10-5 could be 625 pounds of 16 percent nitrate of soda. 

• - 1,111 pounds of 18 percent-supffp11osphat.e, 200 pounds of 50 percent • uriate of 
pot.sh. and 64 pounds of filler per ton. 

FIELD CAPACITY: The aaxi- a• ount of • oisture a soil or solid waste can 
retain in a gravitat"ional field without a c~ntinuous ~rd percolation. 

Fll.1': (Pol~ric technology) Shffting having nooinal thickness not greater 
than iO • i ls. 

FILTER (PROTECTIVE FILTER): A layer or coat>ination of layers of pervious 
uterials designed and installed in sue~ a unner as to provide drainage. yet 
prevent the • oveaent of soil particles due to flowing 111ater. 

FINES: J-ortion of soil finer than a No . 200 United States st.indard sieve. 

FLOC: Loose. open-structured • ass for• ed in a suspension by the aggregation 
of • inute particles. 
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FLOCCULATION: The process of fo,-ing floes. 

FLOCCULENT: Conuini.lg. consisting of. or oecurri°'1 in the fo,- of loosely 
agg1egated particles or soft flakes; INde up of floes. 

fl.ORA: The s1.111 toul of the types of plants in an area at one tiae. 

FUJII OWIIEL: The portion of a fl°" Mt bounded by tw adjacent flw lines; 
any channel through -.tiich a fluid uy fl°". 

FUJII LINE: The path that a particle of vater follows in its course of seepage 
under l•inar fl°" conditions. 

FUJII NET: A graphical represenbtion of flov lines and equipotential lines 
used in the study of seepage phenoaena. 

FLUX: (fluid fl°") fl°" concentrati.on: voluaetric flow rate divided by area. 

FLY ASH: Fin. solid particles of noncoabustible ash carried out of a bed ~f 
0 solid fuel by the cClllbustion draft and either deposited in quiet spots in 

fUmactS or flues or carried up the suck. 

FOOTING: Portion of the foundation of a structure that transaits loads direct-
~ ~ ly to the soil. 

~· 

FORS: A hert>Keous plant -.tiich is not a gr1ss. sedge, or rush. A broadleaf 
herb or wed. 

FREE IMTER (GIAVITATIONAl IMTER) (GaOUNO WATER) (PHRE.ATIC WATER): Water that 
is frN to ...,. through a soil uss under the influence of gravity. 

FREE IMTER EUVATION (see IMTER TABLE) 

FROST ACTION: Fnezing and tMwing of aoistun in uterials and the resulunt 
effects on these Mterials and on structures of lllhich t."'-Y an a part or with 
lllhich they are in contxt. 

= =-
FROST HEAVE: The raising of a SUT'f~ due to the .ccmulation of ice in the 
underlying soil. 

FUNGI: Siaple plants U\at 1.ck a pbotosynt.hetic pigaent. 

GMION: A rectangular or cylindrical wire aesb age filled with rock and used 
as a protecting 111>"°'"• nvetaent, etc., Against erosion. 

;[CJEIIUI[: A flu1bl•. 1-,.niGIIS, U-1• sMet of nabber or plastic •terhl 
ued pr1•rtly for 11•119 1M cCMrS of l1q1114 or solid storage 1~. 
Ula S8'Yit11 u a •tstaN blrr1et". 

;£0f'EXT1L£: A flmltle. por'Glls (to wtff flw\ ~u.t1c ·fabric ued 1• 
•11 coastncti• for ..,11cat1011S sadl as se,arat1011. rafnfwcta11t. 
f11trattoa,or drl1ug1. 

QACIM. TILL (TIU): lllter1al dllM)s1tad by 9laciatt011. uwlly cmposed of a 
wide ra•ga of put1cle stxs. •tdl us •t beN Sllbjected to tM sorttng 
acttoa of••· E-12 

r--:-~~~ ~~- ~""i:ililJilt 1 ... air l¥ b . ~ • '"" 4-4! et& ::CZ 

-~ -. 

' ' _ • ..i.... • . 
~-i .. 

·i 

I 



GRADATION (GRAIN-SIZE DISTRIBUTION) (PARTICLE-SIZE DISTRIBUTION) (SOIL TEXTURE): 
Proportion of •terial of each ~ ain size present in a given soil . ____ :::::..:.c.:::__ 

GRADE: 1. The slope of a road, channel. or natural ground. 2. The finished ··" __ 
surface of a canal bed, roadbed, top of ~nkaent, or bottom of excavation; ,.::' 
My surface prepared for the support of construction like paving or laying a -~ :;:~· 
conduit. 3. To finish the surface of a canal bed, roadbed. top of eabankaent. · 
or bottoa of excavation. · 

GRADIENT: The degree of slope or a rate of change of a paraaeter aeasured 
over disunce. 

GRAIN SIZE ANALYSIS (MECHANICAL ANALYSIS) : The process of deteraining 
gradation of soil. 

GRAVEL: Unconsolidated granular • ineral Mterhl of pebble sin~; rounded or 
seairounded particles of rock that wi 11 pass a 3-inch and be retained on a 

- No. 4 United SUt.es sundard sine. See Ffgure 3-3. 

GRAVITATIOML WATER: Water which aoves into. through . or out of the soil 
, under the influence of gravity. 

GROUND COYER: Grasses or other plants gnJWn tot~ soil froa being bl°""1 or 
IMShed .,,..,. 

GROUND WATER, CONFINED: (see ARTESIAN) 

GROUND IMTER, PERCHED: Unconfined ground "-Iler s~rated froa an underlying 
body of ground witer by an unsaturated zone. Its 1Mter table is a perched 
wit.er table. It fs held up by a perching bed -,hose pe,..abi lily is so low 
that witer percolating downward through it is not able to bring water in the 
underlying uns.turat.ed zone . .t>ove ataospheric pressun. :>ercheo ground water 
uy be either perwnt. when recharge is frequent enough to aaintain a 
uturat.ed zone above the perching bed, or taporary, where interaittent re
charge is not grNt or frequent fflOugh to ~~vent the perched water froa 
disappNring froa ti• to ti• H a ruult of dniMge over the edge of or 
through the perching bed. 

Glt0tll) WATER, UNCQNFINED: Water in an aquifer \.hat has a water table . 

GROUT: A c......ting or Haling • ixture which aay be injKted. poured, or 
otherwise introduced into a confined or unc:onfi~ SJ>K• in a fluid condition, 
md which after introduction sets up to perfora its ceaenting or sealing 
function. 

GIOIIING SEASCN: The period and/or nuaber of ct.ys between the last freeze in 
the spring Md the first frost in the fall for the freeze threshold teaperature 
of the Cl"Op or other designAted t.Nperature threshold . 

CiUUY: A channel or • iniature valley cut by cor.:entrated runoff but through 
llhich witer co• aonly flows only duTing and iwdhtely after heavy rains or 
during the Mlting of snow; Ny be dendritic or branching or it • ay be linear, 
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rather long. naM'Olif. and of unifora width. The distinction betwen gully and 
rill is one of depth. A gully is sufficiently dNp that it would not be 
obliterated by noraal tillaga operaticns. -e.nu a rill 1s of lesser depth 
and would be saoothed by ordinary fara t1 llaga. 

MLOPHYTE: A plant adapted to existence in a ulina envirouaent. 

HARDPAN: A hardened soil layer in the lc..r A or in the 8 horizon caused by 
ceaentation of son particles vith organic aatter or vith aaterials such H 
silica. sesquioxides. or calcha carbonate. The hardness does not change 
aipprech1bly vith changes in the aoistun content. and pieces of the hard lAyer 
do not slat. in wt.er. 

HAZARDOUS IMSTE: A solid wste or cOllbination of solid ~st.es. l!lhich because 
of its quantity. concentration or ~ical. cheaical. or infe~tious character
istics aay: 

A. C.use .. or sfgnifiantly contribut.e to an incruse 1n aortality or 
an fncruse fn serious irreversible. or fnc~ftating reversible. 
illnass; or 

8. Pose a substantial prnent or potential haurd to huaan hHlth or 
the enviro1wt when iaproperly truted, stored, transported, or dis
posed of. or othennse aanaged (Public Lw 94-580. 1976). 

HEAD: A ausure of tM energy that ~t.er posseues by virtue of its elevation, 
pressure. or velocity. The coaponents Elevation tte.ct. Pressure Head, and 
Velocity tte.d (q.q. v. ) cOllbiM to Mita Total tte.d. All hHds QN pPreSSed in 
lfnaar units. e.g. fNt. SN also Static .....,_ At all points in a body of 
~ter at rest. the total hHd (equals static hHd) is the nae. pressure hNds 
exactly coapenHting elevation hNds, and velocity hNds tting zero. ~t.er 
flows spontaneously froa points of higher to points of lc..r total head. 

HEAT SEAMING: The process of joinino t~r aore theraoc,lastic filas or 
shffts by heating areas in cont..xt vith uch other to the u.perature at lllhich 
fusion occurs. 

HEAVE: ~rd ao"9ent of soil caused by e~sion or displace•nt result1ng 
froe phenoaena such u: aoisture absorption. NeO"Hl of overburden, driving 
of piles, and frost action. 

HEAVY METALS: Any of the •tals that rMCt rudily vith dithizone. They in
clude bisaath. ~h•. coa.lt, chraah11 0 copper. gala. iron. aanganase. 
•rcury. nickal. lNd~ and zinc. 

HERB: Arry flc..ring plant except those developing persistent voody bases and 
suas above the gT'OWld. 

HORIZON (SOIL te>RIZON): One of the layers of the soil profile. distinguished 
princt~lly by its texture. color. structure. and cheaical content. 

A tl)IUZON: The upperaost layer of a son profile froa "-ich inorganic 
:olloids and other soluble aat.erfals have been lHChed. Usually contains 
reanants of orvanfc l t fe. 
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I HORI20N: The l~r of a soil profile in vhich aaterial lNChed froa 
the overlying A hor.i zon h accmu 1 ated. 

C HORI20N: Undisturbed parent aaterial froa vhich the overlying soil 
profile has been developed. 

tlllJS: A br"CMI or black •terial foraed by the partial decoaposition of 
"91Uble or ani•l Mtter; the organic portion of soil. 

HYOIAUUC ASPHALT C-.RETE: Si• ilar to asphalt concrete designed for roadl,,ay 
pnfng. except that it has a higher • ineral filler and aspbalt content in 
order to insure an essentially voidless • fx after COllll)a<:tion. 

HYDIAUllC CONOUCTIVITY: Ter• used in ~ter hydrology and soil science. 
Equivalent to Coefficient of PerMability, q. v. 

dh 
HYDIAUllC GIADIOO: TM loss of hydraulic hNd per unit distance of flov, dl . 

HYOIOSTATIC PlfSSURE: The pressure in a liquid under static conditions; the 
product of the unit weight ,.,f the lic:uid and the difference in elevation 
betwen U-• given point and the fne "-tter elevation. 

HYOIOPHYTE: A plant that gTOWS in "-tter or in wt or saturated soils. 

HYGROSCOPIC CAPACITY (HYGROSCOPIC COEFFICJOO): btfo of (1) the weight of 
water absorbed by• dry soil in a saturated ataosphere at a given teaperature 
to (2) the wight of the oven-dTied soil . 

HYGROSCOPIC IMTEI CONTOO: The ¥ater content of an air-dried soil . 

IWT£: A vew, ccaaon clay • tneral of uncertain specificity also terMCI 
•~ • ta• or •clay • tea.• of • oderate specific surface and fairly lov 
uchange ~ity. rarely if ever found pure. 

INP£1INEAILE: Not pe,.1tting pasH~ of a fluid or a gas~!'Ough its substance. 

IMPERVIOUS: SN •!Jilper• eable.• 

IMl'OUNDNEJfT: S.. •Surface I~t. • 

I N SITU: In its natural or orig1Ml position. 

INDICATOR Pl.MTS: Plants characterist!c of specific soil or sitA conditions . 

JNDUSTIIAL IMSTE: Waste froa industrial processes as distinct fn:a amicipal 
Hlid wste. 

INFILTIATICII: The cbinMrd .entry of wt.er into the soil . 
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IIIFJLTIATJOII RATE (INFILTRATION CAPACITY): A soil characteristic deterwining 
the aui- rate at which water can enter the soil under specified conditions. 
including the pruence of an ucm of water. It has the diaensions of 
_.locity. 

IIIFILTIATIOII VELOCITY: The act~l rate at which water 1s entering the soil at 
w,y given ti•. It NY be less than the aui- (the infiltration rate) 
because of a lf• ited supply of water (rainfall or irrigation). It has the 
s.- units as infiltration rate . . 

IJIOCUlATIOII: The process of introducing pure or • ixed cultures of • icroorgan
isas into natural or artificial culture • -dia. 

INIERCEt'TOI DRAIN: Surface or subsurface drain, or a coabination of !>oth, 
dHfgned and installed to intercept flowing water. 

INTERMl FRICTION: The portion of the shNr strength of a soil indicated by 
the teras p tan I in Couloab' s equation s = c + p tan I . It is us~lly 
consider-«t to be due to the interlocking of the soil grains and the resistance 
to sliding betwen the graiM. 

INTERSiEDING: Seeding Into an established vegetation. 

INTERSTICE: An opening or space be~ ~ thing and another, as an opening 
fn a rock or soil that 1s not occ~fed by solid aatter. Synonyas = void, 
pore. 

IIITIINSIC PEIIEAIILITY: A •asure of the r9latfve use vith vhich a porous 
• -dh• can transaft a liquid under a potential gr9dient. It is a property of 
the • -dh• • 1 one and fs 1 ndependent of the r-..ture of the 11 quid and of the 
force field causing aovwnt (assuafng no alteration of the Ndh• t-y the 
lfqufd). It fs depenct.nt upon the shape and she of the pores. 

INVADER PlMT SPECIES: Plant species that wre absent in undisturbed portions 
_ of the original plant cc• aunity and vill innde under dfsturb~nc~ or continued 
°""'"· Coaonly t,e,..ci fnv.cMn. - · 

ISOnoPIC MSS: A NSS having the s- property (or properties) in all 
diNCtfons. 

JULIAN DATE: In ~ uuge, e.g., • ilttary and coaputer, the calendar date 
upresHd as a Hrfes of· digits, sequenced throughout the year. C~nly, four 
digits of which the fi"t represents the yur. the last thl"ff the day, e.g., 
9364 11 OecellNr JO. 1979 (or 1969, 1989, ••• ). 

ICAOUN: A variety of clq containing a high percenuge of kaolinite. 

UOUNITE: A c:cwn clq • fner•l of 1"9latively sf• ple and constant chellistry 
and hw specific surface, activity, and exchange capKity. 
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LMIMR FUJW (STREMl.JNE FLOW) (VISCOUS FLOW): Flov in which NCh fluid 
~rUcle -..s 1n a direction ~rallel to nery other ~rticl•. and in which 
the heed loss is proport10M1 to the first ~r of the velocity. 

lANGt.EY: A unit of solu radiation equivalent to one gr• calorie per squ1n 
centf•t.er of irradiated surface. 

LAPPED JOINT: A joint Met. by pl.cing OM surface to be joined ~rtly over 
another surf.ce and bonding the Offrlac,ping portions. 

l.EACHATE: Liquid that has percolated through or draiMCt froa a Mt.erial &nd 
contains soluble. ~rtially soluble . or • iscible coaponents reaoved froa such 
Mlerial. 

LEACHED SOIL: A soil froe which aosl of the soluule Mt.erials (~3 Md 
NgC02 Md aon soluble • at.erials) have been raoved froa t.hlt entire profile or 
have bHn reaoved froe OM ~rt of the profile~ have .coaulated in another 
r,art. 

LEACHING: The raoval froa the soil in solution of the aon soluMe Mt.erials 
by percolating waters. 

LEGlJIE: A • -ber of the pulse f•ily. IncludH aany val&Mble food and for• 
species. such as peas. beMI. peanuts. clOffrs. alfalfas. swet clovers. 
lespedezas. vetches. and kudzu. Pr.ctical ly 111 leguaes an nitrogen-fixing 
plants. 

lEGlJIE JNOCULATlON: The addition of nitrogen-fixing bact.erf1 to 1~ sNd 
or to the soil in which the sffd 1s to be planted. 

LIFT: A single layer of coapacted soil . lift thickness dl1)ends on soil and 
degree of coapKtfon nNded (also tef'Nd •course•). 

LIME: Froa the strictly cheafcal sund;>oint. refers to only one coapound. 
qlciu• oxide (C.0); ~ver, the te,. is coaonly used in agriculture to 
fr.e lude a gnat variety of • aterials that an usually coaposed of the oxide, 
hydroxide, or carbonate of calctu• or of alcfua and _,,.,tu•; used to fumfs~ 
calciu• and aagnniu• as essential eleaents for the growth of plants and to 
neutralize soil acidity. The ac,st coaonly used fora of agricultural lf• 
an ground liMStone (cnbonates) , hydrated 11• (hydroxides), burnt 11• 
(oxides). Mrl. and oyster shells . 

LINEAR EXPANSION: The increan in OM diNnSion of a soil MSS, expressed a 
1 percenuge of that diaension at the shrtnuge li• it, "'9n the "'t.er content 
is incn&sed froa the shrinkage li• it to lWfY given "'ur content. 

LINEAR SHRINICAGE: 0.Cn&H in one diaensfon of a soil aass. expruHd IS I 
percentage of the original dfNnSion. lllNft the water content is reduced fro. 1 
given value to the shrin~ lf• ft . 
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ll118: A l~r of .-placed Mterial beneath a surface iapoundllent or landfill 
. ·"'9tcb 1s tnt.lded to restrict the escape of wste or its \."OftStituents fro• the 
·· tapounicaent or landfill. ._, include: rworbd or coapact.ed so11 and clay, 

aspllalttc and concreteMtertals, spray-on llllllbranes, polyaeric Mabranu. 
CMaisorpthe subsunces, or aJfY subst.Ma that serves the above stated 
purpose. 

UQUID LOOT: (1) The wt.er content corresponding to the art>itrary li• it 
bet.Nn the liquid and plastic stat.es of consist.ency of a soil. (2) The 
wt.er conteftt at "'91dl a pat of soil, cut by a groove of standard di•nsions. 
will flow together for a dist.Ma of one-half inch under the iapact of 25 
blows in a st.Jndard liquid li• it apparatus. 

l.OMI: A • ixt.ure of Hnd, stlt, or clay, rr a coabination of any of these. 
with organic •tter (,-). It is soati• n called toptoil in contras't to 
the subsoils that contain little or no o,vanic Mtter. A textural naae for 
sons of certain gradattoas i n the agricultural syste•• 

LO(SS:. A untfora aaoltan dlposit of silty Mterial having M open structure 
and relatively higfl cohesion due to c-• -ntation of clay or calca"°'-'S .. terial 
at grain conucts. A cbaracteristtc of loess deposits is that they can stand 
wit.JI nNrly vertical slo.,es. Lons has higfl vertical peraubi 1 tty. 

LYSIJETEI: A dftice UMd to • NSure the quantity or rate of -,ater • ov.-nt 
UWougb or fro• a block of soil or other •terial. such as solid wste. or 
IISed to collect percolated wt.er for qualitative Malysis. 

MCl01UTIIOO: A CM• ical el-• -nt necnHry in large wunts (al~ gruter 
t.MII one part per • illion) for the gT"Olltll of plants; usually IIPl)lied artifi
cially in fertilizer or lt• ing •terials. ""Macro• refen to quantity and not 
the esHfttiaHty of the el...,.t. uapln are nitrogen, phosphonn. potassh• 
and calcha. See • icronutrient. 

MCIDOIGMIISIIS: Those organises retained on a u. S. standard sieve no. 30 
(opentnias of 0.589 •); those o,vanisas visible to the unaided eye. See 
• icroorpntsas. - - - -

MSTIC: A • txt.ure of • ineral agg,991te, • ineral filler. and asphalt in such 
p~rtiOM that the • tx can be ~lied hot by pouring or by • echultcal .. ni
pulation; it form a .otdlns ans without being coaipected. 

NEOWIICAl AMLYSIS: See '"Grain She Analysis.• 

NESOPtffTE: A pl•t that grows under interaediate • oisture conditions. 

NICIDCUMTE: 1. The c11•t1c condition of a scall arM resulting ff"OII the 
• odiffcatt• of the ganeral c11•t1c cCMlditfOM by local differencn in eleva
ti• or e,qinwe. 2. The sequence of ataospMric dlangH within • very saall 
""'9i0ft. 
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IQOOUTRJOO: A chaical eleaent neceswry in only utreNly sa1ll aaounts 
for tM growth of plants. -xicro• refers to the aount used rather than to 
fts essentfaltty. Exaaples are boron. chlorine. copper. iron. unganese. and 
zfnc. See w:ronutdent. 

IIICIK>Ol6MISIIS: ThoH orpnisas retained on a U. S. standard sieve no. 100 
(openings of 0.149 •>; those • inute organises invisible or only barely viS-ible 
to tM unaided eye. See wroorvanisas. 

NIL: Unit of length. equal to . 001 inch or . 0254 •· 

NIJlilAL FILLER: A finely divided • ineral product of -,hich 1t least 65X will 
pass a No. 200 sine -,hfch has a sieve opening of 74 ~- Pulverized liaestone 
fs the • ost c__,... unufKtured filler. although other stone dust. silica, 
hydrated 11•. port land c-.nt. and cert.in n1tur1l de;>osits of finely . divided 
aatter are also used. 

tl>OUl.US Of ELASTICITY (MOOULUS Of OEFOQMATJON): The ratio of stress to strain 
" for a aaterfal under given loading conditions; naerically equal to the slope 

of tM tangent or the secant of• stress-strain cune. 

0" 

("'. 

~ . ,./ 

fl>JSTUU COlfTOO: SN '"Water Content. • 

..,.ITOIIIIG: All procedures used to systeMtfcally inspect 1nd collect data on 
operational par-ters of a fKility or on the quality of the air, ground 
wit.er. surface wit.er or soil . 

..,.ITOIIIC WELL: A well used to ~tafn water saples for -,.t,er q~lity an1ly
sf1 or to ausure grounct-,..ter levels . 

IOITP.Dllll.OIIJTE: Ac__,... clay • ineral of CQIIPlo and variable chetlistry, 
hfgfl to utraely hfgh specific surfKe and Ktfvity, and high exchange 
capacity. flontaorillonite 1s the essential coaponent of bentonite, q.v. 

, A general group i.,- propc)Hd for aont.• orillonite-lilte • inerals is •saKtite. • 
Montaorillon•tes swll by absorbing ~ter within their crystal lattice. leading 
to variable int.rlayer spKing. 

~ 

tlJCJt: An organic soil of very soft consistency. 

NULOt: A n.tural or 1rtifici1l layer of plant ruidue or other aaterials. 
such as sand or ~r. on the soil surfKe. 

fUUCJPAl SOLID "'5TE: Solid -.su collected frca residential •nd coaaercial 
sources in bins Mid other large containers. 

NATIVE SPECIES: A species that is part of M area's origin.1 fa..,,,. or flora. 

NATUIAL R£V£GETATIOII: Natural rNst.ablhhafflt of .plants; p~tion of new 
plants over an arH by n.tural proc~ssa. 
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NEOPRENE (POLYOfLOROPREHE): Generic naae for a synthetic rubber based priaar
ily on chloroprene. i.e. clllorobutadiene. Vulcanized generally with aetal 
oxide. Resistant to ozone and aging and to soee oils. 

NITRILE RUBBER: A f•ily of copolyaers of butadill!ne and acrylonitrile that 
can be vulanized into tough, oil-resistant co.pounds. Blends with PVC are 
used where ozone and wathering are i • portant requireaents in addition to its 
inherent oil and fuel resistance. 

NITROGat-FlXING PLANT: A plant that can assi• ilate and fix the free nitrogen 
of the at• osphere with the aid of bacteria living in the root nodules. Legu• es 
with the associated rhizobiua bacterial in the root nodules are the • ost 
i• ponut nitrogen-fixing plants. 

IIOIIMt.LY CONSOLIDATED SOIL DEPOSIT: A soil deposit that has never been sub
jected to a pressure greater than the existing overburden pressure. 

NOXIOUS SPECIES: A plant that is undesirable because it conflicts. restricts. 
or otherwise causes problem under the • anageaent objectives. Not to be 
confused with species declared noxious by lavs. 

NUTIIOOS: 1. Elaents. or coapounds, essential as raw aaterials for organisa 
growt.11 and cte,,elopaent. such as carbon. oxygen. nitrogen, phosphorus. etc. 
2. The diuolved solids and gasu of the water of an area . 

OPTINII ll>ISTUIE CONTENT (OPTUUI WATER CONTENT): The water content at which 
a soil can be c...,.ct.ed to the •axi..,. dry unit weight by a given coapKtive 
effort. 

OAGMIC SOIL: Sofl with a high organic content. In general. organic soils 
are Yery COIIPrHSible and --.ve poor l~sustaining properties. 

OVENOIIY SOIL: Soil -"ich --.s bHn dried at 105°C until it re~hes a constant 
wight. 

OVERCQIISOUDATED SOIL DEPOSIT: A son-deposit that Ms been subjected to 
p~sure ~ur th.Ill the pr.sent overburden pressure. 

PAN: Horizon or layer in soil that is st~ly coapacted, indurated, or very 
high In clay content, e.g .• claypAn, fragiPAn, Mrdi)an. 

PARENT MTEIIAl: Material froa ""ich a soil t..s been derived. 

PARTICLE SIZE: TM effective di-ter of a particle aeasured by sediaentation, 
sieving, or • iaoaetric •thods. 

PARTICLE SIZE DISTRl..,UON: S.. •Gr~tion. • 

PEAT: A fibrous NSS of organic • alter in various stages of deco.position. 
generally dark bnMI to blKk in color and of. spongy consistency. 
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PEBBLE: Rock particle. c~ly rounded froa natural abrasion. of a size 
larger than sand and saaller than cobbles. thus approxiaately 3 to 7S •· 

PERCEJfT SATURATION: The ratio. exprt:ssed as a percentage. of (1) ~ voluae 
of vat.er in a given soil aass to (2) the total voluae of intergranular spac~ 
(voids). 

PERCHED IMTER TABLE: A water table usually of li• ited area aaintained above 
the noraal free water elevation by the pn!sence of an intervening relatively 
iapervious confining stratua. 

PERCOLATION: Dolllnl,,ard • oveaent of vat.er through soi 1. Especi a 1 ly. the d<Mr 
vard flow of water in saturated or near-saturated soil at hydraulic gradients 
of the order of 1.0 or less. 

PERE.NNIAl Pl.ANT: A plant that noraally lives three or • ore years. 

PERMEABILilY: Capability of a aaterial to trans• it fluid through its 
substance. See •Coefficient of Peraeability.• •Hydraulic Conductivity.• and 
•Intrinsic Peraeability.• 

PESTICIDE: Cheaical agent used to kill aniaal and vegetable life which inter
feres with ~icultural productivity. 

pH: LogArftllll of the reciprocal of the hydrogen ion concentration in wa~r or 
an ~ solution. Neutral 1s pH 7.0. All pH values below 7.0 are acid. 
and all above 7.0 are alkaline or basic. 

PHASE: A hoaogeneous part of a cheeical systeta. separated fr011 other parts by 
physical bound.aries. 

PHREATOPHYTE: A plAnt deriving its vater froa subsurface sources; coaaonly 
us~ to describe nonbeneficial. water-loving vegetation. 

PIEZOMETER: An instruaent for •asuring ,rrissure head. 

PIPING: The aovwnt of soil particles by percolating or seeping water leading 
to the developaent of chM\nels and interMl erosion. 

Pl.AKT SUCCESSION: The process of vegetation development whereby an area 
~oaes successively occupied by different plant coaaunities of higher ecolog
ical order. 

Pl.AKTING SEASON: The period of the year woen planting or transplanting is 
considered .tvf~le froa the standpoint of successful establish• ent. 

PLASTIC FLOW (PlASTIC DEFORMATION): The deforaation of a plastic aaterial 
beyond the point of recovery. accoapanied by continuing deforaation with no 
further incr.ue in stress. 
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PLASTIC LIMIT: (1) The vater content corresponding to an arbitrary li• it 
between the plastic and the seaisolid states of consistency of a soil. 
(2) Water content at which a soil will just begin to enable "lhen rolled into 
a thread approxi•ately one-eighth inch in diaaeter. 

PLASTIC STATE (PLASTIC RANGE): The range of consistency within which a soil 
exhibi ts plastic properties. 

PLASTICITY: The property of a soil which all<NS it to be defonaed beyond the 
point of recovery without cracking or appreciable voluae change. 

PLASTICITY INDEX: Nuaerical difference bebteen the liquid li• it and the 
plastic li• it. 

PLASTICIZER: A plasticizer is a • aterial. frequently •solvent~like.• incor
porated in a plastic or a rubber to increase its ease of workability. its 
flexibility. ·or extensibility. Adding the plasticizer •ay l~r the aelt 
viscosity. the teaperature of the second order transition. or the elastic 
aodulus of the polyaer. Plasticizers •ay be aonoeeric liquids (phthalate 
esters). low aolecular wight liquid poly.rs (polyesters) or rubbery high 
poly.rs (E/VA). The aost i• portant use of plasticizers is with PVC where the 
choice of plasticizer will dictate under what conditions the liner • ay be 
used. 

POLYESTER FIBER: Generic naae for a •anufactured fiber in which the fiber
for• fng substance is any long chain synthetic polymer composed of an ester of 
a dfhydric alcohol and terephthalic acid. Scri• s •ade of polyester fiber are 
used for fabric reinforceaent. 

POLYMER: A aacromlecular aaterial foraed by the cheaical cOllbination of 
aonoaers having either the saae or different cheaical COIIJ)osition. Plastics. 
rubbers. and textile fibers are all high aolecular weight polymers. 

POLYMERIC LINER: Plastic or rubber sheeting used to line disposal sites. 
pits, ponds. lagoons. canals. etc . 

POLYVINYL OtlORIDE (PVC): A synthetic theraoplastic polyaer prepared fro. 
vfnylchlorfde. PVC can be coapounded into flexible and rigid for• s through 
the use of plasticizers. stabilizers. fillers. and other IIOdifiers; rigid 
form used fn pipes and well scrttns; flexible fonas used in • anufacture of 
sheeting. 

PORE: A saall to • inute openi™J 'l?" pass.»~ in a rock or soil; an 
interstice. 

POROSITY: The ratio. usually expressed as a percentage. of (1) the volllN of 
voids of a given soil aass to (2) the total voluae of the soil •ass. 

PORTLAND CEMENT: A hydraulic ceaent aade by burning and grinding a • ixture of 
calcareous and ugillaceous •aterials. e.g •• liaestone and clay. 
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PRESSURE: Intensity of loading. The load di\"ided by the area over lllhich it 
acts. A scalar quantity. Cf. •stress.• 

PRESSURE HEAD: Head possessed by an eleaent of 'later by virtue of its 
pressure. Expressed in lir.ear units (e.g. feet). Equal to the depth below a 
free surface that wuld produce the existing pressure under static conditions. 

PRESSURE/VOIO-RATIO CURVE: A curve representing the relationship between 
pressure and void ratio of a soil as obtained froa a consolidation test. 

PRINCIPAL PLANE: Each of three 11Utually perpendicular planes through a point 
in a solid aass on ~ich the shearing stress is zero. 

PROCTOR COMPACTION CURVE: See •coapaction Curve.• 

PUNCTURE RESISTANCE: Extent to ~ich a aaterial is able to withstand the 
action of a sharp object without perforation. 

QUICK TEST: See •unconsolidated Undrained Test.• 

RELATIVE DENSITY: The ratio of (l) the difference between the void r~tio of a 
cohesionless soil in the loosest state and any given void ratio to (2) the 
difference between its void ratios in the loosest and in the densest states . 

ROOLDED SOIL: Soil that has had its natural structure 110dified by 
aanipulation. 

RESIDUAL SOIL: Soil derived in place by weat~ring of the underlying aaterial. 

REVEGETATION: Plants or growth that replaces original ground cover following 
land disturbance. 

RHIZOME: A horizontal underground stee. usually sending out roots and above-
ground shoots at the nodes. 

RiPRAP: Broken rock, cobbles. or boulders placed on earth surfacir. such as 
the face of a daa or the bank of a streaa. for protection against the action 
of water (waves); also applied to brush or pole aattresses. or brush and 
stone. er other s~• ilar • aterials us~ for soil erosion control . 

ROCK FLOUR: See •silt.• 

ROLL GOODS: A general tena applied to rubber and plastic sheeting lllhether 
fabric reinforced or not. It is usually f~rnished in rolls. 

ROOT ZONE: The part of~ soil that is penetrated or can be penetrated by 
plant root~. 

RUBBER: A polyaeric aaterial which. at rooa tetiperature. is capable of recov
ering substantially in shape and size after reaoval of a deforaing force. 
Refers to both synthetic and natural rubber. Also called an elastoaer. 
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RtN>FF: That portion of precipitation or irrigation water that drains froa an 
area as surface flow. 

SALINE SOIL: A nonsodic soil containing sufficient soluble salts to iapair 
its productivity but not containing excessive excha~able sodiua. 

SAIi>: Unconsolidated granular • ineral aaterial of a certain size range. 
Particles of rock that will pass the No. 4 United States standard sieve and be 
retained on the No. 200 sieve. Sff Figure 3-3. 

SANITARY !.ANOFILL (LAND FILLING): A sit~ ~re solid waste is disposed of on 
land in a wnner designed to protect the environaent by spreading the waste in 
thin layers. C0111)acting it to the saallest practical voluae. and then covering 
it with sc. i1 by the end of the working day. 

SCARIFY: To break up and loosen a surface. 

SCRIM: A voven. open-• esh reinforcing fabric aade froa continuous-filaaent 
yam. Used in the reinforceaent of polyaeric sheeting. 

SEAM STREMGTH: Strength of a se• of liner aaterial • easured either in shear 
or peel • odes. Strength of the seaas is reported either in absolute units. 
e . g. pounds per inch of width. 1>r as a percent of the strength of the sheeting. 

SEED: The fertilized and ripened ovule of a seed plant that is capable. under 
suitable conditions. of independently developing into a plant si• ilar to the 
one that produced it. Types of seed include: 

Breeder seed: Seed or vegetative p~ting aaterial directly con
trolled by the originating. or in soee cases the sponsoring plant 
breeder. institution, or f i na, and which supplies the initial and recur
ring increase of foundation seed. 

Certified seed: The progeny of foundation or registe~ sffd that is 
so handled as to aaintain satisfactory genetic id4ntity and purity and 
t.Mt ,..s been approved and certified by the t.ertifying agency. ~ -

Coa• ercial seed: A tera used to designate other than recognizea" __ _ 
varieti~ of seed in cc-• ercial channels . 

Coaaon seed: Noncertified seed. It aay ::>e a naaed variety. but not 
grown under the certifi~ation progr•. 

Ooraant sffd: An internal conditio.1 of the chetlistry or stage of 
developeent of a viable seed that prevents its genaination. although 
good growing letlperatures ar.d • oisture are provided. 

Fh• seed: Dorunt seeds. other than hard seeds. t.Mt neither gen11i
nate nor decay during the prescribed test period under the prescribed 
conditions. Fira ungerainated seeds u.y be alive or dead. 

Foundation seed: Seed stocks that are so handled as to • ost nearly 
aaintain ~ific genetic identity and purity. Production • ust be 
carefully supervised by the certifying ~ney and/or the agricultural 
experf • ent station. 
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Hard seed: A physiological cor.dition of seed in which soae seeds do 
not absorb water or oxy~n and ~niinat.e when a favorable environaent is 
provided . 

. Registered seed: The progr• of foundation seed that is so handled as 
to aaintain satisfactory ~netic identity and purity and that has been 
approved and certified by the certifying agency. This class of seed 
should be of a quality suitable for production of certified seed. 

SEED PURJTY: The percen~ of the desired species in relation to the total 
quantity of other species, weed seed. and foreign utter. 

SEEDBED: The soil prepared by natural or artificial aeans to proaot.e the 
~r11irw1tion of seed and the growt.h of seedlings. 

SEEPAGE: Slow aoveeent of vat.er through soi 1. 

SENSITIVITY: The effect of reeolding on the consist.ency of a cohesive soil 

SHAKING TEST: A test used to indicate the presence of significant aaounts of 
M rock flour, silt, or very fine sand in a fine-grained soil. It consists of 

shaking a pat of wt soil. having a consist.ency of thick paste. in the pal• of 
the hand; observing the surface fnr a glossy or livery appearance; then 
squeezing the pat; and observing if a rapid apparent drying and subsequent 
er.eking of the soil occurs. 

SHEETING: A fora of plastic or rubber in which the thickness is very saall in 
proportion to length and width and in -.mich the poly.er COIIPOUnd is present as 
a continuous phase throughout. with or without fabric. 

C SHRINKAGE LIMIT: The R.'!.i.,. waler content at which a reduction in water con
tent will not ca~a a decrease in volu• e of the soil • ass. 

SHRUB: A wody pe~ial plant differing fr011 a tree by its lw stature and 
' by generally producing several basal shoots inste~ of a single bole. 

SILT (INORGANIC SILT) (ROCK FLOUR) : Material passing the No. 200 United 
States standard sieve that is nonplastic or very slightly plastic and that 
exhibits little u...JIO.-Strength when air-dried. 

0- SILT SIZE: That portion of the soil finer than 0.02 -- and c~rser than 
0. 002 -- (0.05 -- and 0. 005 - · in so. cases) . See Figure 3-3. 

SLAKING: The pl"'OCess of breaking up or sloughing -..hen an indurat.ed son is 
i-rsed in ~ter. 

SLOPE: Deviation of a surface froa the horizontal expressed as a percentage , 
by a ratio. or in degrees. In engi neering . usually expressed as a ratio of 
horizontal:vertical cha~. (Also s~ •gr.cte.•) 

• 
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Sl.011 TEST: 

SMECTITE: 

See •consolicated-Drained Test.• 

See •Mc>ntaorillonite. • 

SOO: A closely knit ground-cover growth. priNrily of grasses. 

SOOIC SOIL: 1. A soil tMt conuins sufficient sodh• to interfere with the 
growth of .st crop plants. 2. A soil in lllf\ich the exchangublrsodiua 
percenUge is 15 or aon. Sodic soils. because of dispersion of the organic 
Ntter. have been called bl.ck aluli soils; soaeti•s also called ~line
albli soils. 

SOFTEJIING POINT: TNll)erature at wtdch a bibaen softens in the ring-and-ball 
•thod described in ASlll 02398. Used in the classification of bit.mien. par
ticularly of bit.mien intending for roofing. because it is indicative. of the 
tendency of a Nterial to flow at elevated uaperatuns encountered in service. 

SOIL: In enginHring. Hdiaents or other unconsolicated .ccaulations of 
solid particles produced by the physical and chaical disintegration of rocks. 
and lllflidl NY or NY not conuin organic Ntter. 

SOIL ASPHALT: A coapactad • ixtun of soil and asi,Mlt ceaent. CutbKk or 
c:aulsifted Ut>Mlts are usually avoided. 

SOIL COIEJIT: A tightly COIIPKted 9fxture of pulverized soil. port land ceaent 
and water tbat. as the caent hydrates. for• s a hard. durable. low-strength 
concrete-like Ntertal. 

SOil HORIZON: See •horhon.• 

SOIL NEOWIICS: TM appliution of the lws Mi.I principles of MChanics and 
hydraulics to engineering probleas dHling with the ~vior and nature of 
soil as an engineering Ntertal. 

SOIL oaGMIC MmR: TM organic fr.ction of the soil tMt includes plant and 
u1Nl residues at varficif"sUges of de<:oaposttion. cells &nd tissues of soil 
organism • .-Id subsunces synthesized by the soil population. C~ly deter
• ined as the aaount of organic Nterial conuineo in a soil s.pl• passed 
throuvh a Z---i 11 i•ter sin.. 

SOIL PIOFIU (PIOflU): Vertical section of a soi 1. showing the nature and 
sequence of the various l~rs. u developed by ~sition or w.thering. or 
both. . 

SOIL SCIENCE: The study of soil H a natural Nterial; also teraed pedology. 

SOil SOLUTION: The aqueous liquid J>Mse of the soil and its solutes consisting 
of tons dissociated froa the surf.ces of the soil particles and of other 
soluble Nterials. 
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SOIL STABILIZATION: Chaical or aecbMial trMtaent designed to incrHse or 
•iataia tM sUbflity of a • us of son or othenrise to illl)rove its engineer
ing properties. 

SOIL STERllMT: Biocide applied to soils to prevent plAnt growth and insect 
or df seasa iafesutton. 

SOIL STIUCTUIE: In son Mehanics. the arra1,;1 int and state of -w•~tion 
of son particles in a soil • us. 

Fl OCOILEJfT STIUCTUIE: An an-•,g• ,.,t coaposed of floes of son parti
cles inst.Md of individual son particles. 

SIJIGLE-GIAINED STIUCTUIE: An an-ai~1 l'"lt COIIPOSed of individual soil 
particles; dlarKteristf c structure of coarse-grained soi ls. 

SOIL SUCTION: Tension (•negattve pressure•) Gistf ng in soil wter unc»r 
unsaturated co,lditfons. A COlll)lU effect~ CMISH incluc» capillarity. 
adsorptior. osaosis. etc. 

SOI.LIi: Genetic soil deftfoped by soil-building forces; incluc»s A and 8 soil 
horizons. or ~r part of soil profile above parent Mterial. 

SOLUTION: A haogetleOUS • ixture consisting of a single phAse. 

SPECIFIC 11:.1001011: btio of (1) the voluae of wter _,,,.ich a rock or soil. 
after being gturatect. vfll retain against the pull of gravity to (2) the 
voluae of the rock or soil. 

SPECIFIC SUIFACE: The ratio of the total surface ar•ff of a (finely divided) 
substance to its voluae; or. the surface arN of a (finely divided) substance 

• per unit ans. · 

SPIAY IM: A loaig bollw tube vfth noules of llilf!I of a nullt>er of form. UHd 
to apply a tllia 1-,.r or coat of a substanc. in liquid for•. Spray bars are 
att.:Md by boses and pneaatfc lines to pullpS to convey the liquid froa the 
storage truck or unit to the noules. 

SPIIC.ING: The planting of a portion of the st.a and root of grass. 

STATIC HEAD: The sua of EleYation HHd and PT'tssUTe HNd. q.q.v. S.. a?so 
•tteac1.• 

STOl0N: A horizontal st.ea _,,,.tch grows along the surfK• of the soil and roots 
at t.he nodes. 

STWN: The CNftge in length per unit of length in a given direction. 

STIESS: Intensity of force. The force per unit area Ktf ng within • • us. A 
wector quantity. Cf. •pressure.• 
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EfFECTM STRESS (EFFECTIVE PIESS1NIE) (INT£RGRAIIJW PRESSURE): The 
average noraal force per unit arM transaittH froa grain to grain of a 
soil ass. It is the stress that is effectift in .t>ilhing inumal 
friction. 

IIEUTRAl. STRESS (PORE PRESSURE) (PORE WATER PRESSURE): Stress trans
• ftted tllrough the po" vater (wter filling the voids of the soil) . 

...a. STRESS: n. stress c~t noraal to • given plw. 

SHEAR STRESS (SHEARING STRESS) (TMGOfTIAl STRESS): The stress coapo-
Mftt ungenttal to a given pl ... 

Stal~: A tena used in the MnUfactun of fabric-reinforced polyaeric 
slaNtfng to indicate U..t b.o l~rs of pol)Qer haft Nde bonding cont.Kt 
through the serf•. 

STIUCiUIE: See •soil structure.• 

SllllllE: n. basal portion of plants reaaining after the top portion has bffn · 
hanested; also. the portion of the plants. principally grasses. reaaining 
after grazing is caplet.Id. 

g•ME: A 1-,.r used in a pavwnt s~te• betw.n the subgr~ and ~se 
c.:-urse. or betwen the subgrade and portlanct-concrete paveeent. 

SlJIGUOE: The soil pnpared and coap.acted to support • structure or a paveaent 
syste•• 

S.SIDOICE: Settling or sinking of the land surface due to My of several 
factors. sudl u dlc•osftfon of o,vanic Mterial. consolidation. drainage, 
and undffVround failure. 

SUBSOIL: n. I horizons of soils with distinct profiles. Jn soils with weak 
profile dnelQlaeftt. the subsoil can be defined u the soil beloiw the plowed 
soil (or its equh,aleftt of surface soil). in Mlajch roots nonNlly grow. 
Alt.bough a ccaao.1 tena. ft cannot be defined .ccurately. It hAs bffn curied °"" froa Nrly days .._.. •son• was conceived only u thQ plowd soil and 
that under it as the •subsoil.• . 
SlllP: A pit or well at the l01Mst point of a circulating or drainage systea, 
in -...ict. liquids collect. 

SUPPUJIEITAl InIGATIOII: Irrigation to insure or increase crop production in 
areu -,..,.. rainfall noraally sUl)pliH • ost of the aoisture needed. 

SUIFACE CUI£: Curing or wlanizatfon ,,.._ich occurs in a thin l~r on the 
surface of a ..,..factured polyaeric shNt or other it.las. 

SUIFACE IJIICUOIEJIT: A natural or artificial basin used to contain liquid 
wstes. Inc 1 udn pt ts. ponds. and lagoons. 

SUIFACE IMTU: All wt.er ""°H surface is exposed directly to the ataosphere. 
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SUSPEIISIOII: A b,o-phase systea consisting of a finely divided solid dispersed 
in a solid, liquid, or gas. 

SYMIIOSIS: An arrang•1nt 111Mreby tvo organises of diff•~t species live in 
close association. froa which one or both uy benefit and neither is har"Md. 

TACltNG: The process of binding •lch fibers together by the addition "f • 
sprqed chlaic.1 cOlll)C>Und. 

TAtUS: Rock fragants sixed with soil at the foot of I natural slope froe 
--et1cta U,ey Mve bNn separated. 

TAI: Dark, bitullinous, viscous liquid obtained by destn,ctiv• distillation of 
wocl, coal. peat. shale, or other natural !Nterials. 

TEAi STROIGTH: The DUi- force required to tear I specified speci•n. the 
force acting substantially parallel to the Mjor uis of the test speci•n. 
NNsund in both initiated and uninitiated aodes. Obtained value is dependent 
on spec!aen geoaetry. rate of utension, and type of hbric reinforceaent. 
Values are reported in stress. e.g. pounds, or stress per unit of thickness. 
e.g. pounds per inch. 

TEJISILE STROIGllt: The aui- tensile stress per unit of original cross
secti~l aru IPPl ied during stretching of I speciaen to break; uraits: SI
•tric-~scal or kilopascal; custoaary - pound per square inch. 

TERRACE: An tabankMnt or coabinatio., of an _,.,.kaent and channel constn,cted 
across a slope to control erosion by diverting. 

THElll>PWTIC: tapiible of being rtpHtedly so*tened by increase of teaperatun 
and hardened by decrNH in taperatun. Nost polyaric liners ~" supplied 
in theraaplastic fora because the then10pl1stic fora allovs for easier se•ing 
both in the factory and in the field. 

THEIN>PLASTIC ELASTCIERS: New uterials which are being de'tftloped_ and which 
are p'."'ObMaly related to elasticized polyolefins. Poly.rs of this type behave 
si• ilarly to crosslinked rubber. They have I li• ited upper taperature service 
range which, to,ever, is substantially M>Ove the teaperature encountered fn 
wste dfspowl sites (ZOO-F -.y ~ too high for sc.e TPE's). 

TILE, DRAIN: Pipe 11.cte of burned clay, concrete, or si• flar Nterial in short 
lengths, usually laid with open jofnu to collect and carry uceu ..,..ter froa 
the soil . 

TILLAGE: The operation of i•pl.-nts through the soil to pnpare sffdbeds and 
root beds. · 

TOLERANCE: The relative ability of I species to survive I deficiency of an 
essential growth r • quinaent. such as •ohture, light or nutrient supply, or 
an overabunduce of a site factor such as excnsive -..ter, toxic salts, etc. 

TONNE: Metric ton; one thousand kilogram. 

E-29 

- ·-:- __ ... _ ... ___ ~ ---- -· ~ . "' .. 

I 



TOTAL HEAD: See •HNd. • 

TOIICm: Quality. state. or de9ree of being toxic or poisonous. 

TOIJII: (1) Ar,y of various unsUlble poisonous ccapounds produced by sa.. 
• icroorganfw and ausing certain diSHSft. (2) Any of vuious si• ilar 
poisons. related to proteins. secreted by plants and aniuls. 

T'UIISPOaTED SOIL: Soil ~ ~rticles have been transported and deposited as 
• Mdf• -nt. 

Tl££: A ~ perennial plant that ruches a •tun height of at lust eight 
f•t ad bu a wll-def1ned st.a .ct a definite crown shape. There 1s no 
clNr-cvt d1st1nctlon bebMen trees and shrubs. Soae plants. such as the 
wt llo.,s. aay grow u eit.Mr trees or shrubs. 

TllAllAL SHEM TUT (DIAIIAL C0NPIESSION TUT): A test In ""'-ich a cylindrical 
specf_. of son encased In an lapenlous llllllll)rane 1s subjected to a confining 
pressure and lben loaded axially to failure. 

TI•ll.OIT fl.Cal: flow of fluid In llfllch secondary Irregular aotions and veloc
ity flllCtlll!Uons are s..-rilllpOHCI on the prtncfp.1 or average flow; In contrast 
wttll l•i11er flow. 

UI.TIMTE £1.0116ATIOII: The elongation of a stretched speciaen at the ti• of 
brNk. Usually r-.,orted u percent of the original length. Also called 
elongatfon at brNt. 

IIICXIIFIIIED CONPIESSIYE ST181int: See •Coapress I we Strength.• 

t..c:ONSOUDATtl>-UIIDMIIIED TUT (QUICK TEST): A soil test In ""-fen the -ater 
COfttent of the test spect ... N1Mlns practically unchanged during the applica
tion of lM eo11ffning pressure and the addltlon,al axial (or shur) force. 

UIIOEIICONSu!.IDATED SOIL DEPOSIT: A deposit Uwat fs not fully consoNdated 
under Ule uhttng o..rtMlrden pressure. 

UIIOESIIMU SPECIES: 1. PlMt specln that are not rudily utan by anlMls. 
2. Species that conflict with or do not contribute to the ~t 
objerthes. 

UNDISTUIIED ~: A soil saaple that has been obtained by •t.hods In ""'-lch 
nery precaution bu been taten t4I • lnl• lze dlsturt)anc• to the sa111ple. 

IIIIFOMITY COEFFICIOIT: SM •toefficfent of Unifontlty.• 

IIUT WEIGHT OF IMTEI: The wight per unit vol._ of -.ter; noalnally ~1 to 
62.4 pounds p..- cubic foot or 1 gr• per cubic cenU•ter. 

UIISATUIATEC Fl.OI: The •w•1nt of .. ter fn a soil ,-f\tch 1s not ff lled to 
capacity wit.II wt.er. 
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UIISUPPOITED SHEETING: A polymr sheeting one or mre plies thicik.-~t.hout • 
reinforcing fabric layer or scriL 

VADOSE: Pertaining to water in the """t.u1"'aud zone above the water .. table. 

VANE SHEM TEST: An inplace shNr test in w.ictl • rod with thin rlldial vanes 
at the end fs forced into the son and the res is Unce to routi on i>f the rod 
f s deterwf ned. 

VAPOI: A gas below its critical point. 

VAPOI PRESSUlt£: Partial pressure of vllPC)r (gueous pMH) of a subsUnce in 
equilibria. at a given t..perature. with a condensed pMH (liquid or solid) 
of the substance. 

VAIYED CLAY: Alternating thin layers of silt (or fine Hnd) Md clay· foratd 
by variations in sediaenution during the various seuons of the yNr. often 

O'- ullibiting contrutfng colors __,. partially dried. 

C 

-: .... , 
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V£CTOlt: A carrier. e.g .• an insect or• rodent. that ts c~le of transait
ting • pathogen froa one organfsa to AnOt.her. 

VELOCITY HOO: HHd possessed by an el.-nt of water by virtue of its 
velocity. Equal to v2/2g _,,_,.. v,. velocity. g,. acceleration of gravity. 
Expressed fn ltwr units (e.g. fnt). In aleost all~ probleas velocity 
MM h ftr'Y ... 11 and is 11e9lecte-d. 

VEJIT: A bole or opet1ing to perwit PH"99 or .scac,e. Hof a ~s. 

VISCOSITY GIADE (ASPHALT): YfSCCKfty classification for aspNlt ceaent into 
rangn specified tn ASDI Ollll. 

VOID: Space fn • son NSS not occupf~ by solid Ntter. This s~e My be 
occupied by air. water, or other ~HOUS or liquid Nterial. 

-~ · VOID IATIO: Tht ratio of (1) the vol.,.. of void space to (2) the vol.,.. of 
solid particl~ In • given soil uss. 

VOLLl'(TRIC SHII~ (VOllKTIIC OWICE): Tt•• dacrMH in vol1ae of a soil 
NSS _..._ t.he water content is reduced frca a given percenuga to the shrinuge 
Haft; eqrHHd H a percentage of the vol.,.. of the soil • HS ~ dried. 

WlCMIZATt: A terw UMd to denote the product of the vulcMiution of a 
rubber COIIPOUftd wit.bout reference to sJwipe or forw. 

\IUlCMIZATIOII: An frnftrsf~le procns dllring _..fch • rubber cOIIPOU"d, through 
• change hi its dlafcal structure. e.g. crosslinltfng. becc:.n less plastic 
and .,. resistant to swlllng by of'911'fc liquids, and elastic propertin ue 
conferred. iapf"Oftd. or extended Offr a grNter range of teaperature. 

~JLCMIZ£: See •Vu1cantzatton.• 
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IMIII-SEASOII Pl.MT: A plant that coapletes aost of its grovth dul-1ng the _,. 
portion of tbe Yffr. generally late !q>ring &nd s&aaer. 

IMTU CONTOO: (Soil NechMics) The ratio. expressed as a peranug.. of 
(1) tbe wight of wet.er in a given soil •ss. to (2) the wight of '°lid parti
cles. (Son Science) The aou:1t of wet.er lost froa the soil aft.er drying it 
to constant wl91t at 105-C. expressed either as the wight of wet.er per unit 
wight of dry son or as the vol.,.. of veter per unit bulk voluaa of soil. 

IMTEI TABl.£: The surfKe between the zone of Hturation and the zone of 
•ration; that surfKe of a body of ..--confined ground ~ter at ""lch the 
pressure ts equal to that of the ata>sphere. 

IMTEI TABLE. PERCHED: See •Perched Water TAble.• 

IMTERLOGGED~ S.turated with veter; soil condition where a high or perched 
wet.r bbl• ts detriaental to plant growth. resulting froa over-Irrigation. 
~- or Inadequate drainage; the replKwnt of ac>st of the soil air by 
wet.er. 

WEED: An undesired • ..--cultivated plant. 

IEIOPNYTE: A plant capM»le of surviving periods of prolonged 110isture 
deficiency. 

ZEAO AIR VOIDS CUR"/£ (SATURATION CURVE): The curve s~ing the zero . air voids 
unit wight as a f..--ction of --.ter content. 
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APPEJIOII F 

lMS NIIJ REGUlATIOIIS 

. The legislatift ..ct regul~tory authority for reaed1al actions at uncon-
trolled buardDus wste sites residn in Public Lw 96-510 (the •~rfund 
Lal') and tM .. t1onal ContinglftCY Plan. as published 1n the Federal Register 

...1J1ft July 16. 1912 (Vol 47 • llo. 137 • pp 31180-31243). 

For nfM"we purposes. Ul1s ~b contains the following extracts 
frca these doall1nt~: 

- A Table of Con-..ents of P. L. 96-510 
- Table of Coatents of the IICP 
- Text of Slabpart F of the IICP. •Hazardous Slibsunce 1tesponse• 
- Table of Coftteftts of Appendix A to the NCP. •Uncontrolled Hazardous 

Vllste Site laMing Systa" 
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~He Lw 96-510 11 Deceaber 1980 96th Congress 

•aN>REHENSIVE EJIVI IUI OTAL RESPONSE. Cc»FEMSATION. 
ANO LIABILITY ACT Of 19809 

TITLE I - Hazardous Substances Releues. liability. C01q>en~tion 

Sec. 101. Definitions 
Sec. 102. Reportable Quantities And Additional Desi~tions 
Sec. 103. Notices. Penalties 
Sec. 104. RHponse Authorities 
Sec. 105. National Contingency PlAn 
Sec. 106. Abataent Action 
Sec. 107. Liability 
Sec. 108. Financial Responsibility 
Sec. 109. Penalty 
Sec. 110. &ployee Prouction 
Sec. 111. Uses of Fund 
Sec. 112. Claies Procedure 
Sec. 113. Litigation. Jurisdiction. and Venue 
Sec. 114. Relationship to Other lw 
Sec. 115. Authority to Delegate. Issue Regulations 

TITLE . II - Hazardous Substance Response Revenue Act of 1980 

Sec. 201. Short Title; -.ndllent of 1954 Code 
Subtitle A - lapositfon of Tues on Petrol.- and Certain Chaicals 
Sec. 211. laposition of Tues 
Subtitle I - Establtstaent of Hazardous Substance Response Trust Fund 
Sec. 221. Establtshaent of Hazardous Substance Response Trust Fund 
Sec. m. Lfabtlfty of United States Li• ited to Aaount in Trust Fund 
Sec. 223. Adllinfstrative PT'Ovisions 
Subtitle C - Post-Closure Tu and Trust Fund 
Sec. 231. lapositf on of Tu 
Sec. 232. Post-Closure liability Trust Fund 

TITLE III - Miscellaneous Provisions 

Sec. 301. Reports Md Studies 
Sec. 302. Effective Dates. Savings Provision 
Sec. 303. Expiration. Sunset Provision 
Sec. 304. Conforahg AaendNnts 
Sec. 305. Legfs lat he Veto 
Sec. 306. Transportation 
Sec. 307. Assistant Adllinhtrator for Solid Waste 
Sec. 308. Separability 
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APPEJC)IX G 

QUALITY-CONTROL TEST NETHOOS 

The following test Mthods are described in this Appendix • 

-- !I/!!!! 
.._, ... 

,,,,_s--s C.S'>!rSJ re..,,.., ,..., ._ ........ I ,._....,_c..r..,_ ------ _......,....,_ c...- l , .. ,.r----~•----- J ......... OSGtua• ............. • -w...._ 
Cale-'- ,___, ' -• Sf"''"5t!!•!'tz((ftfcS!!! ,,..., - .... ' ......... , n,-___ ..__c-,_ 

P'S_.., n .,_ _,._. ..__ c-,_ -· ...... ..__c-,_ --~---- • 
._.. __ .__...__c-,_ --~ ... ,. ' 
... ..... _...__c-,_ --·-~ )I ........... ....,.n.w._.111._ II .......... .___ ... ,.,c.-...... , .... ~- ll ---'-•-...... -.._ __,,..,...,_ .... IJ .,,,,.., ...,,s, (C..,,lp!s,1 ,. .. , .,,.,..,..,. .___,._._ ... ,ti-._.__, 

M 
...... __, ___ ,\," 

..,,.... ,.,..,,,.,. _, ........ ._. ,. tat• '"' ,.,. t!Sff''tz ...... s- ....... ,.,. ........ 11 .... .,,,..,,_ ____ ~c-.--.. 
II ......... ~ --~~,,_,.,_..., " -............ ._.. ___ Sa -a..,__ 
" .... -.-

..._.._ -- llllr Sall - 0.. ,__ It -'-, .... , ... , --~ ... ---111111•-- JI -~ -......-- " .,,.,_ ,_, .............. , ff . ~• ... - ..,......,_ __ 

These dncrfptior.s are brief and aN p~ted priMrily for infonaation 
purposes. ""-,...,,.r a reference is given. that refe,-.nce should be consulttd 
for direct.on as to the actual conduet of the test. Test ct.ta shffts are in
cluded u tllustrathe ex.aples with uny of the test Mthods given. Al 1 of 
these H11Pl• data stMtets aae froa act.u.l construction sites where they WN 
1n use. ~ sllould not be r9gardlod u specifically recaa.ndtd foras. hov
....-. as ~ contain soae inconsistencies Md oaissions of desirable data • 

. ~ are tncludld for purpoMS of illustration only. 
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Nathod No. 1 

Title of Test M.thod: Surmrd Oven-OTy 

Principle of Test Method: This •thod detaraines the vat.er content of a soil 
saple by first weighing it wet Md then ~in after it t..s bNn dried in 
~ oven. 

Test Nathod 

(1) Appuatus: Drying oven (theraost.atically controlled. 1-referM>ly 
of the force-draft type). ~lance sensitive to 0.01 g •• speciaen containers 
(tares) with lids. and a desiccator. 

(2) Procedure: The procedure for this •thod consists siaply of taking 
a speci•n of known wight. plKing it into an oven and dryi~ it ~ta ~rtic
ulu teaperature and specified ti•. Upon drying the spec:iaen is Nac>ved. 
reweighed .net the aoisture content is calcul.ted. 

(3) Reference: ASTM D 2216. 

Li• it.ations: With uny sons. close control of w.ter :ontent during field 
COllpKtion is MCtsHry to develop a required density. strength and hydr•ulic 
conductivit) n the soil uss. Oven-drying is the standard test for deter
• ining VAter content of soils in geot.Khnic.1 enginHring pnctice. However. 
the •thod does not 1end itself Hsily to field use. Although tapenture 
controlled ovens ue currently anilAble on soee construction sites. tMy 
req:.aire 4 to 12 hours for drying ~ich uy be excessive for close control 
of field coapACtion. All soils can be tested for aoisture content by 
oven-drying. 

Status of the Method: Oven-drying of soil is the accepted laboratory •thod 
aaong the geot.echnfcal engineering profession for deter• iMtion of ~ter 
content. 

Calibration P-roc~·,re: NIA 

Oocuaent.ation of Test: Item to be recorded include the wet weight and the 
dry wight. An exaaple data shfft is provided. 
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Nethod Ho. 2 

Par .. ter Measured: Water Content 

Title of Test Method: SUndard Nuclear Moisture/Density Gage 

Principle of Test Method: This at:M>d •asures in-place water content by 
directing fast neutrons of known intensity into the soil and •asuring the 
intensity of slov or aoderated neutrons reflected back. 

Test Method 

(1) Apparatus: Fast neutron source, slov neutron detector (readout 
device and housing) and reference sUndard and sit• preparation device. 

(2) Procedure: This Mthod allows the detentination of water content 
of sofl and soi 1 aggregate in place through the use of nuclear equipaent. 
The equipaent is calibrated to detentine water content, u wight of water 
per unit voluae of Nterial. Water content as nonNl ly used fs defined 
as the ratio, expressed as a percenUge, of the wight of water in a given 
soil uss to the weight of solid particles . It fs detentined with this 
procedure by dividing the water content by the dry unit wight of the 
soil. Therefore, coapuUtion of water content · ,ing the nuclear equip-
MIit also requires the detentination of the dry unit weight of the uterial 
being tested. Most available nuclear equipaent has the provision for •a
suring bott. the water content ~nd the wt unit weight. The difference bittween 
these two Masu,....nts gives the dry unit weight. Recent units give a direct 
readout of water content and dry unit weight. SOM can be set to yield per
cent coapKt ion. 

(3) Reference: ASTM D 3017. 

Li• iUtions: rhe Mthod described is useful as a rapid, nondestructive 
technique for the in-place deteraination of the water content of soil. The 
funda• enUl assaaptions inherent in the Mthod are that the hydrogen present 
is in the font of water as defined by ASTM O 2216, and that the Nterial under 
test 1s hollogeneous. Test resvtts My be affected by chemical coaposition, 
s--.,le heterogeneity, And, to • lesser de-gree, uteri<1l density and the 
surface texture of the uterial befog tested. The technique also exhibits 
ss,.tial bias in that the ~ratus fs aore sensitive to cerUin ~ions of the 
uterfal under test. The nuclHr •thod, which is ~11c~le to a wide range 
of soils, requires operation by an experienced technician in order to obUin 
reli~l• Masureaents. A weakness in the nuclear Mthod is that a saaple is 
not Uken to detentine thew.it.er content, and thus the test results cannot be 
c011pared to the other water content •thods, e.~. the oven-dry •thod. In 
addition, this Mthod requires equipeent that utilizes radio<1ctive aaterials 
which theaselves • ay be hanrdous to the health of the operator. Effective 
operator instructions together with routine safety procedures are essential to 
the proper operation of this type of equipaent. 

SUtus of the Method: NuclHr ~s offer a rapid and accurate •ans for 
obUfnfng water content values for a wide variety of soils . Recent advances 
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in th• design of nuclear equiptNnt and a better understanding of the nuclear 
principles involved ha~• led to increasingly widespread use of nuclear gages 
in earthwork construction control . 

Calibration Procedure: The apparatus • ust be calibrated against a reliable 
direct • ethod (e.g. oven-aryfng). 

Docuaentatfon of Test: Iteas to be recorded include the water content 
and the wet unit weight. An exaaple data sheet is provided. 
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Method No. 3 

Paraaeter Measured: Water Content 

Title of Test Method: Gas Burner 

Principle of Test Method: ihis aethod deter11ines the water content of a soil 
saaple by first weighing ft wet and then agafn after ft has been dried. 

Test Method 

(1) Apparatus: Gas stove, frying pan, balance and stirring rods . 

(2) Procedure: This aethod covers deter11ination of the approxi,aate 
aoisture content of soils by aeans of a gas-burner stove, in field control 
of earthwork. The gas burner aethod involves the weighing of a aoist sample, 
placing the saaple in a pan on the stove and drying to constant weight, with 
occasional stirring of the sample to prevent burning. The dry sample, per
• itted to cool, is then reweighed and the rofsture content detenained. 

(3) Reference: N/A 

Li• itations: The gas-burner method is used e~tensively for testing gravelly 
aaterial. Two or 110re sa•ples may be tested concurrently. When care is 
exercised to prevent overheating or burning the sample, the testing ti • e 
is usudlly about 1/2 hour. The naethod is inaccurate for organic soils or 
those containing particles with loosely bound water of hydration, unless 
the drying is accOIIJ)lished at a temperature of not more than 140°F (60°C) 
for 1 hour or longer. 

Status of the Method: The gas-burner method is used extensively as a rapid 
method for testing gravelly soils in field control of earthwork. 

'."") Calibration Procedure: Calibrate against Method No. 1. 

Ooclaentation of Test: Items to be recorded include the wet weight and the 
dry weight. No example data sheet is provided. 
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Parameter Me~sured; Water Content 

Title of Test Method: Alcohol Burninc 

Method No. 4 

Principle of Test Method: This method determines the water content of a soil 
sample by first wei~hing it wet and then again after it has been dried by 
a le oho 1 burning. 

Test Method 

(1) Apparatus: Metal pan, balance , denatured alcohol and stirring rods. 

(2) Procedure: This method determi nes the approximate moisture content 
of soil by burning alcohol that has been added to the soil. General procedure 
consists of placing a w~ighted quantity of moist soil in a pan, adding alcohol 
and stirring the mixture, then igniting the alcohol. After ignition and com
plete removal of the moisture by burning , the sample is reweighed and its 
moisture content calculated. 

(3) Reference : N/A 

Limitations: The alcohol burning test is a rapid inexpensive method for deter
mining the moisture content of soils. The mathod is usable with non-cohesive 
and cohesive material. Tl,e method should not be used howevei · if the soil con
tains a larger proportion of clny, gypsum, calcareous matter or organic matter. 
A large quantity of alcohol is required for testing coarse gravelly material. 
For multiple burnings, testing time can take more than 1/2 hour . In terms of 
safety the alcohol burning test possesses the potential for accidental fire. 
Care should be exercised not to have alcohol on hand or in an open storage 
container near the testing apparatus during the ignition phase of the test. 
The alcohol should be stored in a safety container. 

Status of the Method: The alcohol burning method of obtaining the moisture 
content of soil in the field has given satisfactory results . Its use in the 
field has been established. 

Calibrat i on Procedure : Calibrate aga i nst Method No . 1. 

Documer.tation of Test: Items to be recorded i nc lude the wet weight and the 
dry weight . No example data sheet i s prov i ded . 



Method No. 5 

Parameter measured: Water Content 

Title of Test Method: Calcium Carbide (Speedy) 

Principle of Test Method: This method determines the water content of a soil 
sample by measuring the pressure developed when measured quantities of the 
soil Sdlllple and powdered calcium carbide are mixed . 

Test Method 

(1) Apparatus: Calcium carbide pressure moisture tester, tared scale, 
two each 1-1/4 in . steel balls, brush, cloth and sc~op. 

(2) Procedure: The calcium carbide gas pressure method for determining 
water content consists of mixing measu~ed quantities of moist soil and 
powdered calcium carbide in a closed chamber and measuring the pressure 
developed by the formation of acetylene gas. The reaction of calcium carbide 
and ~ater forms acetylene gas and ~alcium hydroxide. The pressure developed 
is directly related to the amount of water entering into the reaction . 

(3) Reference: AASHTO T 217. 

Limitations: Only two sizes of testers are commercially available to test 
for moisture content using this method: (1) 26 gram capacity model and 
(2) a six-gram capacity model . The small chamber capacities of these devices 
control the soil sample size to be used. As a result, this method is unsuit
able for representative samples of coarse granular material. AASHTO T 217 
recommends that this method should not be used on granular material having 
particles larg& enough to affect the accuracy of the test--in general any 
appreciable amount retained on 4.75 mm si~ves. If a six-gram sample is used 
(according to AASHTO T 217), the sampie should not contain any particles that 
will be retained on the 2. 00 mm sieve . The testing of heavy clays with this 
method requires special handling. 

Status of the Method: The apparatus for this method is relatively ine~pensive 
and well adopted to field testing. Use in the United States is extensive. 
In the field the calcium carbide method has been used extensively in the 
control of embankment construction. Normal testing time is less than 10 min. 
A moderate amount of training of operators i s required . The calcium carbide 
method is a standard method for rap i d water content determi nation referenced 
under AASHTO . 

Calibration Procedure: A calibration curv~ is required. 

Documentation of Test: Items to be recorded include soil sample weight, 
powdered calcium carbide weight and resultant gas pressure . No example data 
sheet is orovided. 
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Paraaeter Measured: 

Title of Test Method: 

Water Content 

Microwave Oven 

Method Ho. 6 

Principle of Test Method: This aethod deteniines the water content of a soil 
by first weighing it wet and then again after it has been dried in the oven. 

Test Method 

(1) Apparatus: Microwave oven suitable for drying, b~lance, speci111en 
cc,ntainers. 

(2) Procedure: The procedure for this method is the same as that for 
the Standard Oven-Dry method. That is, a speci11en is placed wet onto a· bal
ance and weighed. It is then placed i~ a ~icronave o~en and dried co• pletely. 
It is then weighed again. The weight difference was the water content. 

(3) Reference: N/A 

Limitations: Microwave ovens are not noted for their drying ability. There 
are necessary safety precautions when using a microwave oven. 

Status of the Method: This method is not c0111111only used. Although a microwave 
oven heats much more rapidly than a conventional oven, it is an erratic dryer 
at best. Thus this method should probably only be used for soils expected to 
have a relatively low water content. 

Calibration Procedure: Calibrate against Method no. 1. 

Docume~tation of Test: Items to be recorded include the wet weight and the 
dry weight. No example data sheet is provided. 
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Method No. 7 

ParMeter Measured: Water Content 

Title of Test Method: Infrared Oven 

Principle of Test Method: This •thod deterafnes the water content of a soil 
by first wefghfng ft wet and then again after ft has been dried fn the oven . 

Test Method 

(1) Apparatus: Infrared oven suitable for drying. balance. speciaen 
containers. 

(2) Procedure: The proc~ure for this aethod fs the saae as that for the 
Standard Oven-Dry aethod. That is. a speciaen is placed wet onto a balance 
and we_fghed. It is then placed in an infrared oven and dried coapletely. It 
fs . then weighed again. The weight difference was the water content. 

(3) Reference: N/A 

Li• itations: There are necessary safety precautions when using an infrared 
oven. Infrared ovens are generally not widely available. 

Status of the Method: This aethod is not coaonly used. It can yield rapid 
results. however. The aethod should be desirable to a large operation where 
the benefits of rapid results outweigh the costs of the li• itations above 
and the initial investaent. 

Calibration Procedure: Calibrate against Method Ho. 1. 

Docuaentatfon of Test: Iteas to be recorded include the wet weight and the 
dry weight. No exaaple data sheet is provided . 
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Method Ho. 8 

Par .. ter Measured: Unit Weight 

Title of Test Method: Standard Laboratory Yolu•etric 

Principle of Test Method: This aethod det.er11ines the unit weight of an 
undisturbed soil saaple by aeasuring the w i ght and voluae . 

Test Method 

(1) Apparatus: Saapling tools, balance, water bath, voluae aeasuring 
device, oven and coati ng uterial (e. g. paraffin) . 

(Z) Procedure: This aethod of test is int.ended to deter11ine the density 
of cohesive soil in the natural state, COIIJ)act.ed cohesive soil, and stabilized 
soil by aeasuring the wight and volu• e of undisturbed saaples. T~e Nthod 
briefly consists of cutting out a block of soil, coating it with a known 
1110unt of paraffin, weighing to obtain the net wight of the saap?e and 
iaersing in an overflow volu• eter to detentine the net voluee of the saaple, 
then dividing through for the unit weight . 

(3) Reference: AASHTO T 233 . 

Li• itations: The aethod is suitable fer any aaterial that reaains intact 
during sa• pling. This aethod is particularly adaptable to irregularly shaped 
specf• ens and soil containing gravel, shells , etc. Saaple size is not li• ited; 
larga saaples with coarse aggregate can be tested. This aethod is ti• e 
consu• ing. 

Status of the Method: This • ethod is a nonstandard test when used in rela
tion to COIIJ)action control. However, periodic record saapling on c011pacted 
eabank• ents for da• s usually entails obtaining block saaples . In addition, 
if the saaple is properly reeoved fr011 the fill, this test provides for 
index and engineering properties . 

Calibration Procedure: N/A 

Docu• entation of Test: Ite• s to be recorded include the saaple ' s net weight 
and net volu• e . An exaaple data sheet i s provided. 
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Method No. 9 

P..-.. ter Measured: Unit Weight 

Title of Test Method: Sta~rd Laboratory Oisplaceaent 

Principle of Test Method: Tnh Mthod deten1ines the unit wight of a soil 
S111Ple by deten1ining the weight of the S111Ple and the voluae of its hole. 

Test MethNI 

(1) Apparatus: SM1pling tools. soil tray and pans. balances. aeasure. 
drying equipaent. t"'1> gallons of lubricating oil, and a gauge point. 

(Z) Procedure: This aethod deten1ines the density of soil in-place by 
finding the _aass and 110isture content of a disturbed saaple and aeasuring 
the volua occupied by the saaple using ofl of a known density. The aethod 
can be perforaed fairly fast; however. a chief concern is the aessfness caused 
by the ofl. The general procedure consists of leveling the test site. digging 
a hole in the coapacted earthwork. weighing t~e aaterial re110ved. aeasuring 
the voluae of the hole by placing a aeasured quantity of oil in it and calcu
lating the wet unit weight by dividing the weight of the 1101st soil by the 
voluae of the hole. 

(3) Reference: AASHTO T 214 . 

Li• itations : This aethod aay be used in testing aaterials with both fine and 
coarse particles; however. the test is best suited for soils and soil-aggregate 
• ixtures tnat are relatively i• pervious. The aethod uy not be suitable for 
testing aaterials having fissures. cracks. or large voids. 

Status of the -Method: The oil displaceaent aethod is a conventional test in 
the control of earthwork construction. However, it often provides less 
satisfactory results than the sand-cone aethod. 

Calibration Procedure: N/A 

Oocuaentation of Test: Jteas to be recorded include the weight of the soil 
saaple and the voluae of the oil . No exaaple data sheet is provided. 
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Method No. 10 

Par-tar Measured: Unit Weight 

Title of Test Method: Standard Field Sand-Cone 

Principle of Test Method: This •thod dettna1nes unit wight by detena1ning 
the weight of a soil saaple and the volUINt of its holt. 

Test Method 

(1) Apparatus: One-gallon jar. double cone asseably. baseplate and 
acctssories. 

(2) Procedure: The test consists of digging out a saaple of the 111ate
rial to be tested and weighing ft. The volu• e of the hole is then detenafned 

LO by using the sand-cone. 

,,. 

0 

(3) Reference: ASTM O 1556. 

Lf• itations: The sand-cone has features which ii• it its usefulness. The 
• ethod can be used satisfactorily. however. ff its lf• ftations are recognized 
and proper precautions observed. The poured density of sand is affected by 
ataospheric 110isture and change in relative huaidfty; thus, the sand should 
be calibrated before use. Care should be exercised to avoid jarring and den
sffying the sand during 1.0. , 111 ing procQdur~, and '-· ·- .. .:st stwuld not ~ .. con
ducted during vibration of the site, such as by heavy equipeent. Saaple size 
is li• ited by sand supply. 

Status of the Method: The sand-cone test is a conventional test • ethod for 
earthwork control. The aethod is reliable and a coa• o:,ly used test to cteter
• fne the density of in-place soil . On Corps of Engineers earthwork projects 
the test serves as the referee test for all other control tests used. The 
sand-cone test is widely used in cohesive soils and can be also used in soils 
of low plasticity, including gravelly soils. -rlle test is not a~plfcable in 
clean sands or gra~els or loose granula~ aaterfals. The aethod is applicable 
to large and saal 1 projects. 

Calibration Procedure: Calibrate against Method Ho . 8, 9, or 10. 

Oocu• entatfon of Test: Iteas to be recorded i nclude the weight of the soil 
saaple and the voluae of the sand. Ho exaaple data sheet is provided. 
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Method No. 11 

Paraaet~r Measured: Unit Weight 

Title of Test Method: Standard Field Rubber Balloon 

Principle of Test Method: This aethod detenaines unit wight by deterttining 
the weight of a soil saaple and the voluae of its hole. 

Test Method 

(1) Apparatus: Calibrated vessel, elastic Nllbrane, pressure control 
device, baseplate ,md accessorie·s . 

(2) Procedure: This aethod is used for deterttining the in-place density 
by reaoving so i l froa a hole, weighing the e~cavated aaterial, and aeasuring 
the voluae of the hole by a liquid-filled (water) balloon under constant 
pressure. Chief advantages of the test ar• its operational siaplicity and the 
speed with which tests can be conducted. 

(3) Reference: ASTH D 2167. 

Li• itations: For general use in clays and consolidated sands, the rubber 
balloon apparatus provides good results. The 111ethod is not suitable for very 
soft soil which will defont under slight pressure or in which the voluae of 
the hole cannot be uintained at a constant. value. The aethod fs not wel 1 
adapted to the aeasureeent of voluaes in loose granular uteri•l. tto.tever, 
of 1111 in-place density tests soae sofl engineers recoaaend the water balloon 
as the preferred •tlv.>d for granular soils. The test is well adapted to sull 
11nd large projects. Physical li• itation of the apparatus restricts the size 
of the test ho le to approxiaately four or six inches in diaaeter and froa six 
to twelve inches in depth. 

Status of the ~thod: The water balloon test is widely used for deteratning 
in-pl11ce density for the control of earthwor~. The aethod is used by the 
Corps of Engineers and other agencies because of its application to a wide 
rang. of uterials and its past performance record. 

Calibr11tion Procedure: N/A 

Oocuaentation of Test: Iteas to be recorded include the weight of the soil 
saaple and the volu• e 1Jf water . No exaaple data ~heet is provided. 
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Nethod No. 12 

Pr-ter Neasured: Unit Weight 

Title of Test Method: SUndard Field Drive-Cylinder 

Principle of Test Nethod: This •thod detenainH the unit wight of I soil 
sa11ple by securing one in I knolitn·voluae tube and then wfghfng ft. 

Test Method 

(1) Apparatus: Acceptable drive cylinder, drive head, straightedge, 
shovel, weight, scales, drying oven and airtight conUfners. 

(2) Procedure: The drive-cylinder •thod for detenafnfng in-place 
'1ensity involves obUining I relatively undisturbed soil sllll)le by ·drfvfr:,g 
a thin-walled cylinder into the soil with I special driving head. Tw proce
dures are described fn ASTM D 2937 for perforafng this test,~ for testing 
at the surface or at very shallow depths, usually less thin 3 ft (1 11), and 
one for testing at greater depths. The general procedure for both depths 
consists of driving a Sllll)ling tube into the soi 1, wfthdrl'lting the tube with 
sl!lple, tri•ing Sllll)le flush with ends oi tube, weighing, then calculating 
the unit weight of the soil by dividing the net wight of the sllll)le by the 
voluae of the tube. 

(3) Reference: ASTM D 2937. 

Li11iUtions: The d,ive-cylinder Mthod of deteraining in-place densfty can 
be used satisfactorily in 1101st, cohesive, fine-grained soils and in uny 

• sands which exhibit tendencies tward cohesiveness. The •thod '!s not 
appropriate for S111Pling very hard soils which cannot be penetrated easily, 
or for soils of low plasticity which are not readily reUined in the cylinder. 
The destructive •thod s111ple size fs li11ited by tt,e Sllll)le tube. The chief 

. .,, disadvanUge of tllL.tc.st is that its 1i11ited to fine-grained soils.~ 

'•. 

SUtus of the Method: The sUndard field drive-cylinder •thod is a conven
tional test •thod in earthwork control. It is, however, less accurate 
than the sand cone or "'ater balloon aethods. 

Calibration Procedure: N/A 

Docuaentat;on of Test : It.as to be recorded include the soil sllll)le's weight. 
No exl!lple <Uta sheet is provided. 
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: Method No. 13 

Par-ter MtHured: Unit Weight 

Title of Test Method: Suncs.rd Nucleu Moisture/Density Ga~ 

Principle of Test Method: This Nthod detenaines unit weight by a gaau 
source and a ~ detector. 

Test Net.hod 

(1) Aps>Aratus: A nuclear source •itting ga1111 rays, a gama ray detector 
and a counter. 

(2) Procedure: This Nthod describes detenaination of the density of 
toil and soil-aggregate in place through the use of nuclear equipaent. In 
general. the total or wet density of the uterial under test 1s detenained 
by placing a~ source and a QUIii detector either on, into, or adjacent 
to the aaterial under test. These variations in test ge0111try are presented 
as tM backscatter, direct trans• ission, or air gap approaches. The inten
sity of radiation detected i~ dependent in part upon the density of the 
aaterial under test. The radiation intensity reading is converted to measured 
wet density by a suitable calibration curve. S011e co.ionly used sources of 
~ rays are radiU11, cobalt 60 and cesiUII 137. 

(3) Reference: ASTM D 2922 

Li• itations: The Nthod described is useful as a rapid, nondestructive tech
nique for the in-place detenaination ~f the wet density of soils and soil
aggregates. T~ fundaaental assuaptions inherent in the method are that 
Coapton scattering is the doainant interaction and that the material under 
test is hca>geneous. Test results aay be affected by che11ical c011position, 
saaple heterogeneity, and the surface texture of the material being tested. 
The techniq1M.,..also exhibits spatial bias in that the apparatus is more 
sensitive to certain regions of the aaterial under test. The nuclear method, 
applicable to a wide range of soil, requires a considerable experienced 
operator to obtain reliable aeasureaents. A weakness in the nuclear method, 
being nondestructive. is that a saaple is not provided to detennine the water 
content with which the test can be COf1Pared. In addition this 111ethod requires 
equipaent that utilizes radioactive aaterials which 11ay be hazardous to the 
health of the user. Effective operator instructions together with routine 
safety procedures are an essential part of the operation of equipment of this 
type. 

Status of the Method: Nuclear gages offer a rapid and accurate 111eans for 
obtaining density values for a wid~ variety of aaterials. Recent advances in 
the design of nuclear equipaent and a better understanding of the nuclear 
principles involved have led to increasingly widespread use of nuclear gages 
in earth construction control work. 

Calibration Procedure: The apparatus ~ust be calibrated against a reliable 
direct •thod. 
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Docuaentatfon of Test: Items to be recorded include the counter's ganna ray 
counts. No exuiple data sheet is provided. 
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Method No. 14 

Par11Nter MeasU1"ed: Specific Gravity 

Title of Test Method: Standard Laboratory 

Principle of Test Method: This aethod detenaines the specific gravity of a 
soil sa• ple by the use of a pycnOMter. 

Test Method 

(1) Apparatus: A pycnoaeter and a balance. 

(2) Procedure: The procedure for this 1111thnd is to procure a soil 
suple. weigh it with the balance. and then deter:ain~ its specific gravity 
by the use of the pycnoaeter. 

(3) ASTM D 854 

Li• itations: NIA 

Status of the Method: This is the standard aethod. It is widely used. 

Calibration Procedure: 

Oocu•entation of Test: 
the pycnoaeter reading. 

N/A 

Itess to be recorded include the sa• ple weight and 
An exa• ple data sheet is provided. 

_ __,__ 
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Method No. 15 

Parueter Measured: Grain-Size Distribution 

Title of Test Method: Standard Sieve Analysis (+200 Fraction) 

Principle of Test Method: This method determines the +200 fraction of a 
soil sample by the use of a No. 200 sieve. 

Test Method 

CI) Apparatus: A No. 200 sieve, that is a sieve with 200 openings per 
inch, and balance. 

(2) Procedure: This is a method-dependent test. A dried soil sample 
is weighed, poured onto a No. 200 sieve, and shaken. That amount of soil not 
passing through the sieve is the +200 fraction. The +200 fraction is then 
weighed on the balance. 

(3) Reference: ASTM D 422. 

Liwitations: The limitations of the method are its possible sources of error. 
These include: (a) overloading the sieve; (b) inadequate or incorrect shak
ing; and (c) broken or damaged sieves. 

Status of the Method: This is the standard method. It is widely used. 

Calibration Procedure: NIA 

DocU11entation of Test: Items to be documented include the weight of the dried 
soil sample and the weight of the +200 fraction. An example data sheet is 
provided. 
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Method No. 16 

Paraaeter Measured: Grain-Size Distribution 

Title of Test Method: Allount of Soil Finer than No. 200 Screen (Wash) 
St.andard 

Principle of T .. st Method: This method detenaines the -200 fraction of a 
soil saaple by the use of a No. 200 sieve and washing. 

Test Method 

(1) Apparatus: A No. 200 sieve and a balance. 

(2) Procedure: This .ethod is similar to that described for detenaining 
the +200 fraction. However if the soil sample ta be tested contains plastic 
fines, drying will cause them to adhere to the fine sand grains, and the test 
will yield erroneous results. The solution is to weigh the dry saaple 
beforehand. Pour it on the No. 200 screen. Wash the saap·le to loosen the 
fines and allow them to pass through the sieve. Dry that amount ~f soil 
remaining on the No. 200 screen and weigh it. The two weight differences is 
then the fines content. 

(3) Reference: ASTH D 1140. 

Li• itations: The significant limitation of this method is the extra time 
required for washing and redrying. 

Status of the HeLhod: This is the standard method. It is widely used. 

Calibration Procedure: N/A 

Docllllentation of Test: Items to be doc~11ented include the dry weight of the 
sa111Ple ·and the dry weight of the +200 fraction. No example data sheet is 
provided. 
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Method Ho. 17 

Par1Mter Measured: Grain-Size Distribution 

Title of Test Method: Standard laboratory Hydr01neter (-200 fraction) 

Principle of Test Method: This 11ethod detennines the grain-size distribution 
of the -200 fraction of a soil sample by the use of Stokes• law and a standard
ized hydroaeter. 

Test Method 

(1) Apparatus: A Ho. 200 sieve, a standardized hydrometer, a sediinenta
tiun cylinder, a thermometer and a beaker. 

(2) Procedure: This inethod determines the grain-size d·;stribution of 
that fraction of a sofl sample passing 'the No . . zoo sieve (the -200 fraction). 
The aethod utilizes a deflocculating (dispersing) agent and Stokes' law 
to enable the different particle sizes to settle at different rates, thus 
enabling the technician to determine the.ir distribution. 

(3) Reference: ASTH D 422. 

li• ftatfons: An experienced technician is required to perform this test 
aethod. Considerable time is required for sample preparation. The test 
itself requires several hours to ~erform. 

C Status of the Method: This is thP. standard method. As it is the only 
"exact" •ethod for deter• ining the percent silt sizes and the percent clay 

0- clay sizes, ft is widely used. 

"~ Calibration Procedure: N/A 

Docuaentation of Test: Items to be documented include the dry weight of the 
sa• ple and the dry weights of the settled fractions. Example data sheets 
are prov.~ct 
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Method No. 18 

Par .. ter Measured: Grain-Size Di1tribution 

Title of Test Method: Pipette Method for Silt and Clay Fraction 

Principle of Test Method: This •thod detenaines the silt and clay fractions 
of a 1011 ,_,le ~y the use of a dispersing agent, Stokes' lMif , and a pipette. 

Test Method 

(1) Apparnt•Js: A No. 200 sieve, a beaker and a pipetta. 

(2) Procedure: The sofl sMple fl deflocculated 1ri a dispersing agent 
for one hour. The l('fl·water-1gent afxture 1s thin agitated and allowed to 
sit. Theroretic1lly all the sand and silt sizes will have settled by then. 
The water, with the suspended clay sizes, 1s then drwn off by the pipette. 
Thi settled fraction fs the original soil SMple • inus the clay fraction. The 
settled fract ·ion 1s c011pletely dried and passed through a No . 200 sieve. The 
fraction passing is the silt fraction; the fraction reuininy i s the sand 
fraction . 

(3) Reference: Mills, 1970. 

L1• 1tations: The Mthod is less exact than the standard laboratory hydrOMter 
Nthod. 

Status of the Method: The Nthod lends itself well to field laboratory use 
and is widely accepted. 

Calibration Procedure: N/A · 

Docuaentation of Tt!it: It.e• s to ~ docuaented include the dry weight of the 
saaple, the dry weight of the settled fraction and the dry weight of the 
silt fraction . Ho exMple sheet is provided. 
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Htthod No. 19 

Par-.ter Ht1sur1d: -Gr1in-Sfzt Ofstrfbution 

Tftlt of Test Method: Oecantatfon Htthod for Sflt and Clay Fraction 

Prfncfple of Test Htthod: Thfs Nthod dtten1fnes the sflt and clay fractions 
of I sofl saaplt by the use of a dfspersfng agent, Stokes' law and 
dtc1ntation . 

Test Method 

(1) Apparatus: A No. 200 sfeve and a beaker. 

(2) Procedure: The sofl suiple is deflocculated fn a dispersing agent 
for one hour. The soil-water-agent • ixture is then agitated and allowed to 
sit. Theoretically all the sand and silt sizes will have settled by then. 
The water, wfth the suspended clay sizes, is then drawn off by decantation 
(careful pouring) . The settled fraction fs the original saaple • inus the 
clay fraction. The settled fraction is cOMpletely dried and passed through 
3 No. 200 sieve yielding the silt fraction. 

(3) Reference : Hills, 1970. 

li• itatfons: The aethod fs less exact than the standard laboratory hydr0tt
eter aethod. As fs also aore rudf •entary than the pipette method, ft can 
be less accurate than this aethod in execution. 

Status oft,,. Method: The aethod lends itself well to field laboratory ose 
and fs widely accepted. 

Calibration Procedure: N/A 

Oocuaentation of Test: Iteas to be docuaented include the dry weights of 
the SIIIJ)le, the settled fraction and the ~ilt fraction. Ho exa• ple sheet - -· f s proVfded. - · · 
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Net.hod No. 20 

P•r-ter Nla1ured: Liquid Li• it 

Title of THt Mt.hod: Standard Multipoint 

Principle of Test Nlthod: Thh Mthod deter111n,u the liquid 11• 1t of a soil 
1aaple by the use of the liquid 11• 1t device and a • inf- of thr'ff trials. 

Test Nlthod 

(1) Apparatus: Evaporating dish, spatula, liquid li• it device, grooving 
tool and balance. 

(2) Procedure: A soil saaple is air dried. Distilled water is added 
and • ixed thoroughly with the saaple till ft fs ready to be tested. A saaple 
is placed in the liquid li• ft device and divided by the grooving tool. The 
test 11 run till the soil halves •et. The result fs plotted. A • 1n1- of 
three trials are perfor.d. 

(3) Reference: ASTM O 423. 

Lf• itations: The aethod requires considerable ti• and a laboratory environ
• ent to be perfor.d. 

Status of the Method: The standard • ultipoint aethod is used for acceptance 
or rejection of aaterial or where a high degree of accuracy is required. 

Calibration Procedure: H/A 

Oocuaentation of Test: Iteas to be recorded include the oven-dry wight .of 
the saaple, the water content and the nUllber of blows. An exaaple data 
sheet is provided. 
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Method No. 21 

P,r .. ter Measured: Lfqufd Lf•ft 

Tftle of Test Method: Sundlrd One Point 

Principle of Test Method: Thfs •ethod deter111nes the 11qufd lf•ft of I so~l 
s111ple by the use of the 11qu1d 11•1t device ind one trf1l. 

Test Method 

(1) App1r1tus: SUMt II Method 20. 

(2) Procedure-: SUMt as Method 20, except thlt on~y one test 1s per
for•ed and a sf• ple for• ula 1s used to c1lcul1te the liquid limft . 

(3) Reference: ASTM D 423. 

Li•itations: The aethod requires considerable tiae and a laboratory environ
aent to be perforaed. 

Status of the Method: For the purposes needed at a hazardous waste disposal 
facility thv standard one point aethod will yield reasonable data and is 
widely used. 

Calibrati~n Procedure: H/A 

Oocuaentation of Test: ltet1s to be recorded include the oven-dry wei~ht of 
the sa• ple, the water content and thit nuaber of blows. ~~ ax.aple data shut 
is provided. 

---- · 

G-32 

-·- . ...._,,.. . , .. ---- _...._ . ........... ,:,,__ - .. - ... ~ .. ·.:• '-~ 

4 ,,,-"' ... 
_,,J1 .... ~ ::: • o=n 



iJ') 

Method ~o. 22 

Title of THt Method: Standard laboratory 

Prfncfple of THt Method: Thfl Mthod deterwfnes the plastfc lf• ft of • soil 
1-,le. that fl the lowst water content at -,t,fch the soil can be rolled into 
1/8 fn. t.hreads vf thout breaking. 

THt Method 

(1) Apparatus: Evaporating dish, spatula, sui~l• containers, and 
balance. 

(2) Procedure: For I given soil SIIIPl• begin 1t I vater content esti
•1ted to be greater than the plastic 11• it. A good st.art point wuld be soar 
-,,.t below the .pproxiNte liquid 11• 1t. Shipe the soi 1 into 1n ellipsoidal 
•111. Roll the SIIIPl• into 1/8 in. threads. Cut the threads into 6 to 
8 pieces. Repeat the process till the threads break 1t 1/8 in. An oven-dry 
110isture content deterwination 1t that point will yield the plastic 11• it. 

(3) Reference: ASTM D 424. 

Li• it.ations: The Mthod is staple and str1ightforvard. 

Status of the Method: This 1s the standard •thod and is widely used. 

C.libr1tion Procedure: NIA 

Docuant.ation of Test: Item to be recorded include the oven-dry and wt 
weight of the saaple 1t the plastfc 11• it. An exaaple data sheet is provided. 
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Method No. 23 

Paraaeter Meaiured: Cohesive Soil Consistency 

Title of Test Method: Standard Unconfined Compression 

Principle of Test Method: This Nthod uses a compression device to determine 
the unconfined c0111pressive strength of a soil sample: that is the load pP.r 
unit area at which the specimen fails in simple compression . 

Test Method 

(1) Apparatus: Catapression device, sample ejector, deformation indi
cator, vernier caliper, tinier, balance and oven. 

(2) Procedure: An undisturbed sample is secured and a specimen prepared 
as per the reference. An estimate of the failure is made based on experience 
with a si• ilar material. The speci111en is placed in compression by uniformly 
progressive loads at 30 second intervals till failur~ or 20% strain is 
reached. The results are plotted. 

(3) Reference: ASTM D 2166. 

Li • itations: The method requires a lar ·ory environment, the securing of 
an undisturbed sample (as described by .. ·1 Method D 1587), considerable 
specimen preparation, calculations and considerable time. 

Status of the Method: The aethod is the standard means for unconfined com
pressive strength detennination. However because of its limitations it is 
not cocaonly used in process control (because of more efficient methods) but 
is widely used in acceptance testing. 

Calibration Procedure: 
beginning of the test. --

The deformation indicator must be zeroed at the 

Oocuaentation of Test: Items to be recorded include the moisture content of 
the sample as well as the strain deformations at their ,·~spective loads. An 
example data sheet is provided. 
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Method No. 24 

Parameter Measured: Cohesive Soil Consistency 

Title of Test Method: Field Expedient Unconfined Compression 

Principle of Test Method: This method uses a field expedient compr~ss1on 
device to determine the unconfined compressive strength of a soil sample. 

Test Method 

(1) Apparatus: Sample ejector, compression device, stress and deforma
tion indicators, balance, oven and trinim~r. 

(2) Procedure: A sample is secured and prepared. An estimate of the 
samples failur~ strength is made based 011 experience with a 5imilar material. 
The specimen is then placed in compression by uniformly progressive loads 
till failure or a predetermined percent strain is achieved. The results 
are plotted. 

(3) Reference: TM 5~530, 197! (U . S. Army). 

Limitations: The method involves a procedure virtual1y identical to that 
called for in the standard laboratory method. However the apparatus used 
in the field expedient method is less acc1Jrate, less care is given to 
sample preparation and the method itself is less accurate . 

Status of the Method: The method lies between the st3ndard laboratory method 
and the hand device methods in terms of accuracy and resources required. The 
standard laboratory method is the accepted method for laboratory needs, and 
the hand devices are sufficient for field testing. This method is not widely 
used. 

Calibration Procedure: The stress and strain indicators must be zeroed at 
the beginning of the test . 

Documentation of Test: Items to be recorded include the samples moisture 
content as well as the stress and 5train readings. No example data sheet 
is provided. 
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Method No. 25 

Parameter Measured: Cohesive Soil Consistency 

Title of Test Method : Hand Penetrometer 

Principle of Test Method: This method uses the hand penetromet er to deter
mine the unconfined compressive strength of a soil sample. 

Test Method 

(1) Appuratus : Hand penetrometer with stress and strain indicators, 
trimming knife . 

(2) Procedure: A sample is taken and trimmed by the hand penetrometer 
and a trimming knife. The test is then run with the device . One man can run 
the device and read the various stress and strain indicators . The~e values 
can be plotted and the unconfined compressive strength determi ned. 

(3) Reference: Hvorslev, 1948. 

limitations: The sampling operation may cause a slight disturbance and 
decrease in strength of very Prittle soils, a small downward deflection of 
soft soils, and a slight compJction of loose and partially saturated soils . 

Status of the Method: The determination of cohesive soil consistency classi
fication by this method is widely used as it is more accurate than the 
visual-manual method, and although it is less accurate thar. the standard 
laboratory method it is quite sufficient given the broad classifications for 
cohesive soil consistency . 

Calibration Procedure: The stress and strain indicators must be zeroed at 
the beginning of the test . 

Docu~tion of Test: Items to be recorded include the stress 3nd strain 
readings dur i ng testing. An example data sheet is provided. 
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Mathod No. 26 

ParaHttr Measured: Cohesive Sofl Consistency 

Tftl• of Test Method: Hand-held Torvane 

Principle of Test Method: This •ethod uses a hand-held torvane to determine 
the soil shear strength of the in situ soil. 

Test Method 

(1) Apparatus: Hand-held torvane with gage. 

(2) Procedure: The handhtld torvane is pushed through the soil crust to 
the desired depth. A rotary 110tion is then applied to the handle. The gage 
values are read and the soil shear strength, values for cohesion and the 
internal angle of friction, and consistency classification can be determined. 

(3) Reference: Lanz , 1968. 

Li•ftatfons: The •ethod is standardized and the values gained froM the method 
c~n be corre l ated to the standard laboratory method for unconfined compres
sive strength. However the ntethod is soniewhat less acr.urate than others. 

Status of the Method: The torvane is the most widely accepted of the shear 
vane devices . Since ft yields in situ values rapidly ft is wi dely used. 

Calibration Procedure: The gage must be zeroed before testi ng. 

Oocuaentation of Test: Itenis to be recorded include the gage readings . No 
exaaple data sheet is included. 
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Method Ho. 27 

Par111eter Measured: Water Content/Density/Compactive Effort 

Title of Test Method: 25 Blow Standard Proctor Compaction 

Principle of Test Method: This method determines the optimua ,noisture content 
and the maximum density of a soil sample by an impact compaction test. This 
is the original Proctor test. 

Test Method 

(1) Apparatus: Molds, raMer, extruder, balance, drying oven, sieves. 

(2) Procedure: The specimen is prepared and placed in a·1110ld. Most 
coMOnly the mold is the 4 inch 11101d . The soil is placed in three like 
'Tl'ytrs. Each layer is compacted. Most coMOnly the compaction is 25 blows 
with a 5.5 pound hanner dropping 12 inches. Following co11tpaction of all 
'three layers the specimen is removed from the mo1d and trimmed. The mass of 
the sample is determined. This is divided by the volume of the mold and the 
et density of the sample, in pcf, is deten11ined. The 1110isture content of 

the sample is then deten11ined by oven drying . This entire procedure is 
repeated for at least four specimens. The four specimens• moisture contents 

ould vary by about 1-1/2% between each sequential sa,nple. The specimen 
1110isture contents should bracket the estimated optimum moisture content. The 

,.values are plotted along with the "zero air voids curve . " The opti111U111 
oisture content and maximum density of the sample can then be d2tennined. 

(3) Reference: ASTM D 698. 
,,.. 
Limitations: This method requires a ldboratory environment, the considerable 
time involved in sample drying and several hours to perfona the test itself. 

Status of the Method: This is the standard method. It is widely used. It 
is suited for the lesser compactive effort as might be apptt!d to trench 

ckfill. It may not be as suitable as the modified method for higher 
compactive efforts such as in the trench floor. 

Calibration Procedure: The rammer must be calibrated before initial use and 
again after each 1,000 molds . 

Docuaentstion of Test: Items to be recorded i nc l ude the mold volumes, speci
men masses, and specimen water contents . An example data sheet is provided. 
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Method No. 28 

Par ... ter Heasurtd: Wattr Content/Dtnsity/Co,npactivt Effort 

Tftl, of Ttst Method: 25 Blow Modified Proctor C011paction 

Principlt of Ttst Method: This Mthod dtttn11ints tht opti • u• 1110istur1 conttnt 
and tht uxi• ua dtnsity of a soil s~inplt by an i•pact c0111paction ttst. 

Test Method 

(1) Apparatus: Holds, ramer, extruder, balance, drying oven, sieves. 

(2) Procedure: The jpe,i111en is prepared and placed in a mold fn thret 
likt layers. The mold •ost co111111only used is the four inch mold. Each laytr 
is coapacted. The compaction used for the four inch 11101d is 25 blows wfth 
a 10 pound haMtr dropping 18 inches. Following coMpaction of all three 
laytrs tht specimen fs re110ved from the ,aold and tri-.d. fhe mass of the 
sa111ple is deten1ined. This is divided by the volume of the mold and the wet 
density of the sal!lple, in pcf, is determined. The moisture content of the 
sample is then deten11ined by oven drying. The entire procedure is repeated 
for at least fo~r specimens. The four specimens' moisture contents should 
vary sequentially by about 1-1/2 percent. The specimen moisture contents 
should bracket the esti• ated optimum 1110fsture content. The values are 
plotted along with the "zero air voids curve . " The optimum moisture content 
and • axiiawn density of the sample can then be determined. 

(3) Reference: ASTH D 1557 . 

Li• itations: This method requires a laboratory environment, the cons iderable 
ti111e involved in sample drying and several hours to perform the test i tself. 

Status of the Method: This is also a standard method. It is widely used. 
As ft better represents greater compactive effort than does the original 
Proctor test, ft is more suitable for process control testing for trench 
floors and the like. 

Calibration Procedure : The rarm,er must be calibrated before initial use and 
again after each 1,000 molds . 

Oociaentatfon. of Test : Items to be recorded i nclude the mold volumes, speci
Mn aasses, and specimen water contents. No example data sheet is provided. 
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Htthod No. 29 

P1r1Mter Ht11ured: Water Content/Oen1fty/C011pacttve Effort 

Title of Test Method: Nonstandardized Proctor C011p1ction 

Principle of Test Method: Th••• Nthods deteraine the opti .. aoistur• 
content and the uxiaua d•nsity of a soil sa11ple by kneading coapaction. 
1tattc coapres1ion or other devices. 

THt Htthod 

(1) Apparatus: Molds. sieves. balance. drying oven. extruder. kneading 
device or static coapression divice. 

(2) Procedure: The .procedures are Nthod specific. (S•• the references.) 
However the procedurvs are very si•ilar to the standard laboratory 111thods. 
Only the nature of the c011pactiv• effort and the specifics of tne 110ld 
size. etc .• differ. 

(3) Rtference: Johnson and Sallberg, 1962; and Antri •, 1970. 

Li• itations: These Nthods require a laboratory environ111nt, the considerable 
time involved in sa11pl• drying and several hours to perfo,-,. the test 
the• selves. 

Status of the Method: These are not standard la~oratory methods . They were 
developed for use in special situations. They are used by several state high
way departments. They are not widely used in the laboratory because of the 
preference for the standard Hthods or in the field because of the ease and 
sufficiency of other aethcds. 

Calibration Procedure: See the references. 

Documentation of Test: Items to be recorded include the mold v.suy~s. specf
r1en masses, and spcci•en water contents . No example data sheet'""is provided. 
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Hethud No . 30 

Paraaeter Measured: Water Content/Den1ity/C011pactfve Effort 

Title of Test Methotf: Rapid, One Point Proctor C011paction 

Principle of Test Method: Th11 Nthod deterafne1 th• opti•ua aofsture content 
and the Mxiaua density of a 1011 1uiple by an f11Pact cnapactfon t1st and 
11tfMtfon gfv1n one 1peciNn test and derived value. 

Test Method 

(1) Apparatus: Holds, raMer, extruder, balance, drying oven, sieves. 

(2) Procedure: The procedur1 is essentially th1 SIM as that for the 
standard laboratory Nthod. However, rath1r than running four or aore 
(~1ually the nUllber f1 five) specf11ens through the test and d1rfvfng a like 
Ullber of points, only one t1st and point are derived. The one point is at 

a 110i1ture content 1st1Mted to be on the dry sfd1 of the opti• um. Fr011 this 
oint, and the well docuaent1d data on the sofl, th1 optf•ua aofsture content 

and •axi•UII density can b1 deter111ined. 

(3) Reference: Depart.ent of the Arsy, 1977. 

Lf•ftations: This Nthod depends upon good and well documented data on the 
local soils. The aethod also dtpends upon data which defines a relatively 
good line of opti•uas. 

Status of the Method: For suitable soils this method provides a auch 1110re 
rapid HJns of process control. It is widely used. It fs probable that this 
11ethod co•Jld be sufficf ently applied to the c011pact ion of trench backfi 11. 

Calf.bratfon Procedure: The ramer must be calibrated before initial use and 
agaf n after .:ach 1,000 110lds. 

· · Doc~11tation o' Test: Ite•s to be recorded include the mold volumes, speci
men aasses, and specimen water contents. Ho example data sheet is provided. 
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Par111eter Measured: Water Content/Density/Coapactive Effort 

Title of Test Method: Rapid, Two Point Proctor Coapaction 

Method Ho. 31 

Principle of Test Method: Thts Nthod deterniines the opti• UII 110tsture content 
and the maximu• density of a sotl sampl~ by an impact COIIJ)action test and 
estimation given two speci• en tests and derived values. 

Test Method 

(1) Apparatus: Molds, ra111111er, oxtruder, balance, drying oven, sieves. 

(2) Procedure: The procedure ts essentially the same as that for the 
standard laboratory Nthod. However, rather than running four or aore 
(usually the nUllber is five) speci111eos through the test and deriving a like 
number of points, only two tests and points are derived. The first test ts 
with a specimen estimated to be at the optimum moisture content or just on 
the dry stda of the optimum. The second t~st is with a specimen 2 or 3 per
centage points dry of the moisture content of the first speciraen. From 
these point~, and the well documented data on the soil, the optimum moisture 
content and maximum density can be determined . 

(3) Reference: Department of the Army, 1977. 

Limitations: This method depends upon good and well documented data on the 
local soils. The method also depends upon data which defines a relatively 
good line of optimums. 

Status of the Method: Tn thts method two curves are developed, as opposed to 
one curve in the one point method, thus this method can be expected to yield 
a better estimated curve. As this method provides more accuracy than the on@ 
point method, it too coulct-t,e -appl icable to uench backfi 11 compaction p~--e·ss 
control. 

Calibration Procedure: The ranvner must be calibrat.ed before initial use and 
again after each 1,000 molds . 

Documentation of Test: Items to be recorded include the mo 1 d volumes, speci
men masses, and specimen water contents . No example data sheet is provided. 
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P1r1Mt1r M11sur1d: W1t1r Content/D1nsity/Co11tp1ctive Effort 

Titl1 of Test Heth~d: Hilf's Rapid 

Method Ho . 32 

Pr1ncip11 of T1st Method: 
and th1 uxi• ua d1nsity of 
test of thr11 sa•ples, the 
optfmua 1110isturt content. 

This • ethod deten11ines the optiMUII 1110isture content 
a soil suplt by the standard impact compaction 
use of standardized forms, and an estimate of the 

Test Method 

(1) Apparatus: Holds, rammer, extruder, balance, drying oven, sieves. 

(2) Procedure: The procedure utilizes the standard impact compaction 
test. Three saaples are tested. The first sample is that at field moisture, 
a 110isture content estimated to be on the dry side of optimum. The second 
and third samples are tested at moisture contents two and four percent more 
than the field moisture. The derived values are compared to standardized 
forms and plotted. Without determination of water content, the maximum 

r,_density and difference of the field moisture from the optimum content can 
then be determined. This is done by connecting the plotted points, which 

- bracket the optimum moisture content, and thus yield its value. 

(3) Reference: Hilf, 1970. 

r_Limitations: This method is suitable for only low plasticity cohesive soils. 

Status of the Method: When applicable this method yields sufficient data 
in much less time than the standard impact tests. However, because it yields 
only an approximation of the optimum moisture content its applicability by 
itself is limited. 

Calibration Procedure: The rammer must be calibrated before initial use and 
gain after each 1,oooirordf:' 
ocumentation of Test: Items to be recorded i nclude the mold volumes, speci

men masses, and specimen water contents . No example data sheet is provided. 
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Parameter Measured: Water Content/Density/Compactive Effort 

Title of Test Method: Ohio Highway Department Nest of Cur~es-

Method No. 33 

Pr1nciple of Test Method: This method determines the optimU111 1110isture content 
and the maxi• ua density of a soil sample by the standard impact compaction 
test yielding one point and its placement on a nest of curves for like soils. 

Test Method 

(1) Apparatus: Molds, rammer, extruder, balance, drying oven, sieves, 
circular slide rule. 

(2) Procedure: A single test is performed as per one of the standard 
impact co11paction Nthods. The derived ~oint is then •atched to a nest of 
curves. For field expedience this nest of curves is often contained on a 
circular slide rule. The optimum moisture content and maximum density are 
then estimated from the appropriate curve. 

(3) Reference: Ohio Highway Department, 1958. 

Limitations: This method depends upon good and well documented data on the 
local soils. 

Status of the Method: Where a family of curves exists this method is a rapid 
~eans of determining the optimum moisture content and maximum density. It 
has proven to be sufficient in a widespread history of usage. 

Calibration Procedure: The rammer must be calibrated before i nitial use and 
again after each 1,000 molds. 

DocW11entat~on of Test: Items to be recorded include the mold volumes, speci
men masses, and specimen water contents. No ex.imple data sheet is provided. 

- Many state highway departments have developed similar nests or sets of 
curves. Since these ar·e based on local materials, they should be used 
where available. 
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Parameter Measured: Water Content/Density/Compactive Effort 

Title of Test Method: Harvard ~iniature 

Method No. 34 

Principle of Test Method: This method determines tt.e optimum moisture content 
and the maximUIII density of a soil sample by kneading compaction test with 
the Harvard Miniature device. 

Test Method 

(1) Apparatus: Molds, tamper, extruder, balance, drying oven, sieves. 

(2) Procedure: The procedure utilizes different apparatus than does 
the standard impact compaction test. Also this proce~ure utilizes kneading 

c,.. as opposed to impact compaction. Other than that, with the exception of 
specifics, the procedures are quite similar. This procedure is readily 
adaptable to better represent the actual fie .Id co,npactive effort. 

(3) Reference: Wilson, 1970. 

Limitations: This method is suitable only fer soils passing the No. 4 screen. 
Thus it is applicable for use at a hazardous waste disposal facility. 

Status of the Method: · The method is small in terms of apparatus cost and 
C size, simple, adaptable to duplicate the compactive effort achieved by larger 

equipment and ideal for field laboratory use. The kneading action of the 
Harvard Miniature apparatus is superior to the impact action of the impact 
devices. 

Calibration Procedure: N/A 

Documentation of Test: Items to be recorded include the mold volumes, speci-
• men masses, and specimen water contents.-Ho example data sheet is provided. 
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Method No. 35 

Parameter Measured: Cohesionless Soil Relative Density 

Title of Test Method: Sta~dard Laboratory Maximum Density 

Principle of Test Method: This method determines the maximum relative 
density of a cohesionless soil sample by the use of a vibratory table. 

Test Method 

(1) Apparatus: Vibratory table, molds, dial i.ndicator, calibratic,n 
bar, scale, other related equipment. 

(2) Procedure: A soil sample is oven dried. Th~ sample is thoroughly 
mixed. The sample is placed in a mold with a surcharge weight . The mold 
is vibrated for 8 minutes . The volume of the densified soi l sample within 
the mold is determined. The sample is weighed. The maximum relative density 
can then be determined. 

(3) Reference: ASTM D 2049 . 

Limitations: The method requires a vibratory table. This it~m is not ~ften 
found on field sites. 

Status of the Method: The method is the standard method and is widely used 
for laboratory purposes. The provision exists for a wet method in the 
reference. 

Calibration Procedure: The ~xact mold volume must be determined and dial 
must be zeroed before the test . 

Documentation of Test: Items to be recorded include the mold volume and 
dry weight of the sample . An example data sheet is prov id~d. 
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Method No. 36 

Parauter '4easured: Cohesionless Soil Relative Density 

Title of Test Method: Standard Laboratory HinimUM Density 

Principle of Test Method: This Method determines the mini~Ufl relative density 
of a cohesionless soil saaple by the standard method. 

Test Method 

(1) Apparatus: Holds, pouring devices, 3/8 in. sieve, and straightedge. 

(2) Procedure: A soil suiple is oven dried. The soil is segregated 
into a +3/8 in. and a -3/8 in. fraction by passing through the s i eve. Each 
fraction is carefully poured to overflowing into pre-ineasured mo l ds. The 
excess soil is screeded off. The soil fractions are weighed and the •inimU11 
relative density detenained. 

(3) Reference: ASTH D 2049. 

Li•itations: The aethod depends upon the technician's ability to carefully 
pour the segregated soil saaple into the 110lds and his ability to screed off 
th, excess with •ini•ua effect to the soil in the 110lds. 

Status of the Method: The aethod is the standard method and is widely 
used. It lends itself well to field site use. 

Calibration Procedure: The exact 110ld voli.ae Must be detenained before the 
test. 

Docuaentation of Teit: Iteas to be recorded include the mold voli.aes and 
the soil fract ion weights . Ho exaaple data sheet is provided. 
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Method No. 37 

Parmater Measured: Cohesionless Soil Relative Density 

Title of Test Method: Modified Providence 

Principle of Test Method: This method determines thj ~1:<1• wa relative density 
of a cohesionless soil sample by the use of a hallWller. 

Test Method 

(1) Apparatus : Hold, dial indicator, hanner, balance. 

(2) Procedure: A soil sample is oven dried and thoroughly • ixed. It 
is placed in a mold and a surcharge weight equivalent to 1 psi is applied. 
The 11101d is struck uniformly by a ha111111er in the specified fashion till the 
dial reading changes less than 0.005 inches for any 25 blow cycle. The 
~ample is then measured. 

(3) Reference: Department of the Anay, 1980. 

Limitations: A nonuniform distribution of the ha.er blows over the height 
and circumference of the mold may cause error in the detenaination of the 
max 11111.1111 re la live density . 

Status of the Method: The aethod is not as accurate as the standard labora
tory method. However, because no vibratory table is required and because 
the method 1 s accuracy is sufficient for process control, the •thod 1s 
widely used at field sites. 

Calibration Procedure: The exact aold voluae • ust be detenained and the 
dial must be zeroed before the test . 

Documentation of Test : Items to be recorded include the aold volUIN and 
the dry weight of the sampl u fter testing. Ho exuple data sheet is provided . ..=-r--·'· 
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Method Ho. 38 

Par11119ter Measured: Ge011ellbrane/Geotextile Seam Integrity 

Title of Test Method: Bonded Seu Strength 

Principle of Test Method: This aiethod tests the sea111 strength of a speci111en 
by placing it in tension and 11easuring its modulus of elasticity. 

Test Method 

(1) Apparatus: Grips, thickness gage, width-measuring devices, speciaen 
cutter, extension indicators and a rate-of-jaw-separation testing Machine. 

(2) Procedure: A specimen of a bonded seu is cut and aeasured and 
placed in the aachine perpendicular to t~e center line. The speciae~ is then 
placed in tension. The same is done for a speci11ten of the sheet itself. The 
tensile 110dul1 of elasticity for both are calculated. The bonded seu 
strength can then be calculated as a percentage of the sheet strength. 

(3) Reference: ASTH D 3083. 

L1•ftat1ons: The 11ethod requires a "sheltered" enviro,went and significant 
accuracy to be valid. This requires a qualified test conductor and the 
apparatus described 1n a "sheltered11 environment. A deficiency in any of 
these requfreaents would limit th~ validity of the method. 

Status of the Method: This method is probably not applicable to all quality 
_assurance progrus for hazardous waste disposal facilities. The apparatus, 
"sheltered" environment and qualified test conductor aay be too • uch for a 
sull operation. The equfptHr.t needed fs also expensive and another aethod 
•fght prove to be • ore econo• ical. Modified • ethods, the results of which 
correlate to this standard 11ethod, have been developed and are proving accep
table. These modified • ethods do not require the "sheltered" environaent or 
as elaborate apparatus. 

~ -
Calibration Procedure: See the reference . 

Oocuaentation of Test: Ite11s to be recorded include speciaen di• ensions, 
exact loading versus tiae and elongation versus tiae. Ho exa• ple data sheet 
1s provided. 
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Method No. 39 

Parameter Measured: Geomembrane/Geotextile Seam Integrity 

Title of Test Method: Breaking Strength 

Principle of Test Method: This method tests .the breaking strength of 
specimens by placing them in tension in two transverse directions till they 
break. 

Test Method 

(1) Apparatus: Straining mechanism, clamps for holding specimen, and 
load and elongation recording mechanisms. 

(2) Procedure: At least ten specimens of a bonded seam should be cut 
and measured (if one of the tests is invalid another specimen must be tested 
to yield a total of ten tests). The specimens are placed longitudinally in 
the clamps and strained till they break. Specimens should be strained till 
breakage in both the parallel and perpendicular to the seam directions. The 
average of five valid tests is the breaking strength of the seam in that 
direction. 

(3) Reference: ASTM D 751. 

Limitations: The specimens can tear or slip at the clamps. 

Status of the Method: This method is probably not applicable to all quality 
assurance progrus for disposal facilities. The ten or ~ore speci111ens 
required are considerable. The equipment needed is relatively expensive and 
very accurate. Electric power is required . However for a large operation 
the 111ethod may be applicable as it yields accurate, valid data in a ·short 
thte. 

Calibration Procedure: See the reference. 

Oocuaentation of Test: Items to be recorded include specimen di•ensions, 
exact loading versus time, elongation versus time, and loading at breakage. 
Ho exaaple data sheet is provided. 



Paruieter Hea1ur~d: 

Title of Test Method: 

Geo1Hmbrane/Geotextile Sea• Integrity 

Peel Adhesion 

Method No. 40 

Principle of Test Method: This method tests the peel adhesion of a speci!Nn 
by Masuring the force it takes to peel apart a bonded sea• . 

Test Method 

(1) Apparatus: ACRE or CRT-type, power driven, tension testing 
• achine or~ frllhf and lllndrels for the Static-Hass Method. 

(2) Procedure: A spec1111en o}a bonded sea• is cut and •easured. At 
one end of the speciaen the ~arts are separated. The separated parts are 
attached to the 111chine. The tension on the separated parts is increas•d 
till failure. All forces and separations are carefully aeasured. 

(3) ASTH D 413. 

Li• itations: ACRE or CRT-type •achine requires power. A fraae and •andrels 
set is inexpensive but is also unc0ta0n to •any construction site field 
testing facilities. Tearing of one or both of the separate parts of the 
speciaen during loading is a hazard. 

Status of the Method: Because of its ease and siaplicity this test is 
applicable to a quality assurance progr111 for a hazardous waste disposal 
facility. The fraae and aandrels set are inexpensive. The test Mthod does 
not require a "sheltered" environaent beyond what •ost construction site field 
testing facilities provide. 

Calibration Procedure: See the reference. 

Oocuaentatfon of Test: !teas to be recorded fi'n:Tude sp~cfaen dfaensions, 
exact loading forces vrrsus ti111 and separations versus tiae. No exaaple 
data sheet is provided. 
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P1r1Mter Measured: Gec>Mllbrane/Geotextile Seu Integrity 

Title of Test Method: Air Lance 

Method Ho. 41 

Principle of Test Method: This method tests the bond of a stu by detecting 
anoaalies with I jet of coapressed air. 

Test Mett',.,d 

(1) Apparatus: A source of coapressed air (40-60 psi), a wand pfpe 
narrow tip nozzle (e.g. 3/16 in.) . 

(2) Procedure: One INn walks the length of the bonded seu, pointing 
the nozzle and air jet at the edge of the top flap, within one inch of the 
SIM, with the nozzle parallel to the edge. A bubble will fora under any 
unbonded edges. The results of such a bubble will be both audible and visual . 

(3) Referenca: N/A 

Li• itations: The Nthod should be conducted with speci•P.n testing (see test 
Nthods 39, 40 and 41) to assure field seu integrity and reliabflfty. The 
•thod IN)' not detect SIN 11 &n0111 l i es. 

Status of the Method: The aethod fs applicable to a quality assurance prograa 
1, ~ relatively rapid and rough deteraination of seu integrity. It should 
be conducted along with specf•en testing . Its advantages over •ethods 43 
and 44 are its ease, speed and econoay. Its disadvanuge Is its rou~h detec-

0' tion capability. 

Calibration Procedure: N/A 

- Doc11Nntation of Test: Iteas to be recorded include the detection and 
location, as well as Nrking of all anocaalies . Ho exaaple data sheet is 

, provided. - -- -
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Method No. 42 

ParaMter Measured: c;.OMllbrane/Geotextile Seu Integrity 

Title of Tes~ Method: VaCUUII Box 

Principle of Test Method: The Nthod detects leaks in the sea• by Mans of 
I VICUUII, 

Test Htt:hod 

(1) Apparatus: VacuUII pu.p, power plant, inspection box , vacuua guage, 
soap, gasket . 

(2) Procedure: Thi seu is lathered with soap to fon1 a tight fit with 
the gasket . Thi inspection box is passed over the sea• and ft will detect 
any leaks, including thoso of pinhole size. The • ethod tests seu integrity 
by detecting leaks. It does not test seu strength. 

(3) Reference: Copyright by A• erfcan Pipe & Steel Corporation. 

Li• itatfons: This • ethod was developed for testing • etal tanks and other 
si• ilar containers. Because it is labor intensive and because of the con
siderable ti• e required the aethod does not lend itself to expedient sea• 
integrity testing. The length of a particular seu, the sea• edges, the 
wight of the equipaent, the relative labor intensity and the steep slopes of 
trench walls ~re all pontentially troublesoae. 

Status of the Method: This • ethod is applicable to a quality assurance pro
gru for a hazardous waste disposal facility, especially where the pen1~ttee 
wants a great degree of confidence in the sea• integrity and iaperaeability. 
All the equfpaent can be purchased for less than $1000. But as it requires a 
two aan crew and covers 5 to 6 feet per • inute it can be costly in labor costs 
and construction tf• e. This • ethod is the best for giving assurance in the 
~•• integrity of any installed geOMllbrane. This • ethod wi ll detect....1..eaks 
the others wi 11 not . This 11ethod should be the bottoa 11ne , the "last 'line of 
defense,• test for any geoaetlbrane usage where fapenaeabflity is critical. 
Often the labor intensity and tf• e requfreaents of this • ethod can be • itigated 
by using ft in conjunction with the air lance method, conduct i vity • ethod or 
an ultrasonic • ethod. These latter thre~ • ethods can locate larger anoaalies 
rapidly. Thus the vacuUII box will be left only s• all anoaalies or pinholes 
to detect and its operation will be 110re continuous and t~us less costly. 

Calibration P-ocedure: N/A 

Oocuaentation of Test: It.as to be recorded include leak detections, loca
tions and 111rkings. No exaaple data sheet fs provided. 
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Method Ho. 43 

Par1Mt1r M61sur1d: G101Nabrane/Geotextfle Sea• Integrity 

Tftlt of Test Method: Conductfvfty 

Prfncfplt of Test Method· Thfs method electrically inspects the contfnufty 
of a HU by dttectfng c•~anges fn conductfvfty. 

Test Method 

(1) Apparatus: Battery , battery charger, battery tester, ground cable, 
cofl spring electrodes and power pack . 

(2) Procedure: The fnspectfon electrode fs passed over the. seaa. When 
anoaalfes fn the seu are detected an audible signal fs actuated by the 
fnstruaent. The aethod does not test sea• strength. 

(3) Ref~rence: Copyright by Tinker & Rasor . 

li• ftatfons: This aethod was developed for high voltage electrical fnspec
tfon of pfpelfne coatings. Changes fn the sub-seu soil water content can 
cause a change fn the soil's dielectric constant and affect the readings. 
Thus unffona sub-seu soil nature and water content are desirable for the 
conduct of thfs aethod. 

Status of the Method: This aethod is applicable to a quality assurance 
prograa for a hazardous waste disposal disposal facility, for ft will detect 
,e~ leaks as well as bubbles, thin spots or foreign particles. It is rela
tively inexpensive, and one •an can operate ft without spe:ial training. The 
high volta~s involved should not present safety prob·1eas. Because of its 
wider use and acceptance this aethod was deeaed to be currently •ore appli
cable for use at a hazardous waste disposal facility than thti sf• ilar ultra
sonic Nthod. 

Calfbrat.iert Procedure: The instrU11tnt aust be calibrated to the conductiv
ity of the se• beforehand so that only anoeal fes are detected. 

Oocuaentation of Test: 
locations and •arkings . 

Iteas to be recorded include anoaaly detec.tions, 
No exuiple data sheet is provided. 
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Method Ho. 44 

ParaMter Measured: GeOMtlbrane/Geotextfl• Sea• Integrity 

Title of Test Method: Ultrasonic 

Principle of Test Method: This aethod ultrasonically inspects the continuity 
of a 1eu by detecting anoaalies in the ultrasound echo. 

THt Method 

(1) Apparatus: Krautkr111er USM2/US K6 ultrasound device, transducer, 
battery. 

(2) Procedure: The inspection beacon is passed over the seu. When 
an01111li1s are detected the fe~dback or ultrasound echo changes. The .. thod 
does not test sea• strength. · 

(3) Reference: Copyright by Schlegel Lining Technology, Inc. 

Li• itations: This aethod is only a rough l ocator of anoaalies. It • ust be 
used fn conjunction with the vacuua se111 • ethod in order to yield valid over
all results. 

Status of the Method: This • ethod, when used as a preli• inary to the vacuUIII 
se• •1thod, locates larger anoaalies, thus speeding up the subsequent use of 
tha vacu1a box and yielding overall quicker inspection tfaes. However, ft is 
less preferred than is the conductivity • ethod, which perfor11s the SUNt func
tion. The reason is that the conductivity aethod is equally rapid and 
slightly •ore accurate; i.e., ft will locate 110re anoaalies. 

Calibration Procedure: The ultrasound device aust be calibrated over a 10-• 
linear base with a 46-decfbel 10~ echo. 

Oocu.entatfon of Test: 
locations and aarkfngs . 

Iteas to be recorded include anoaaly detections, 
No exaaple data sheet fs provided. 
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APPENDIX H 

WATERWAY AND OUTLET STRUCTURE DESIGN ANO CONSTRUCTION 

Prtsented in- this Appendix are design procedures for waterways (see sec
tion 4.10.2.2) and outlet protection (see section 4.10.2.5). The source of 
•uch of this 111terial is Appendix O of Lee et al. (1984). 

H.l Waterways 

H.l.l General Channel Design 

The 110st co.only used for111ula for c011puting channel capacity is Manning's 
for11ula 

where 

Q = 1.49 A R2/~ 5112 
n 

Q = discharge (cubic fe~t per second) 
n = coefficient of roughness 
A = cross-sectiona 1 area of the channe 1 ( square feet) 
R = hydraulic radius of the channel (feet; defined as the cross

sectional area divided by the wetted peri11eter) 
S = longitudinal inclination of the c~annel (feet/feet) 

The cross-sectional area and hydraulic radius for standard channel s l opes are 
given in Table 4-43. Roughness coefficients for various channel lini ngs are 
given in Table H-1. 

Several exaaples are given below il : ~strating the use of Manning's fonaula 
for channe1 design. Data for solving these exaaple problenis are given in 
Figure H-1 and Tables H-2 through H-5. 

The following example illustrates the use of Manning's for11ula for a lined 
trape2oidal channel. 

H-1 
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TABLE H·l 
ROUGHNESS COEFFICIENT (n) FOR VARIOUS CHANNEL LININGS 

{Lee et al., 1984) 
Channe 1 1 iJl!..!!g 

Wood 

Planed, untreated 
Planed, cre~soted 
Unplaned 
Plank with battens 
Lined with roofing paper 

Concrete 

Trowel finish 
Float finish 
Finished, with gravel on bo~tom 
Unfinished 
Gunite, good section 
Gunite, wa~y section 
On good excavated rock 
On irregular excavated rock 

Concrete bottom float finished with sides of: 
Dressed stone in mortar 
Random stone in mortar 
Cement rubble masonry; plastered 
Cement rubble masonry 
Dry rubble or riprap 

Gravel bottom with sides of: 
Formed concrete 
Random stone in mortar 
Dry rubble or riprap 

Brick 
Formed concrete 
In cement mortar 

Masonry 

Cemented rubble 
Dry rubble 
Dressed ashlar 

Asphaltic concrete 

Machine finished 
Hand finished 

Natural channels not completely lined with 
vegetation 

Gabion mattresses 

Fabrifon11 - Filter point (waffled surface) 

H-2 

.-a •• • • ·-=~~ 
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n value 

0.012 
0.012 
0.013 
0.015 
0.014 

0.013 
0.015 
0.017 
0.017 
0.019 
0. 022 
0.020 
0.027 

0.017 
0.020 
0.020 
0.025 
0. 030 

0.020 
0.023 
0.033 

0.013 
0.015 

0.025 
0.032 
0. 015 

0.018 
0.022 

0.025 

0.028 

0.025 
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FIGURE H-1 

MANNING'S ROUGHNESS COEFFICIENT n RELATED TO VELOCITY TIMES HYDRAULIC RADIUS 
AND VEGETA~ RETARDANCE (u.s-:- ENVIRONMENTAL PROTECTION AGENCY, 1976) 
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TABLE H-2 

CLASSIFICATION OF VEGETAL COVER IN WATERWAYS BASED ON DEGREE 
OF FLCM RETARDANCE BY THE VEGETATION 

(H•lls and Clar, 1976) 

Cover Stand Condition and Height 

Reed canarfgrass Excellent Tall iaverage 36 1n.i 
Kentucky 3 tall fescue Excellent Tall average 36 in. 

Tufcote, Midland and Good Tall (average 12 in.) 
Coastal benwdagrass 

Reed canarygrass Good Mowed (average 12 to 15 in.) 
Kentucky 31 tall fescue Good Urvnowed (average 18 in.) 
Red fescue Good Unmowed laverage 16 in.~ 
Kentucky bluegrass Good Unmowed average 16 in. 
Redtop Good Average 

Kentucky bluegrass Good Headed (6 to 12 in.) 
Red fescue Good Headed (6 to 12 in.) 
Tufcote, Midland and Good Mowed (average 6 in.) 

Coastal bennudagrass 
Red top GooJ Headed (15 to 20 in.) 

Tufcote, Midland and Good Mowed (2-1/2 in.) 
Coastal bennudagrass 

Red fescue Good Howed (2-1/2 in.) 
Kentucky bluegrass Good ~1owed ( 2 - 5 in. ) 

a for retardance curves, see Figure 4-42. 

RP.tardance Curvea 

A 

B 

C 

D 
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TABLE H-3 

PERMISSIBLE VELOCITIES FOR VEGETATED CHAHNELS1 

Ptraissible VelocftX 1 fes 
Erosion Resist1nt E1sily Eroded Soils 
Soi ls {% Sloe•l {% Sloe!} i 

Cover 0-5 5-10 Over 10 0-5 5-10 Over 10 l 
' l 

Beraudagrass 8 7 6 6 5 4 I 
' l 
I 

Buffalo grass j 
Kentucky bluegrass i Saooth broae 7 6 5 5 4 3 
Blue graaa i 
Tall fescue 1 

Reed canarygrass } 
Lespedeza sericea i 

Weeping lovegrass 1 
Alfalfa 3.5 NR HR 2.5 NR HR } 
Crabgrass j 
Redtop I Red fescue 

I 
0 Grass • ixture s 4 HR 4 3 NR ., 

Annuals for te• porary 3. 5 NR NR 2.5 NR NR I protection 
• 

:I - ) 

1Adapted fr011 Haan and Barfield (1978) and Virginia Soil and Water Con- I 
servation Co•• fssfon (1980) , as preie11ted in Lee et al. (1984) . ! . 

HR= Not Recoaaended . l 
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TABLE H-4 

PARABOLIC WATERWAY DESIGN FOR GRADE 5.0 PERCENT 
V for Ret1rJJnce D 

"f T and D for RclarJJuce C 

Q V = 2!Q V = 2.5 V = 3.0 ~:1 V = 4.0 y = 4.5 V: 5.0 V • 5. 5 
ch ---

T D T D T u T D T D T D T D T D .. 
15 29 0.6 21 0.6 15 0.7 12 0 . 7 9 0.8 7 0.8 6 0.9 5 1.0 
20 39 0.6 28 0.6 20 0.7 Hi o. 7 12 0.8 10 0.8 8 0.9 6 1.0 
25 I,') 0 . 6 35 O.G 25 0.7 20 0.7 15 0.8 12 0.8 10 0.9 8 1.0 
JO ~6 0.6 42 0.6 JO 0.7 24 0.7 18 0.8 14 0.8 11 0.9 9 1.0 
JS 68 0.6 49 0.6 35 0. 7 28 0 . 7 21 0.8 17 0.8 13 0.9 11 0.9 
40 77 0.6 56 0.6 ,.o 0.7 32 0.7 24 0.6 19 0.8 15 0.9 12 0.9 ,.s BG 0 . 6 GJ 0 . 6 ,.,. 0.) J6 0 . 7 27 0.8 21 0.8 17 0.9 14 0.9 
50 !J6 0 . 6 6') 0.6 41J 0.7 ,.o 0. 7 30 0.8 21. 0.8 19 0.9 15 0.9 
5'i 105 O. o · 76 0 .6 51, 0.7 ,.,, 0.7 J) 0.8 26 0.8 21 0.9 11 0.9 

:c 60 114 0.6 83 0 .6 59 0.7 48 
I 

0.7 JG 0.8 28 0.8 22 0.9 18 0.9 
m 

65 123 0.6 89 0 .6 63 0 . 7 52 0.7 38 0.8 31 0.8 24 0 . 9 19 0.9 
70 132 0.6 96 0.6 68 0.7 56 0.7 I.I 0.8 33 0.8 26 0.9 21 0.9 
75 142 0.6 102 0 , 6 73 0 . 7 59 0.7 44 0 . 8 35 0.8 28 0.9 22 0.9 
80 15 l 0.6 109 0.6 78 0.7 63 0. 7 47 0.8 37 0.8 30 0.9 24 0.9 
90 169 0.6 122 0.6 87 0.7 71 0.7 53 0 . 8 42 0.8 33 0.9 21 0.9 

100 187 0.6 136 0.6 97 0 . 7 79 0.7 59 0.8 47 0.8 37 0.9 30 0.9 
110 205 0.6 149 0.6 106 0.7 86 0.7 64 0.8 51 0.8 41 0.9 3) 0.9 
120 223 0.6 162 0.6 115 0.7 94 0.7 70 0.8 56 0.8 44 0.9 35 0.9 
130 241 0.6 175 0.6 125 0.7 102 0 . 7 76 0.8 60 0.8 48 0.9 38 0.9 
140 259 0.6 188 0,6 134 0.7 109 0.7 81 0 . 8 65 0.8 52 0.9 41 0.9 

150 276 0.6 201 0.6 143 0.7 117 0.7 87 0.8 69 0.8 55 0.9 44 0.9 
160 294 0.6 213 0. 6 152 0.7 124 0.7 93 0.8 74 0.8 59 0.9 47 0 . 9 
170 311 O.G 226 0.6 162 0.7 132 0.7 98 0.8 78 0.8 62 0. 9 50 0.9 
180 J29 0.6 239 0.6 171 0.7 139 0.1 104 0.8 83 0.8 66 0.9 53 0.9 

· Q = flow in cubic ,feet per second, V = Velocity io feet per second, T = Top vidth in feet, D = Depth in feet 

-

Y C 6.0 ---
T lJ 

5 l.l 
1 1.0 
8 1.0 
9 1.0 

10 i.n 
12 1.0 
13 1.n 
14 1.0 
15 1.0 

17 1.0 
18 1.0 
19 1.0 
20 1.0 
2) 1.0 
26 1.0 
28 1.0 
31 1.0 
3) 1.0 
36 1.0 

38 1.0 
40 1.0 
43 1.0 
45 1.0 

-
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TABLE H-5 

TRAPEZOIDAL CHANNEL DESIGN FOR GRADE 2.0 PERCENT 
(U. s. ENVIRONHENTAL PROTECTION AGENCY, 1976} 

C Rctardanee Side Slope= 2:1 

Q 
cfs b = 2 b = 4 b = 6 b = 8 b = 10 b = 12 b = 14 b = 16 

D V D V D V D V D V D V D V D V 

15 1.2 3.0 0.9 2.7 0.8 2.4 0.7 . 2.1 0.7 1.9 0.7 1. 7 0.6 1.6 0.6 l.4 
20 1. 3 3.4 1.0 3.2 0.9 2.9 0.8 2.6 0.7 2.3 0.7 2.1 0.7 1.0 0.6 1.8 

25 l.4 3.8 1. l 3.6 1.0 3.3 0.9 3.0 0.8 2.7 0.7 2.5 0.7 2.3 0.7 2.1 

30 1.5 4.2 1. 2 3.9 1.0 3.6 0.9 3.3 0.8 3 .1 0.8 2.8 0.7 2.6 0.1 2.4 'I 

35 1.6 4.4 1.3 4.2 1.1 3.9 1.0 3.6 0.9 3.3 0.8 3.1 0.8 2.9 0.7 2.7 
'., I' 

,.o 1.6 4.7 1.3 , •. 5 1.1 4.2 1.0 3.9 0.9 3.6 0.9 3.4 0.8 3.1 0.8 2.9 

45 1.7 4.9 1.4 4.7 1.2 4.5 1.1 4.2 1.0 3.9 0.9 3.6 0.8 3.4 0.8 J.2 ·. 
::c 

' 50 1.8 5.2 1.5 5.0 1.2 4.7 1.1 4.4 1.0 4.1 0.9 3.9 0.9 3.6 0.8 .3.4 
....., 

55 1. 9 5.4 1.5 5. 1 1.3 4.9 1.2 4.6 1.0 4.3 1.0 4.0 0.9 3.8 0.9 3.6 

60 1.9 5.5 1.6 5.3 1.4 5 .1 1.2 4.8 1.1 4.5 1.0 4.2 0.9 4.0 0.9 3.8 

65 1.9 s. 7 1.6 5.5 1.4 5.3 1.2 5.0 1.1 4.7 1.0 4.4 1.0 4.2 0.9 4.0 

70 2.0 5.9 1.7 5.7 1.4 5.5 1.3 5.2 1. 2 4.9 1.1 4.6 1.0 4.3 1.0 4 .1 

75 1.7 5.9 1.5 5.6 1.3 5.J l. 2 5.0 1.1 4.7 1.0 4.5 1.0 4.3 

80 1.5 5.8 1.4 5.5 1.2 5.2 1.1 4.9 1.1 4.7 1.0 4.4 

90 1.4 5.8 l. 3 5.5 1.2 5.2 1.1 5.0 1.1 4.7 

100 1.4 5.8 1.3 5.5 1.2 5.2 1.1 5.0 

110 1.4 6.0 1.3 5.8 1.2 5.5 1.1 5.2 

120 1.4 6.0 1.3 5.7 1.2 5.4 

130 1.3 5.9 1.2 5.7 
140 1.3 5.9 

I 

Q = Flo-..·, cubic feet per sccon4. V = Velocity. feet per second. b = Bottoa 
width. Ccct. D = De~th. !cdt. 



Problea: Given I concrete (tr~l finish) lined trapezoidal channel 
where space li• itations dictate a aaxi• UII top width (T) of 10 ft, a depth 
(y) of 2 ft, and I side slope of 2H:1V (due to foundation considerations); 
deteraine the channel cross-section and longitudinal inclination (S) that 
will carry a flow of 200 cubic feet per second (cfs). 

Sclution: Using the foraula in Table 4-43, the following geoaetric 
properties can be obtained: 

1 . Bott.OIi width (b), 
Since 

T = b + 2 z y 
it follows that 

b = T - 2 z y 
b = 10 - 2 (2)(2) 
b = 2 ft 

b. Area (A), 
A= (b + z y) y 
A= (2 + (2)(2)) 2 
A= 12 ft2 

c. Hydraulic Radius (R), 

R = (b + zy> y 
b + 2y 1 = z2 

R = (2 + (2~2)) 2 
2 + 2(2)1 + (2)2 

R = 1. 10 ft 

The values for Q, A, and R , along with a Hannin~'s "n" value of 0.013 
(from Table H-~J_ _are inserted in~nning's formula 

therefore, 

Q = 1. 49 A R2/3 5t/2 
n 

200 cfs = ~:6iJ (12 tt2) (1. 10 tt213 ) s112 

S = 0.019 = 1. 9 pct; say 2 pct 

Methods of optim~zfng the channel's longitudinal incl i nation (S) and depth 
are presented fn detail in Chow ~1959). 

H-8 
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The design of a grass-lined channel is influenced by the follow~ng factors. 

• Type of vegetative cover 

• Condition of veg•tation {retardance fact~r) 

• Penaissiblt velocity based on vegetative cover 

• Capacity of channel 

• Longitudinal inclination {s lope) 

• Channel .cross section 

Often, waterway design tables are available for different channel cross 
sections and slopes, as illustrated fn the following exaaple probleas taken 
fr011 Lee et al . {1984). 

Problea 1 

Deteraine the nonerosive velocity and diaensions for stabil i ty and 
capacity for a waterway with parabolic cross section. 

Given: Runoff 
Grade 
Vegetative cover 

Condition of vegetati~n 

Good stand-aowed 
{3 in. - 4 in.) 
Good stand-headed 
{6 fn. - 12 in. ) 

Penaissible velocity 

Q = 55 cfs 
= 5. 1 percent 
= Kentucky bluegrass 

= D-curve retardance 
{see Table H-2) 

= C-curve retardance 
{see Table H-2) 

= 4 ft/sec (see Table H-3) 

Solution: Use the Parabolic Waterway Design Table for the grade 
nearest 5. 1 ~rcent {grade 5. ~ - Table H-4). Horizontally opposite 
55 cfs and under the coluans headed V = 4.0 ft/sec, find T = 33 ft, and 
l> = 0. 8 ft .. 

Therefore, a waterway with parabol i c cross section, a top width of 
33 ft, and a depth of 0. 8 ft will carry 55 cfs at a aaxi• ua velocity of 
4 ft per second when the vegetative lining is short (3 in. to 4 in. in 
he,ght). This coaplies with the requireaent for nonerosive velocity ~n 
vegetation is short (D retardance) and for capacity when vegetation is 
tall (C retardance) . 

H-9 



Proble11 2 

Determine the nonerosive velocity and dimensions for a waterway with 
trapezoidal tross section. 

Given: Runoff 
Grade 
Side slopes 
Vegetative cover 
Condition of vegetation 

Good stand - headed 
(6 f n. - 12. fn.) 

Penaissible velocity 

Q = 55 cfs 
= 2.0 percent 
= 2: 1 
= Kentucky bl~egrass 

= C-curve retardance 
(see Table H-2) 

= 5 ft/sec (see Table H-3) 

Soiution: Use the Trapezoidal Channel Design T~ble for the Grade 
2.0 percent (Table H-5). Horizontally opposite 55 cfs and under the 
colU111n headed b = 6 ft, find D = 1.3 ft, and V = 4.9 ft/second. 

Therefore, a waterway with trape:oidal cross section, 2:1 Jide 
slope, bott011 width of 6 ft, and a depth of 1.3 ft will carry 55 cfs 
at a aaxi • UIII velocity of 4.9 ft per second for C-curve retardance. 

The follwing problff illustrates a niethod of determining the safe velocity 
for a trapezoidal channel without the advantages of a design table like 
Table H-5. 

Problea 3 

(Clar et al. 1983) 
Given: Runoff 

Grade 
Side slopes - · - 
Vegetative cover 
Condition of veget~tion 

Good stand - 110Wed 
(3 in. - 4 in. ) 
Good stand - headed 
(6 in. - 12 in.) 

Penaissible velocity 

Q = 55 ds 
= 3.C\ percent 

--~ -• 3: 1 
= Kentucky bluegrass 

= D-curve re~ardance 
(see Table H-2) 

= C-curve retardance 
(see Table H-2) 

= 5 ft/sec (see Table H-3) 

Solution: The solution is a trial-and-error process. The first 
step is to design for stJbility when the vegetation is short (D 
retardance), and the second step is to d,sign for capacity when the 
vegetation is tall (C retardance). 
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Step 1 - Stability· 0-curve retardance 

Q = 55 cfs 

vux = 5 ft/sec 

A = _L = 55 = 11 ft2 
vaax s 

Try Bott011 Width {b) = 12 ft 

A= b0 + zo2 

11 = 120 + 302 

Solve for O by use of the quadratic equation. 

ax2 +bx+ c = 0 

-b:t ✓ b2 - 4ac X = ___ 2_a __ __ 

0 = -12:t ✓ 122 - 4 (3) ( -11) 
2(3) 

= -12 + 16 . 61 _ 4.61 
6 - -y-

= 0 . 77 ft 

Hydraul i c Radius 

_ area (A) 
R - wetted perimeter {P) 

bd + z02 
= _...;;.;;__--;,; .... ---

b + 20 ✓ z2 + 1· 

R = 12 (0.77) + 3_~ 
12 + 2(0.77) 'V32 + 1 

H-11 
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R 9.24 + 1.78 
• il + 4.87 

R • ll.02 • 0 65 
. 16.87 • 

V(R) • 5(0.65) • 3.25 

Froa Ftgure tt-1 for YR• 3.25 and 0 retardance, n • 0. 04 

v • 1• 49 -213 S 112 (M.lnning' s equation) n 

where n fs tM n,ughness coefficient, re fs the hydraulic radius, and 
S is the hydraulic gradient. 

This fs acceptable, but is less than Yau . Therefore, try a slightly 
saaller channel. 

Bottoa width = -!~2ft 
J1 C )00 • Jlr 
D = 0.87 ft 
R = 0. 71 

YR• 3.55 
n = 0.04 (see Figure tt-1) 

v = 1-49 rr213 s112 = 5. 15 ~ .is greater than ~--n ux 

Therefore, select .design bottoa width= 12 ft 

Velocity= 4.83 ft/sec for O retardance 
Depth = 0. 8 ft 

Step 2 - Capacity (C retardance} 

Deteraine additional depth needed to offset the increased retardance and 
decrease velocity. 

Try D = 0.9 ft 

A= (12) (0.9) + 3(0.gZ) = 13.23 

H-12 
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R • ~ • 13. 23 n O 75 
P 12 + 2(0. 9) ✓32 + 1 . 

ASSUIMt V = 4.4 ft/sec 

YR= (4.4)(0.75) • 3.30 

For V~ • 3.30 and C retardance, n = 0.046 (Figure H-1) 

V • ~::6 (0. 7s213 ) (0.03112) = 4. 62 ft/sec 

Since 4. 62 ft/sec is greater than the assU111ed V , assume V = 4. 6 ft/sec 

VR = (4 . 6)(0.75) = 3. 45 

n = 0. 046 (Figure 1i-l) 

V = ~::6 (0 . 75213 )(.03112) = 4.62 ft/sec 

This is close enough. 

Therefore, dimensions and velocities are as follows: 

BottOII width= 12 ft 
Side slopes:: 3H:1V 

For D retardance -

For C r~tardance -

V = 4.83 ft/sec 
0 = 0.8 ft 

V = 4. 62 ft/s,.,c 
0 = 0.9 ft 

H.1.2 Riprap-lined channels 

The design of a channel using ripra2 as a ~ining differs little fr011 that 
for asphalt or concrete. One difference, however, is that no single number 
for Manning's roughness coefficient (n) exists. Manning's n is obtained by 
estiMti-,g a Ndian riprap size (dto> and then getting the corresponding n 
value froe Figure H-2. A110ther difference lies in that the riprap alone ,aay 
not restPict the aoveeent of soil through the riprap. Soil escaping fr011 
underneath the riprap could lead to serious under::iining of the channel slope. 
This erosion would effectively defeat the purpose of the riprap. In this 
case, a filter blanket consisting of a graded, granular • ixture or a geotextile 
would be required between the riprap and the underlying soil surface. General 
design criteria for riprap linings ar~ presented in Table H-6. Table H-7 
contains guidance to be considered when wri~ing construction specificitions. 
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FIGURE H-2 

MANNING'S ROUGHNESS COEFFICIENT n FOR RIPRAP·LINED CHANNELS 
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2 3 • I I I 10 

MEDIAN RIPflAP SIZE. elm. WICNI 

TABLE H-6 

GENERAL DESIGN CRITERIA FOR RIPRAP-LINEO CHANNELS 

a. Well-graded riprap is preferred to a unifont or gap-graded • ixture. 

--

• 

b. The design s·tone size is the dso (naedian stone dia• eter}. The d50 is 
the stone size which is exceeded in weight by 50 percent of the • fxture. 

c. Riprap sizes for both channel bends and straight portions of the channels 
must be calculated. 

d. If th~ d50 of the riprap computed for the bends is less than 10 percent 
greater than the d50 of the rip~ap for the straight channels, then the 
straight channel riprap can be used through the bend . 

e. The diameter of the largest stone should be twice the d50 size. 

f. Riprap lined slopes are usually 2H:1V. 

H-14 
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TABLE H-7 

CONSTRUCTION SPECIFICATION GUIDANCE FOR OiAHNEL RIPRAP 

1. Ripr1p siz•s 1r• dasfgnated by either di.uieter or the weight of the 
stonas. S•• Tabl• 4-51. 

b. Riprap shall consist of rough unhewn quarry stone or field stone . The 
stona should be hard, 1ngular, and not disintegrate upon exposure to water 
or weathering. The specific gravity of the individual stones should be at 
l•Ht 2.5. 

c. The ripr1p datenafned to be stable under the flow condit ions shall be con
sidared the • fni- sfz•. Riprap grad~tfons in the area shall equal or 
•xcNd the • ini- siz•. 

d. The 11ini- thicknass of a riprap layer should be twic'e the 111axiaU111 stone 
LO di .. ter but not l•ss than 6 inches . 

t. The rfprap should extend up the banks to a height above the •axi•UII depth 
of flow or to a point where vegetation can adequately protect the channel . 

f . The riprap size used in a bend should extend upstrea• fr0111 the point of 
curvature 1nd downstre• froa the point of tangency a distance equal to 
fiv• ti•s the channel's bottoa width (Figure 4-44) . The riprap should 
be placed across the channel's full cross section . 

g. Where the botto• of the channel is not to be l i ned with riprap, the 
toe of the slasn riprap should extend at least 1.5 times the 111axi11ua 
stona size bel°"' the channel bott011 , but not less than 1 foot. 

Exa• ples of stone si.ze SJ>'!Cifications are given in Table H-8. Table H-9 pre
sents-general design criteria for filter blankets . Figure H-3 shows factors 
influencing riprap at channel bends . Figures H-4 and H-5 give infonaation on 
channel cross-section and stone size , respectively , for trarezoidal channels. 
Various other design infor•ation i s presented i n Fiyures H-6 through H-8. 

The requireaent that riprap stones be angular is flexible. The stones 
used fn the extensive tests of Anderson , Painta l, and Davenport (1970) varied 
froa &ngular to fairly rounded. I f , for exaapl e , a local supply of cobble 
gravel is available which aeets s ize and durab i lity cr i ter i a , the gravel iaay 
be acceptable riprap. 
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TABLE H-8 

RIPRAP DESIGNATION EXAMPLES 

a. Riprap Designation Based Primarily on Weight 

Weight (lbs)a 
Mean Spherical 
Diameter (ft} 

Rectangular Shape 
Length (ft) Width, Height (ft) 

50 
100 
150 
300 
500 

1,000 
1,500 
2,000 
4,000 
6,000 
8,000 

20,000 

0.8 
l. l 
l. 3 
l. 6 
l. 9 
2.2 
2.6 
2.75 
3.6 
4.0 
4.5 
6. l 

l. 4 
l. 75 
2.0 
2.6 
3.0 
3.7 
4.7 
5.4 
6.0 
6.9 
7.6 

10.0 

b. Riprap Designation Based Primarily on Diameterb 

D Mean 

DlS Weighted (lbs)a 
15 Spherical 

Rierae Class Di, _:·.:_~~~r (ft) 

Class I 50 0.8 
Class II 150 l. 3 
Class III 500 l. 9 
Type I 1,500 2.6 
Type II 6,000 4.0 

aBased on 165 pcf. 

0.5 
0.6 
0.67 
0.9 
1.0 
1.25 
1.5 
1.8 
2.0 
2.3 
2.5 
3.3 

D Mean 
50 Spherical 

Diameter (ftl 

l. l 
l. 6 
24,~,·a: 
2.8 
4.5 

bFro• Virginia Department of Highways and Transportation; as cited in Lee 
et al. (1984) 
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TABLE H-9 

DESIGN CRITERIA FOR FILTER BLANKETS 

a. A filter blanket is required where: 

c. 

1. The riprap is not well graded down to the 1-inch size aggregate. 

2. The slope underlying the riprap on a slope is sand-size or smaller 
with a plasticity index less than 10. This also applies to lenses or 
layers in the slope that are thicker than 3 inches. 

b. The following relationships should exist for a graded gravel filter : 

1. 

2. 

3. 

d15 of filter material< 5 
d85 of protected soil 

~d5_0_o_f_f_i_l_t_e_r_m_a_t_er_i_a_l < 25 
d50 of protected soil 

d 
20 > 15 of filter material> 5 

- dlS of protected soil 

The following relationships should exist for a filter cloth (geotextile): 

1. For filter cloth adjacent to granular materials containing 50 percent 
or less (by weight), of fine particles (less than 0. 074 nwn) : 

d85 base (mm) _____ __. ____ -- > 1 

EOSa filter cloth (mm) 

2. Tota~n--area of f i lter is ~~ss tmtn .36 percent. 

3. For filter cloth adjacent to all other soils: EOS less than U. S. 
Standard Sieve No. 70 . 

4. Total open area of filter is less than 10 percent. 

5. No filter cloth should be used with l ess than 4 percent open area or 
an EOS less than U. S. Standard Sieve No. 100. 

6. A minimum of 4 inches of gravP.1 or sand should be placed on a filter 
cloth on whith r i prap (12 inches or larger) is to be laid. 

7. Side slopes should be 2H : 1V ~r flatter to prevent gravel buffer from 
sliding down filter cloth . 

aEOS = ~quivalent opening size to a U. S. standard sieve size . 
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RIPRAP AT BENDS 
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FIGURE H-5 

MEDIAN RIPRAP DIAMETER FOR STRAIGHT TRAPEZOIDAL CHANNELS 
(U.S . ENVIRONMENTAL PROTECTION AGENCY, 1976) 
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FIGURE H-6 

RIPRAP SIZE CORRECTION FACTOR FOR FLOW IN CHANNEL BENDS 
(U. S. ENVIRONMENTAL PROTECTION AGENCY, 1976) 
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FIGURE H-7 

MAXIMUM RIPRAP SIDE SLOPE WITH RESPECT TO RIPRAP SIZE 
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FIGURE H-8 

MEDIAN RIPRAP DIAMETER FOR STRAIGHT TRIAHGULAR CHANNELS 
{U. S. ENVIROPl4ENTAL PROTECTION AGENCY, 1976) 
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The following exaaples, taken from Lee et al. (1984), illustrate riprap 
lining designs based on the assumption that the ~hannel dimensions and slope 
have already been deten1ined . 

For i trapezoidal riprap-lined channel: 

a. Calculate the b/d ratio and find the P/r ratio on Figure H-4. 

b. Fro• Figure H-5, using Sh , Q , and P/r , find the median riprap 
diaaeter, d60 , for straight channels. 

c. On Figure H-2, find the actual n 
fro• step Z. If the estimated and actual 
agreeMnt, another trial must be made. 

v~lue corresponding to the d50 
n values are not in reasonable 

d. For channeis with bends, calculate the ratio Bs/R , where B is 
the channel surface width and R 1s the radius ot· the beRd. Use Figare H-6 
to find the. bend factor, F1 • H81tiply the d50 for straight channels by the 
bend fa~tor to detenaine riprap size to be used in bends. Riprap must ~xtend 
across the full channel section an~ must extend upstream and downstream from 
the ends of the curve a distance equal to five times the bottom width. 

•· Fro• Figure H-7, determine the max;mum stable siue ~lope of riprap 
surfac@. · 

f. Deter11ine the safety factor of the design and insure that it is greater 
than 1. This is given by: 

where: 

where: 

Cos r Tan d SF = -r-:--.,.--:-:,--=-----:-n' Tan d + Sin R cos b 

R is the side slope angle 
d is the angle of repose 
b fs the angT~ indicating particle movement 
n' is the stability number for particles on embankment side slopes 
n' fs given by : 

S is the dip angle of the channel 
n is the stability number for particles on plane surfaces 
n is given by: 

o.30 v2 
n = ~--,.-,.....,., 

(Ss - l)gK 
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V fs the velocity of flow fn the channel 
S · h the specific gravity of the f ndfvidual stones 
a 11 the acceleration of gravity 
K is the size of the riprap stone 
b 1s given by: 

Triangular riprap-lined channel : 

a. Fr011 Figure H-8, using Sb , Q , and z , find the 11edian riprap 
diaaeter, d50 , for st-!:~ight chann~ls . 

b. Fr011 Figure H-2, find the actual n value. If the estiuted ad 
a~tual n value are not 1n reasonable agree,nent, another trial • ust be • ade. 

c. For channels with bends, see step fou:- l•nder Trapezoidal Channels. 

d. For safety-factor calculation, see Trapezoidal Channels. 

The riprap size to be SJ>P.Cified on the plans is the •a.xi- stoM size in 
the • ixture which is 2. 0 ti•es the d50 • The thickness of the riprap layer 
is 2.0 ti•s the •axi• u• stone size, but not less than 6 in. Freeboard is 
added to the channel depth and should not be less than 0.2 ti•es the depth of 
flow, or 0.3 ft, whichever is greater . 

Exaaple: 

Given: 

Trapezoidal channel : 
Q = 100 cfs 
S = 0.01 ft/ft 
Side slopes 2. 5. 1, O = 22° 
Mean bend radius, R = 25 ft 
n = 0.033 (estiaated and ~sed to design the channel to find that 

b = 6 ft and d = 1.8 ft) 
Type of rock available i s crushed stone. 
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Solution: 

Straight channel reach 
b/d • 6/l.8 = 3.3 
Froa Figure H-4, P/r = 13.0 
Froa Figure H-5, d50 = 3.4 inch 
Froa Figure H-2, n (actual)= 0.032, which is reasonably close 

to t~e estiaated n of 0.033 
Maxi- riprap size= 2.0 x 3.4 = 6.8 in. 
Riprap thickness= 2.0 x S. 1 = 10.2 in. 
Use 7 in. as aaxi- riprap size and 10 in. as riprap layer thickness 

Channel bend 
a = b + 2zd = 6 + (2)(2.S)(l.8) = 1S ft 
Bs/R = 15/25 = 0.60 
F~°Figure H-6, F = 1.33 
F = 1.33 J 1. 1; therefore, the bend factor aust be used. 
Riprap size in bend, d50 = 3.4 x 1.33 = 4.52 1n. 
Maxi- riprap size in bend= 4.52 x 2.0 = 9.04 in. 
Riprap thickness= 6.78 x 2.0 = 13.56 in. 
Use 9 in. tor aaxiaua riprap size and 14 in. for riprap layer 

thickness 
The heavier riprap for the bend shall extend upstreaa and downstre• 

froa the ends of the bend a distance of (5)(6) = 30 ft 
The rfprap for d50 = 3.4 inch and 4.52 inch, which will both be 

stable on a 2.5:1 side slope (Figure H-7) 
Fretboard= (0.2)(1.8) = 0.36 ft which is not less than 0.3 ft 
Therefore, • in1aua freeboard is 0.36 ft. Use 0.4 ft. 

'Safety factor 

Area of Cha,1nel = 1/2 (b+w)d 
w = b+Z (1.8/Tan 22°) = 1S ft 
A= 1/2 (6+15)1.8 = 18.8 ft2 

V = Q/A = 100 cfs/18.H = 5.31 ft/S 
-~- :iiii&,- t inns 

z 
n = 0.3 (5.31~ = 2 75 (2.65 - 1)(32.2) 0.58 ft) . 

n' = 0.275 [l + SIN2(1 • 14.3)] = 0. ?74 

1.;. 3 

Cos 22 Tan 35 = 
SF= 0.174 (Tan 35) + Sin 22 Cos 14.3 1· 34 
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H.2 Outlet Protection 

H. 2.1 General 

Outlet protection f• the provfdfng of energy dfssfpatfon devices and 
erosfon-resfstant channel sections between drainage outlets and stable exist
ing downstreaa channels. The channel sections May be rock-lined, vegetated, 
paved wfth concrete, or otherwise • ade erosion resistant. The purpose of 
outlet protection is to prevent scour around pipe outlets. 

The •ost co..anly used device for outlet protection fs a structurally 
lined apron. These aprons are generally lined with riprap, grouted rfprap, or 
concrete. They are constructed at a zero grade for a distance which is related 
to the outlet r1ow rate and the tailwater level. 

This practice applies to stor-11 drain outlets, road culverts, paved channel 
outlets, etc., where a large erosion potential exists . Analysis and appro

C priate treataent should be provided along the entire length of the flow path 
fr011 the end of the conduit, channel, or structure to the point of entry fnto 

-· 
I •• 

FIGURE H-9 

PIPE OUTLET CONOlTIONS 
(VIRGINIA SOIL ANO WATER CONSERVATION CCM4ISS-:ON, 1980) 

Section A-A 

Pfoe Outlet To Well-Defined Chunel 
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an existing stream or publicly maintained drainage system. This is especially 
faportant ff the velocity of flow at the design capacity of the outlet will 
exceed the permissible velocity of the receiving channel or area. 

Stormwater which fs transported through man-made conveyance systems at 
design capacity generally reaches a velocity which exceeds the limiting veloc
ity of the receiving channel. This may result fn scour of the stormwater 
outlet. To prevent scour, a flow transition struct,,re fs needed which will 
absorb the initial impact of the flow and reduce the flow velocity to a level 
which will not erode the receiving channel or area. 

H.2.2 Pipe Outlets 

Each pipe outlet should have a structurally lined apron or other suitable 
energy dissipating structure fm,nedfately downstream from the outlet (see Fig
ure H-9). The structurally lined apron should meet the following criteria: 

a. 

b. 

Taflwater depth. The depth of taflwater immediately below the pipe 
outlet •ust be detenained for the design capacity of the pipe. 
Manning's equation 11ay be used to deterraine tailwater depth. A 
• ini• u. taflwater condition is achieved when the tailwater depth is 
less than half the dfa111eter of the outlet pipe. A maximum tailwater 
condition fs achieved when the tailwater depth is greater than half 
the pipe dia111ter. Pipes which outlet onto flat areas with no 
defined channel are assU111ed to have a minimum tailwater condition. 

Apron length. The apron length is deter· ;u by the tailwater 
condition using the curves shown in Figures H-10 and H-11. 

f· Apron width. When the pipe discharges directly into a well-defined 
channel, the apron should extend across the channel bottom and up 
the ~hannel banks to an elevation one foot above the maximum tail
water depth or to the top of the bank (whichever is less), but no 
lower than tWO"""-tfi1rds of the vert1cal conduit dimension above the 
copduit invert. If the pipe discharges onto a float area with no 
defined channel, the width of the apron is determined as follows: 

- The upstrea• end of the apron, adjacent to the pipe, should have a 
width three ti11es the diameter of the outlet pipe. 

For a • ini• UII taflwater condition, the downstream end of the apron 
will have a width equal to the pipe diameter plus the length of 
the apron. W = diaaeter + La. 

- For a ,aaxf• UII tailwater condition, the downstream end will have a 
width equal to the pipe dia•eter plus 0.4 times the length of the 
apron. W =diameter+ 0.4 La. 
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FIGURE H-10 

DESIGN OF OUTLET PROTECTION - HINIQ TAILWATER CONDITION (TW < 0.5 di•.) 
(U. S. DEPARTMENT OF AGRICULTURE, JULY 1975) 
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d. Bott011 grade. The apron should have no slope along its length (0.01 

grade). 

e. 

f. 

Side slopes. If the pipe discharges into a well-defined channel, 
the side slopes of the channel should not be steeper than 2:J 
(horizontal:vertical). 

Invert elevation. Invert elevation at the end should be ~1 to, 
or lowr than, the l°"'9st elevation on the cross-section 1-.diately 
downstre• froa the end of the apron (i.e., no overfall at the end 
of the apron). 
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FIGURE H-11 

DESIGN OF OUTLET PROTECTION - MAXIMUM TAILWATER CONDITION (Tw ~ 0.5 dfa•. ) 
(U. s.-DEPARTMENT OF AG~ICULTURE, JULY 1975) 
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9. ·Materials. SiH of riprap and length of apron should be deterained 
and riprap should Met the requiremnts for Riprap. Concrete paving 
uy be substituted for the riprap. The gradation, quality, and 
plac-nt of riprap should confora to Rfprap . 

h. Aligr-.nt. There should I>@ no bends or curves fn the horizontal 
alignant of the pipe and the apron unless the structure is designed 
to adequately hanc:11• the flow. 
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H. 2. 3 Paved Channel Outlets 

The following criteria ~hould be followed for paved channel sections 
(see Figure H-12): 

a. Velocity at the end of the paved section should be less than the 
allowable velocity for the succeeding downstrea• secti~n. 

b. The downstrea• end of the invert of the paved section should be no 
higher than the lowest point in the channel iaediately downstreu 
fr011 the end of the paved section (i . e., no overfall at the end of 
the apron). 

c. The end of a paved channel should nterge s1110othly with the next 
downstreu channel section. This transition • ust be accoaplished 
within the paved .channel . The bott011 width of the end of the paved 
channel shoul.d be at least as wide as the bott011 width of the down
streu channel. The •axi• lMI side diverg~nce of a transition should 
be 1 in 3F, wi,tre the Froude nullber is given by F = V #, where 
V = the v~locity, d = the depth of flow at the beginning of the 
transition, and g = acceleration due to gravity, 32.2 ft per sec2 • 

FIGURE H-12 

PAVED CHANNEL OUTLET (VSWCC, 1980) 

Paved Channel 
Transition Riprap 

Apron 

--t 
Receiving 
Channel 
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d. Bends or curves in the horizontal alignment of paved channels are 
not acceptable unless the Froude number, F, is 0.8 or less or the 
channel is specifically designed to contain the turbulent flow. 

H.2.4 Paved Ch~tes 

A paved chute or flume is used where a concentrated flow of surface 
runoff •ust be conveyed down a slope without causing erosion. For temporary 
structures built according to the following design criteria, the maximum 
allowable drainage area is 36 acres (U. S. Environmental Protection Agency, 
October 1976). 

Paved fluaes are an excellent means of conveying concentrated runoff from 
the top to the bott011 of a slope without causing erosion. When used with 
diversion structures, paved flumes can be used to convey runoff from the 
entire drainage area above a slope. Permanent flumes are very useful when 
needed throughout the lifetime of the project. For nonpermtnent slopes, tem
porary fluaes can offer valuable protecti~n of exposed slopes. It is very 
important that these structures be installed properly since their failure will 
often result in severe gully erosion. The entrance section should be securely 
entrenched, all connections should be watertight, and the conduit should be 
staked securely. 

The following general design criteria are 11sed for temporary structures. 
Peraanent structures will require a formal design. See Figure H-13. 

a. Size Group A 

· 1. The height (H) of the dike at the entrance must be at least 
1 . 5 feet. 

2. The depth (d) of the chute down the slope must be at least 
8 inches. 

3. The length (L) of the inlet and outlet sectons must be at least 
5 feet 

b. Size Group a 

1. The height (H) of the dike at the entrance must be at least 
2 feet. 

2. The depth (d) of the chute down the slope must be at least 
10 inches. 

3. The length (L) of the inlet and outlet sections must be at least 
6 feet. 
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FIGURE H-13 

~AVED CHUTE OR FLUME 
(U. S. ENVIRONMENTAL PROTECTION AGENCY, OCTOBER 1976) 

Profile 

Cimeno Sue Group 

si?n A 8 
top of lini"9 

H,.. 1,, 1.5' 2.0' ---
Slope varies, not 

dmin 8" 10'' 

Lmlfl 5' 6' 

s. ~ I 

Plan view 

Toe of slope 
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Each size group has various bott011 widths and allowable drainage areas 
as shown in Table H-10. The drainage areas listed in Table H-10 may be in· 
creased by 50 percent if a •inimua of 75 percent of the area will have good 
grass or woodland cover throughout the life of the structure. The same drain
age areas ,uy be increased by 25 percent if a minimum of 75 percent of the 
area will have a good mulch cover throughout the life of the structure. 

Outlets of paved flU111es must be protected from erosion. Tn addition, each 
paved flUIN Ny need an energy dissipator. Larger energy dissipators may be 
siMilarly designed for larger flume cross-sections . When a paved chute or 
flUM of Sfze Group B is used the velocity at its outfal 1 snould be checked 
for erosion potential downstream. 

Before pennanent stabilization of the slope, the structure should be 
inspected after each rainfall and damages to the slope or paved flume repaired 
innediately. After the slope is stabilized, little maintenance should be 
required. 

A-2 
A-4 
A-6 
A-8 
A-10 

B-4 
B-6 
B-8 
B-10 
B-12 

TABLE H-10 

BOTTOM WIDTHS AND MAXIMUM DRAINAGE AREAS 
(U. S. ENVIRONMENTAL PROTECTION AGENCY, 1980) 

Bottom width, b, 
(ft) 

2 
4 
6 
8 

10 

4 
6 
8 

10 
12 

Maximum drainage 
area (acres) 

5 
8 

11 
14 
18 

14 
20 
25 
31 
36 

aThe size is designated with a letter and a number , such as 
A-6 which means a chute or flume in Size Group A with a 
6-foot width. The selected size should appear on the plans. 
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lL2.5 Pipe Slope Drains 

Pipe slope drains are used where a concentrated flow of surface runoff 
aust be conveyed down a slope without causing erosion. They are also used on 
slopes b~fore permanent drainage structures are installed. The maxi•U11 drain
age areas for the eastern humid regions should be roughly five acres while a 
larger drainage area can be used for the western. •ore arid regions. 

Teaporary slope drains provide valuable protection for exposed slopes 
which are not stabilized and therefore particularly susceptible to erosion. 
These slopes are usually most vulnerable before final grading or before in
stallation of any permanent drainage systeNs. When used in conjunction with 
diver~ion dikes. temporary !lope drains can be used to convey stonnwater fr011 
the entire drainagl area above a slope to the base of the slope without ero
sion. It is very important that these temporary structures be installed pro
~erly since their failure will often result in severe gully erosion. The 
entrance section must be securely entrenched. all connections must be water
tight. and the conduit must be staked securely. 

Guidance for sizing of pipe slope drains is given in Table H-11. Design 
features of rigid and flexible pipe slope drains are shown in Figures H-14 and 
H-15 respectively. The earth dike height at the entrance to the pipe slope 
drain should be equal to. or greater than. the diameter of the pipe. D. plus 
12 inches . 

The pipe slope drain should outlet onto a riprap apron and then into a 
stabilized area or stable watercourse. Use a sediment-trapping device to trap 
sediment from any sediment-laden ~ater conveyed by the pipe slope drain. 

TABLE H-11 

SIZE OF PIPE/TUBING 
(U. S: ENVIRONMENTAL PROTECTION AGE~~Y, OCTOBER 1976) 

_ .;,e;:r, 

Haximua drainage Pipe/tubing 
area (acres) diameter, D (in .) 

0. 5 12 

1.5 18 

2.5 21 

3.5 24 

5. 0 30 
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Size, pipe 
slope d:-ain 

PSD-12 

PS0-18 

PS0-21 

PS0-24 

PSD-30 
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FIGURE H·l4 

PIPE SLOPE DRAIN (RIGID) 
(U. S. EHVIR0"4EHTAL PROTECTION AGENCY, OCTOBER 1976) 

-· 

Profile 

4' min. 
• less than 1 % dope 

NOTE: Size designation is: PSO.Pip1 Diam. 
(ex., PS0-12..Pipe Slope Drain with 1T dial'Mtar pipe) 
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FIGURE H-15 

PIPE SLOPE DRAIN (FLEXIBLE) 
(U. S. ENVIRONMENTAL PROTECTION AGNECY, OCTOBER 1976) 
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The slope drain structure should be inspected weekly and after every 
ston1 for clogging or daaage and repairs aade, 1f necessary. In below
freezing weather, check to insure that sides of collapsed downdnin are not 
frozen together. Inlet sections should be che~ked for indications of piping 
along aetal sections. Anchors should be resecured as necessary. The opera
tor should avoid placing any aaterial on and prevent tr6ffic across the slope 
drain. 
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H.2.6 Channel Velocity in Unpaved Channels 
.. 

-- - - - ··· 

Each channel reach having a natural, vtgetated, or riprap-paved bott011 
should be checked for stability by calculating the flow veloc i ty using 
MAnning's equation and then assuring that the channel will handle that veloc
ity without eroding. Field surveys will be necessary to deternine cross
soctions, grades, types of iuterial in the channel, and condition of the 
channel. 

The roughness coefficient, n, is as f~llows (Chow, 1959) 

Channel lining 

Metal 

a. Saooth steel surface 
1. Unpainted 
2. Painted 

b. Corrugated 

Metal 

a. Ceaent 

1. Neat, surface 
2. Mortar 

n value 

0.012 
0.013 

0.025 

0. 011 
0. 013 

A plan view, profile, and cross-section of each channel reach between the 
ston1 drain outlet and receiving natural streant channel are required. Veloc
ities should be indicated at the following: (1) outlet (pipe, structure, or 
paved channels), (2) riprap or paved apron section; and (3) each successive 
challfftl reach fr<>M the end of the apron to the point of entry into the exist
ing natural streu. The proposed method cf stabilizing each channel reach, 
consistent with coaputed velocities, should be sh~wn on the plan. The veloc
ity at the end of a structure or channel reach must not exceed the allowable 
velocity for the next downstream reach. 

_____ _,_..: ___ 

A channel reach is defined as a length of channel throughout which the 
hydraulic charact eristics do not change. These characteristics inclu1e chan
nel depth of flow, roughness, channel gradient, sid~ slopes, bottom width, 
discharge rate, and velocity. A natural strea• channel is defined as a natur-· · 
ally fonaed channel through which the storm runoff would have flowed (had 
there been no intervention by aan) and which is capable of conveying the peak _ 
rate of runoff after developaent without eroding. 

Outlet protection is a method which causes the expanding flow (from pipe 
or conduit to channel) to lose velocity and energy such that it will not erode 
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the next downstreaa channel reach. This protection is usually provided by a 
level apron which is designed based on curves dev•l~d fo~ circular conduits 
flowing full. The curves provide the apron size and the • inf- d10 size for 
riprap. There are two curves, one for a low or • inf- tailwater condition 
(Figure H-10) and om, for a high or •axi •u• uilwater condition (Figure H-11). 
The • iniaua conditio11 appl iH to a t.11i lwater surface elevation ltss than the 
center of the pipe, ""'9reas the •1~1- condition applits to a tailwattr 
surface elevation equal to, or higher than, the center of the pipe. 

The first step is to deter• ine the tailwater condition, as discussed 
above. Then, for circular conduits, use the appropriate chart (Figure H-10 
or H-11) and, based on the discharge and the pipt diaaeter, detel"lline the rip
rap size and the apron length . Then calculate apron width and •1x1- stone 
size in the riprap • ixture. 

Exaaple 1: 
A circular conduit is flowing full. 
Q = 280 cfs, diaa. = 66 in., and uilwater (surface) is 2 ft 

above pipe invert. 
This is a • ir.i• u• tailwater condition (see Figure H-10) 
Therefore, d50 = 1.2 ft, and apron length, L = 38 ft. 
Apron width, W = diaa. + L = 5. 5 + 38 = 4~.5 ft. 
Maximu• stone size in the riprap • fxture = 2.0 x d50 = 

2.0 X 1.2 = 2.4 ft. 

In the design of outlet protection for recta~ular conduits, the depth 
of flow and velocity art used. Otttl"llfne the uilwattr condition and the 
appropriate chart (Figure H-10 and H-11). Use the lower set of curves and, 
based on the velocity and depth (using the dia•ettr curves for depth), deter
• ine d50 and the length of apron. To deter• ine the apron width, substitute 
conduit width for di111eter in the apron width equations . 

Exaaple 2: 
A concrete box 5.5 ft x 10 ft is flowing 5.0 

and the tailwater (surface) is 5 ft above invert. 
tailwater condition (·see Figure H-1&~ -

Q 600 
V A= 5. 0 x 10 = 12 fps 

ft deep. Q = 600 cfs 
This is a uxi-

Therefore, d50 = 0. 4 ft, and apron length, La= 40 ft 

Apron width, W = conduit width+ 0.04 la= 10 + (0.4) 
(40) 26 ft 

Haxi • u• stone size= 2.0 x d50 = 2. 0 • 0. 4 = 0. 8 ft 

Once the riprap installation has been COl!lpleted, it should require very 
little •aintenance . It should, however, be inspected periodically to deter• ine 
if ;tfgh flows have caused scour beneath the rfprap or dislodged any of the 
stone. If repairs are needed, they should be accOlll)lfshed iaaediately. 
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ftt,1 .. (IN •h• CMMtl ... ,,,., c-r .._,.,., r...,,r 

111t• ... , .. ), 1•1, l•l , 1•7, 1-A, 1•1, l•I, J.11, 
l•l', >-lt, J.'1, 4-44, 4-41, 4-SI, 4-69, ._.,, 
,.11111, 4-1111, '-lff, s-h '-1 "'" '->, '-"• M-J7 

IH•, 4-1, 4-1, '-ff, 4-ln 
,,.. .. ,.., 4-\. i.-1 
tNU, '.1-11 

llt,aJ t.r1... , .. 
Dlff,,-tlal U..-1 INIJ1h, l•lt 
llllft, l•l• 4-lff, 4-1~, '-151, 4-ISJ, 6-1, t••• 

M-JII, i.-n, 16-JJ tllnl 16-)S 
Direct!• ti c-tf'lt<tl• 5-4 
n11,-,,,,. Mlh , ... 1lw "•I• mt fff .. , .. ,,, ... 

Mlh), J-J7, J-ll, 4-141 
1111,-,,lwltJ, J-J7, J.ll, J-47, [-10 
llltdle1 (IN IIM • ftcte di tell), l•l, 4-UI, 4-134, 

•-140, 4-141, 4-14', ••14', 4-147, 4-149, 4-155, S-11, 
6-l, a-10 Ulnl 1-1111-IS, C-l, C-7, C-11, C-17., C-15 o,,.,,,. ltt'11Cbl'" '"•h• C•t•att .. llll,.nt1111; 
Dl~I S..IH), 4-7, 4•1411, 4-IU, 4-14', 4-1«, 
•-1 ... 4-152 tlln .. ,~. i.-30 

11ec_.ut1 .. , •~ ti f.,. _.11t1 c .. tr-ol, 
1•1, 6-14 

llo1ff1 ('" tloallllltftf") 
Dr .. 11 .. , S-7 t11n s-, 
Dr1l11 , ... 11M ,11,.,. dr1t111; r,rr,el dnl111; ,.,.. ''°" 

•Nt111; Ste,w dr1t111; s.t.rleu dr1l1t1; Toe lllnl1t1), 
l-71, J.7J, 4-41, 4-41, 4-117, 4-90, 4-92 Ulnl '-94, 
4-97, C•l, C-4 

tllH (IN ahe Afrlc11lt11r1l drat• tll,1), J.U, ~. 
l-M, l-70, 4-41, 4-911, 4-M, 4-~7, 4-911, s-n, [-1' 

Prat,..._ (Sff ahe A,rlc.lblnl drtl ..... , 1:rr,lty 
lllre1..,., lateral drat..,.; SulKiirlea lire l11t9t; 
SltrfK• drat...,.), 1•7, 1-'I, 1•11, 7•4, l•11, l-16, 
J-11, ~. 3-41, J-48, J-6., J-71 tll"' l-7J, ,_,,. 
4°), '-'• 4•31, 4-J7, 4-41 t""' 4-43, l-4S, 4-48, 
4-Sl, 4-73, 4-7\, 4-14, 4-"• 4-S.0, 4-9), ~ • . 
4-IIIO, 4-105, 4-106, 4-1411, 4-141, 4-143, •-147, 
4-149, 4•153, 4-155, 4-1110, 6-1, ~3, 1-111, 1-11, 
11-11, 16-lD t11n1 N-ll 

bl1nht, 4-51, 4-M tllnl 4-118, 4-911, 4.97, 4- 98, S-6 
col 1.cto,,, 4-M th"' '-NI, 4-M, 4.,n, ._,1, 11.11 
1,,.r, 3•3l, 3-6', 4-4, 4.39 thno 4-42. 4-45, •-46, 

'-51, '-73, t-M, •-~. 4-31, • .,.,, ._,, , •-n,. s-; 
.. t,rl1h, l-711, 4-~. 4-M 
plPft, l•III, J..66, 4-111, 4-53, 4-91 , 4-98 
tubl1141, 4-90, 4-95 

Prllh (IH 1ho Grat• drtlh), 4-111, 4-111, 4-123, •-m 
Dry defl1tty, J-7, l-l~ Ulrv l-15, l-43, l-115, 3-117, 

4-65, 4-66, 4.711, 4-M, M 
llur1blltt1, 1•4, 3-44, 3-49, 3· 68, l-69, J-71, 3-74, 

4-51, 4-67, ,4-611, •-112 
Ont, 1-4 tllrv 1·6, l-56, S-21 

COfttrol, J-42, 5-4 

1110(1 

1-3 

.. [ .. 
Clrtll 
'-· J-)9, 3-41, S-17 
........... u, )-16 

Cartllfl 11 '-, J-J7, >-ll, 3•41 
tlrt'-rl, S-11, S-13 
Cfftctht tire, l•lt, r.-1n 
[111t-" (1N 1ho llubbtr), 3-Sl, (•ID 
(lectrlul cOOldllcttwlty, 3.z, 
rlectr-ol ytN 3• l 
£-.11...,.h (we •ho r,.,. .,..,...,u, [artll ....,.\. 

...,.hi, J.'1, 6-Z, 6•4 
t.ht .. (we ,ho A1pfl,lt -111 .. ), J-49, wt, 

4-1111, 4•11', ••Ill 
(......, dtnt,etl .. , 4°1411, N-ZS 
C119l-rl1111 (we •ho Chtl "'fl-rl"9, r_.i,t1011 

..,1-rt119; Ht,,...y t119l-rl119; ,,trol
"'Jl-rllWJ) 

w"'9tor of Mlh (1H Soll ~tor) 
JN9'"t•t, 1-7, 4-46 

"£11'-t•, 4-llS, 4-U6 
[m,t,-t, 1-1 tllrv l•l, , •• ,. 4-51, ... ,,, 4-IIICI, 

•-in, •-1111, ,_,.,, 5.12 
(11Wl-..t1I 

f1ll11re of 11,..ir111llc btrrt,r (SH H~r111l tc btrr1•r 
_,,_ul f1tlure) . 

,r-ouctt .. Atetic, ''" u. s. c,..,1,,_i,1 ,rouc
tl011 .-CJ (C,A)) 

[PUii (IN [tllJI- ,ro,1I- di--r) 
c.,1,....t (IN COIIIIKtt .. ..,1.....,t; Collltf'lt<t1DII ..,,~t; eo.,r c-trvctt .. equ1pae,1t) 
l•h•l.,.t .-1119 sire (COS), 4-S6, 4-S7, 11-17 
(r-o110II (SN IIIO Vllld •r-o1I011), 1•4, l•S, 1•7, 1•9, 

l•I, 3·31, J-37, J.JII, 3-41, J-41, J.U, 3-67, 
3-7S, 4-4, 4-16, 4-ll, '-H, 4•101, 4•117, 4-120, 
4-111 tll"' A-124, 4-1~. 4-lll, 4-l)S, 4•136, •-u, t11rt1 4-111. •-144, 4-145, 4-147, 4-nz, 
4-159, S-1, S-Zl, ~l, t-1, S-1, R- 10, 1-111, 
(·11, N-U, N-ZS, 11-30, 11-JZ, 11-ll 

c .. trol, J.n, J-73, 3-76, 4-16, 4.31 , 4-106, 4-116, 
4-117, 4-110, 4-111, 4-115, 4-126 , 4-JZS, 4-131, 
4-137, •·Ill!, 4-155, '-l, R-9 

flbrlu, 4-131, 4-136, 4-139, 1-17 , I-IS 
htelll h'-11t of ,..,_tltl .. , 4-104, 4-l()jl, 4-120, 4-1111, 

••13', 4-141, •-145 
(thJI- propyl- di- -r ([PUii), J.SZ tllrv J-54, 

3-S6, 3-57, [ - 10 
[upor,t l", ( Mt al ~ Pe" n1por1t1 .. ) , 1-6, 1·9, 1-10, 

3-7, 3-11, 3·19, •·11, 4-12, 4.14, 4-lS, 4-32, 4-33, 
4.35, 4-37, 4-38 , •-41, 4-43, 4-123, 4-126,. 4•131 

Cupotr11tJplr1t i011 (1N 1ho O...terl119; '11tt,,tl1l "'IIO
tr11tJplrHI011; Vind u • fKtor of n1potr1Mplrett~), 
1-9, 3- 31, '-14, •-1~. 4.32 '""' 4-34, 4-3' '""' 
4-40, •-11 tllrv ·-••· 4-87, 4-101 

br.1W1tl011, 1·3, 3-27, •-141, 5.9 tllrv s-1n, s-12, s-zz, 
6-l tllrv 6-4, S-7, C-3 tlln C-5, C-7, C-9, C-10, C-ll, 
C-14 

bcn,t°" (lff •ho Come~r-tJpo t1cn1tor), s-6, S-7, 
s-•, C- 14 

(JpeMh• so lh, l-36 
C.plostoa,, 1•4, 1·6, 4.44 
Catrvdltt, )-55 , )- 59, 3- ~J 
htrvsloa wldl,,g, 3-56 , J- 5'1, 3·60 

• • F • • 

Failure ,..ci,.111- of ll)'dr1ullc blrrltr (we 
H)'draul le blrrler h tlure 11t<:h1nh•s) 

Ftrtlltztn, 4-Jn3, 4-101, 4•118 tllni 4-112, 4-1211, 
4-130, 4-131, 4-133, 4-137 Ulrv 4•13', 4-144, M 

flbtrglus. ~,. J-71, 4-131, •-us, •-139 



,.,,111 
C1p1Clt7, 1•11, .. , tllnl -ti, 4-JJ, •• ,., '-37, •• ,,, •-•1., r-11 

•-1119 .t ,._..,11111, 3-SJ tllrll J.5', 4-41, S-ZS, 
S-30 

ftlltl" l'" •h• "111,.-11 ttll,.-), ,..., 
ftlttl" '" •ho FlltretlOAI r40ttattl1 ftlttl"S; 

r.r11111ltl" fllttl"S), 3.31, l-n, l-73, l-76, 4-l, 
4-Sl t11" 4-Sl, 4.55, '-5', 4-37, '-'1, 4-M tllnl 
•• , ... 4-151, [-11, l'-17 

b1t11•1ts 1 l'-U, l'-15, l'-11 
drltitt, t-4 
1,,..-, •·•• •-s, •-st, ,.n, •-ss, 4-st 
,..tt,teh 4-51 th" '-SA N-17 

ftltratlOII ls .. tho ftlt1rl, )-71, l-72 
r1,,...,rel11td soils, l-2 th" 3-4, l-1n tllrv l•ll , l-1', 

1•31, l•lt, l-40, l•O, J..41, '-12, 4-H, 4-46, 4•51, •-s,, s-u, s-11 
fl11es, 3-4, l•t, 3·11, 1-lt, 3-lA, 3-40, J..41, l-44, 

3-45, 3-47, J.'7, 4-51, 4-5', 4-63, s-~. S-14, S-1'1, 
5-11, [-11 

Ft.-,, 1-• tllnl 1-1, l-41, '-111, •-111, '-lit, •-1zs, 
4-1311, 4-160 

flocc11latld 
colloldal partlclts, 3-1 
state of ch1 perttclH, l-37 

f1occul111t stnic:blre, 3-l, 3.3 
flow (s" also h1ttrflow1 L .. 1111.- flow; lateral flow; 

llpe11 clla11,..1 flow; ~•rhM flow; S.t11ratad flow ; 
T11rbul111t flow; U1t11blr1ttd flow), 1•7, l•lfl , 1·11, 
3. 29 tllnl J.31, l-5', 4-12, 4-ll, 4-17, 4-3', 4-41, 
4-42, 4-81, '- ""' • 4-92, 4-IM, 4•141., 4-144, 4- 147, 
• - 149, 4-150, 4-152, •-153, 4-156, •-151 tllrv •-160, 
5-4 , 5•5, II-A, K-15, K-111, l'-ZO, K-23, K-26 tllru 
H-29, K-ll, H-J6, K-37 

c~-h, l-21, 3-29, l•Jl, 3-32, 4-84, C-12 
rtte (1111111 Yol-trlc flow rate), 3-19, J.31, 

3•32, '-12, 4-ll, K-25 
t"'ougll pol'OIII ....th, 3-29, '-25 
,eloclt1, '-146, 4-147, 11-23, H-26, K-36 

fluids, 1-11, 3-2 , 3-l, 3-29, 3-)7, )-55, l-63, 4-IJ 
Fl-, K-30 tllrv K-3Z 
F11 ""· 3-44, 3-46, J..47, )-67, 3-M, 4-62, 4-63 , 4-99 , 

4-101, C-9, E•IZ 
Forbs, 4-106, 4-IZO, 4-1311, f.-lZ 
fOIHICl4itlOII, 1•7, 2-6, 3-5, 3-?.l, 3-27, 3-36, 3-41, )-42 , 

3.52, J-66, 3-63, 4-S6, 4.57. 4.11, 1-n. 4-77, 4-94, 
4-911, •-115, S-6, 5-23, 6-4 

t"'l1nNrlng, 3•12 
layer, 3-22, 3-27 , 3-44, 4-3 tllnl 4.5·, 4-56, 4-59 , 

4-61), 4-6Z, 4-119, 4-139, 5-4, 5-5, 5-24 
frMtt 

actlOA, 3-42 
- tlllw (SH also FroH SIISCtptlblt so11s), 3-62, 3-64 , 
3-65, M9, 4-4, 4-64, 4-67, 4-611, 4-73, 4- 77, 4-711 

front-end lo..S.l"S, S-7, 5-11 , S-13, 5-25, C-12 
fn11t, 1-11, 4-73, 4-12~ 

1ctl0fl, 3-40, 3-li7, 4-7n, 4-15", £-12 
llelYhlCJ, 3•41, J-li7 , 4-135, 4-159 , 4•!6f!, [•12 
-susc111tlbl1 so11s, •-159, 4-160 

future site uw, 4-1, 4-2 

• • r. • • 

G1btoM, •-ts~. a-10, 8-12, E- 12 
Gap.cirewd son,, 3-4, 3-16 
CH, 1-4, 1-6, 2·6, 3-42, 3-411, 3-52, 4-5 , 4.7, 4.44 

tllrv 4-46, 4-41, 4-116, 4-117, 5-5, C-7 
COlltrol, 1-3, 1-5, 4-3, 4-5, 4.7, .... thru 4-411, 

4-51, C-3, C-5, C-11, C-11 
"""" t t OIi, 4-44 
nnts, 4-46, 1-2, S-4, 11-5, 1-9 tllru B-11, 11-14 
wlls, 4-45f 4-46, 4-48 tllru 4-50, C-11, C- 9 

r.tollydrol091 -.ff Hydr09t0l091) 
C.Ologtc .. ps, 2·3, 2-4 

IQJ 

1-4 

l'.eolo'1 (SH al~ H,.,.,..,..1 .. 1), 2·1, 2•l, 2-4, 1•7, 
3-li, "-2, '-10 

r,.__,.a.., (we 11st fltlill _1,.. et " t _.,, 
J.5Z, 3-S6, 4-12 U1n1 ._.., M, S-11, S-lt, S-10, 
S-Z7, S-1', S-31, M, M t11n1 M, ~12, 1-14, 
11-2, '-S, 1-' 

SI .. l11t.9r1t1 tNts, 1-7, 1-13, '-1, '-ff UW. Ml 
r,..,s1u1 .. t"41ds, 2•7 
~tKlllltul faeries (SH C..ttirttlt) 
Gtoteatllt, ~. 3-49 , ,-.., 3-f9, 3-71 tlww J.71, 

t-SI tllrv 4-S3, 4-st, 4-57, 4-IM, S-S, M, S-,0, 
M, 6-7, 1-11, t-1•, '-1, M, C-,, [•11, ._a,, 
H-17 

fll tff1, •-57 
l:ltelal 10th, 3-4 
Clou,ry of te"", r-1 tllrv [•lZ 
CrldltlOA , 3-Z, 3•4, M, 3-10, 3-11, J.11, J.17, J.lt, 

l·ll, 3-ll, 3-44, 3-41, 3-tS, 3-U, 3-11, 4-4, 4-SI, 
,.sJ, 4-611, 4-6t, '-71, •-us, t-J Uin 1-,. w, 
[-IJ 

cw,.,., l•UI, l•lt, 4-S3, H-211 
"°tclffs, aotOf' (He "9tM ,,.,.") 
CrMI, (lff L111d 9r8'11I-,) 
l:r1l11 we aho Silt tr•t•; Sell ,r1t11), J..4, J.7, >-16, 

).)1, 4- 52 
drills, 4•111, 4-123 
sha,e, 3·2 
sht, l-4, 3-t, 3-11 , J.14, 3•11, J.11, J-67, '-54, 

4-59 , 4- !fll , 4-102 
CUl"YI, l•!l, l-14, l•16, 3-19 
dhtr lbvtlOfl (SN also ,,rttcl .. stn dhtrt'-lt•), 

Z•l, ?-HI, 3-21, 4- 60, 4-75, 1-ll, C.-1, C.-23, 
G-75, t.-26, '-1.111 tllr,, 1:-)0 

"'•nular 
,11t,rs, 4-sz. •-S4, ••st, M 
.,te,hh, l-4, 3-15, M 
10th, 3-4, l•II, 3-12, l•Zl, 3-Zl, 3-34, J.35, 3-37, 

3.47, 4-59, 4-tS , •·84, •·IOS, 6-4 tll" M 
Grnws, •·•• 4-Zl , 4-30, 4-ll, 4.37 tllnl 4-3', '-ICM 

thn, 4-!0li, 4-l!o> , 4-116 th" 4-111, 4-IZO, ••115, 
4-129 , •·131, 4-131, ••Ill, 4-141, 4-ISZ, 1-Z, ;+.32 

Crnel, 1· 6, 3-4, 3-9, 3-t, 3•11, >-IZ, 3-I•, J...S, 
3-19, J-35, 3-40, 3•41, 3.u, 3-4S, 3-47, 3-61, 
3-69, 4-4, 4-12, 4-22, 4.47 tllno 4-49, 4-Sl, 4.54, 
4-55, 4.57, 4-63, 4- 75, 4-76, 4-89, 4-,0, 4-llZ, 
4-135, 4-139, 4-139 , 4•1S4, '-2, '-10, C-3, C-7, 
C- 1~. £. ::, k-Z, K- !S, K-17 

drtlns, 4-M, 5-6, S-11 
r:, .. 1uttonal "'11tlr, 4-10, 4-12 
Grev I ty 

drain•~• 1·11 
s~Hlc (~u Sc,eclflc 9r,vlt1) 

c: ,utng, n co .. , NlnteNnu ••-·.--131 
l,, oov l ng t ool, 3-20 
Ground 

surfac., l·l, 1·6 , 1• 7, 1·9 tllni 1· 11, 2-3, 4-9, 
•-22, 4- 26, ,.,1, , .... 4-90, 4-100, 4-132, 5-3, 
5-4, 6-J, 6-5 

"'11t@r , 1-2 , 1-J, 1-10, 2-4, 4-4, 4-9, 4-12, 4-14, 
4-4~. C-5, C-11, C-15, E•IJ 

c011t .. lnHl01t, 1-1 , 1-6 
h)'drolog1, 3-29 , 4- 13 
reghw, 1· 11 

Gn,bb l ng (su Cl earing 1nd 9n.obbl119) 
(;119 tape (SN also AdhHlff tape), 3-53, 3-54 

•• H •• 

lwy , 4-124, 4-125, 4-127, 4-130, •-132, '-134, 4-155, 
8-9, C-8, C-13 

H1z,rd Ranking S11 t • , 1-1, f-1, F-10 
Hazardous 

uttrhls (su Kaurdout subst1nc1) 
1ubstlnet, 1-1, 1-4 , 4-44, 4•411, 4-92, 11-1 

rtl11se, F-2 
response, 1-1, ?.- 1, f-1 tllrv F-4 



I 
·1 
i 
~ 

. , .. 

.. ...., (C.t) . 
ae1te '"" ,_ ••• s,,..,tw .,.,,,.._. ,.,t. tttel, 

,_, 1 , ... ,_,, ,.,., ,_,.1 >-~1 .. , , .... C-11 t.,,. 
.. , .... ,. ... ,. tllrw C-)J, .. ,,. '"'"· ~. c-u, ....... , .... ,. c-, 

191 ( ... lti ..... lt, ,-1,.ui,1-) ... ,. ~. ,_,, 
•1411t .. , >-H, J.~, J.'6, J.SI 

NO., ... , , C-11, .. ,, t'" '-'1 
lll"lcl4111tt, W, C-114, C-IJ7, C-ltll 
.. Ndll...__,.-4\ 
Nt ..... tty ,elr.t!IJl- (Wf), ,-,1, J.U, 1-S6, 

..... '-JII, ..... , .,.,...., <- ., ....... ,. ,_,. 

... ,-, ... >•ll 
....,., c-10,, r-1\ · 
.,..,.. 1 ... • ,.. . • -
N,..•llc 

111.rTte,, l-0, >-~, J.S6, Ml tllrv Ml, ••I ,,.,, 
C-\, .... U,,,, .. ,., c-1,, C-77, •-M • ... , ... .,, 
\-lt, ~JII, M, '-1, &-a 

tto.alul fell.,.., C-70, C-71 
-•-ul '•fl•"• 1.10, 1-11, c-11 
fell- -.dlllll-, C-711 
11,.,, ..... ~~. 6J _...,u, ,,11.,., &-10 t11n1 c-n 

c ... ,ecte,t1tkt, J-71, J-71, 1.17, 11-1' 
ull.cters, 6-7 
c111411cttwtt,, J.lt, c-10 ..,_ c-11, c-n, ._,., 1-11, 

&-U, r-n 
p14111eat, ,.z, tllnl J.Jl, C-ll, C-U, C-111 , ._91, 

r-ts, 11-11 
,...,,fl, •. , ... "-1, 11-J, ..... N-11, 11-17, N-111, 11-1' 

N~,,_1 .. ,, 1•1, 1-4 
.,..,..,....,, C-11, •-111, C-31 
N)'frol-.tc 

c .... u, ... •-11 tlln •-13 
c,c1,, 1-z, 1-• tllf'w 1-11, ..,. 
r,,1 .. tt .. If L,llllllft11 ,-,10,..IICt (lff Mn, ... 1) 
..... 11,.., 1-\ 
Pf'OCHIH, . C-J7, C-311 

. son ,row,, '-11 tltrv c-t3 
M)'f,ol,, , ... aho r.roulld-U, "1411rol0011, M7dn1910lo91), 

Z•l, -4 
N7dr,tte,, l-18, J.:,a, ,;.z, 

t"ll)'lh, J•1', J-1', 1--sl, C-55, r,.z7 
M)'fl'Olffdt~, C-121, C-IZZ, C-IZI, 1-IJII, 1-131, C-J, 

C-", C•?J 
ll)'f..-lcfll119, 1-lta, •-un, 1-131 
1typ1lr11, J-52, J.~, 1-71, C-'1 

• • I •• 

Ice, •·1' 
l111SH, 1-159, 1-IAn 

1111u, >••• l•l7, £-IS 
l11p1n,ulll1 

N,rfe,, l•J, l•ll, 3-49, 1-46, 1-47, 1-115, 1-117 1,,.,. 1-7 3-44, 4-116 
Mtn-1111 l ... also Aspttalt; c-t: r._.,,.,,,.,. 3-48 

l11p1N 1 OIII 
... ,,.1.,, 1-sn. •-22 
sons, l-JZ 1-75, l'-7 

111tntrat1011 isH tho ~nu,-nt of 1nf11t,..t1on) , 
1-~. 1•7, l•lll, 1·11, 2-5, 4-5, 4-11, 4-11 thr-u 
1-16, 1°l8, 1-20, 4-22, 4-25, 1-26, 1-28 thr-u 
1-31, •• ,,. 1-37, 4-40, 4-73, 4-87, 4-123, 4-141, 
S-!I, £-IS 

capacity, 4-16, 4-21, 1-25 ttt,11 4-31 
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lnforw1t10II IOlll"CH, J-1 thr-u J-19 
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1 .. , J.l, J-17, 1-lffJ 
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.. ter1eh; C..er •urtals; Drtt- .. tert,h; r11ter 
... urteh; r.,._1,r .. urt1h; "',.,._. ~te"<t, 
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IIN141-t of l•flltreu .. , '-ll 
IIKll,11 I Cl I 

1,..l71h, >-2, l-9, 1-JZ, >-1', l-17, l-1', [-111 
dlerect.trhtlcs, l-71, l-74 
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,e1,..,.1c -iwa11n; s,...,,.. u,ii.lt ....,111n: • 
S1"tlletlc IIIIIDrlllft), 1-1, )-J4, 3-47, M9, 3--SZ, 
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3-44, 3-47, 3°62 thrv 3•65, 3·611, 3•7', 3•75, 4-IJ, 
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pll (SH ~11 pH) 
, ..... s of COflr COIIHn,c:tlOII (Ml Cover COMtnictlon) 
Pllo,pllorou1, 4•1112 thn, 4-IOS 
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thru F-11 

,ne,s11res, 1·1, 1-2, 1·11, 2·1, 4-13, C·l 
• ethods, 1-2, 1-3 
systea, 1-2, :!•5 

Ae,,olded s;,lls, 3-5, 3-31, E•Zl 
Aestrvt 1c1dl ty, 4•102 
Resldu1l 

Nterhls, 3°66, 3-67, 3-69, 4-59 
soils, 3-4, E-?3 

~eso11rc, Conservation and Recovery Act (RCRA), 1-1, 
I-~. 4-105 

Rnerse-slvpe benches, 4-142, 4-144 ~..,----
Reynolds nianber, 3·32 
Rlpr1p, 4-135, 4-136, 4-147, 4-148, 4•152, 4•155 thru 

4-157, E-23, H-2, H-13 thn, H-25, H-20, H-31, H-34 
thru H-37 

Rist assess,nent, 1-4 
Ro•ds (see •lso Hlghwoy), 3-39, 3•40, 3•73, 4-23, 4-59, 

•-1311, 4-152, 5-2, 5-3, 5-11, 6-2 
Rock, 3-4, :,.34, 3-67, 3-68, 3-72, 4-5, ._20, 4-57, 

1-59, 4-75, 4-911, 4-137, 1-144, 4-145, 4-155, .. 156, 
5-14, 5-16, H-2, H-20, H-23, H-31 

Rollers (see Rubber-tired rollers; Sheft)Sfoot rollers; 
Ylbrotory rollers) 

Roof, 1•7, 1-8, 3·1, 3-29, 4-2, 4-4, 4-5, 4-13, 4-19, 8·1 
Root, 3-51, 4-2, 4-4, ._9, 4-29, 4•39, 4-73, 4-97, 4-99, 

•-100, 4-102, •-:OJ, 4-116 thru '"1111, 4-140, '"145 
zone, 4-9, 4-3~, 4.19, E-23 

Aou~hnen coeff1c1ent, H•l thru H-3, H-12 thru H-14, H-36 
Rubber (see also Butyl rubber), l-34, 3-52, 3-54, '"'-'• 

E-23 
-tired rollers, 3-40, 4-61, S-16, 5-17, 5-23, 5-25, 

6-5 
Runoff, 1-8 t~N 1-10, 4-14 thru 4-18, 4-20 thru 4-26, 
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Runoff (Cont), 4-31, 4•35 thrv 4-37, 4•40 thrv 4-43, 
4•73, 4-M, 4-117, 4-106, 4-120, 4•1311, 4-140 thru 
4-142, 4-144, 4-144, 4-1'7, 4-149, 4-1~?.. 4-15), 
4.159, 5.z. 11-Z, [-24, M-9, 11-10, H-30, H-33, H-36 

coefficient \IN 1ho R1tlon11 ""thod1 SCS curve 
n1111btr •thod), 4•17 thru 4-20, 4-35, 4°36 

n1oc1ty, 4•154, M-5 
Rut for111tton, 4-137, 5-5 

• -s •• 

Safety fie tor, M-22 thrv H-24 
s111111, shes, 6-11, 6·11, 6-12 
S.,11119 (IN 1ho So11 Sllll)llnqj, 5•22, 6-11, 6•11, ~-I?., 

l•l, C-15 
Sllld, 1•6, 3-4, 3°8 thru 3-15, 3°18, 3°27, l-28, 3-H, 

3-40, 3-41, 3-44, 3-45, 3-47, 3-64, 3-611, 3-~9. 4-4, 
4-10, 4-H, 4-30, 4-39, 4°49, 4°51, 4-54, 4-55, 4-57, 
4°63, 4•72, 4-75, 4.77 thrv 4°79, 4-1111, 4-119, 4-98, 
4-102, 4-104, 4-126, 4-135, 4-154, ~-14, 5-17, 5.30, 
8-2, s-1nt 8-12 thru 8-14, C-3, c.ql E-24, H-17, H-31 

S1tur1ttd f ow, 3-31, 4-13, 4-25, 4-311 
Stturatlflll (IN 1ho lltgrH of 11turatlon; Zone of 

uturetlon), 3.7, 3•25, 3-33, 3.37, 3•42 
Sc1rlflc1tlon, 4-76, 4-123, 4-14S, 4-153, 5-5, 5-16, 5-23 

thru 5-25, [-24 
Scour, 4-147, M-25, H-26, H-37 

INDEX 

Scr1pe" (Ht 1lso 8u11drzers), 5•7, 5-9, 5-11, S-12, 5-24, 
C-6 

SCS (Ht 1lso U, S, lleptrt.nt of Agriculture, Sotl 
Conser,1tlon Servi ct) 

cur-,t n1111btr 111tthod, 4-20, 4-24, 4-37 
St1hnt, 3.311, 3.47, 4-76 
St• (stt also r,e-br1n1 H• lntegrt ty tests) 

f11lure, 3-61 
tutt"'I dtvlcts, 5-27 

St•lng (set 1lso Fttld seMlng of 9e<111enbr1nes), 3-49, 
3-52, 3-53, 3-55, 4-113, 4-114 

Stdl,..nts (set 1lso Botto. sedh11nts), 1-3, 3-4, 3-31, 
4-l?n, 4-138, 4-145, H-33 

Sttd, 4•116 thru 4-119, 4-121, thru 4-126, 4-1211, 4-130, 
4•131, 4•133, 4•136, 4-137, 4•144, A-A, C-11, C-13, 
£•24, E-25 

source of, 4-106, 4-118 
Sttdlng (Ht 11so Hydrosttdlng), 3-73, 4-120 thru 4-123, 

4-iM, 4-131 
Stf9'9', ~-30, 3-41, 3.47., 4-82, 4-135, 6-4, E-25 

velocity, 3-30, 3-31, 4-12 
Stlf-h11l1n9 1ctlon of bentonllt layers ( SH Bentonlte 

layer) 
Sens 1tlvt clay, 3.3 
Stper1tlon, 3·71 thru 3-73, 3-~
Stttl-nt of soils ( set So1T-stft1'ement) 
Sht1r strength, 3•26, 3-41, 4-62 
Shttpsfoot rolltn, 3-22, 3.40, 4-61, 4-72, 4-127, _5-6, 

5°14, 5-16, 5-17, 5-23, 6-5, C-6, C-13 
0 Sh1nglt0 construction, 1-8, 4-84 
Sllovtl, power (set Po,,er shonl) 
Shrink-swell behavior of soils, 3-17, 3-36, 3-37 
Shr:nk191 lt• lt, 3-17, 3-19, 3-21, E-2S, r,.35 
Shrubs, 4-94, 4-105, 4-106, 4-116, 4-117, 4-120, 4-121 , 

4-123, 4•131, 4-137, E-25 
Sien 

1n11r,1s, 3-15, 6-13, r.-23 
nuaber, 3-16, 3•18, 4-54 thru 4-56, 4-119 

S ll lc1 tt • Intra ls, 3·2 
Silt (stt 1lso lnOnJlnlc silt; 0nJantc silt), 3-4, 3-11 

thru 3•14, 3•111, 3•34, 3-40, 3-41, 3-47, 3-67., 3-67, 
3-69, 4-54, 4-55, 4-57, 4-63, 4-67, 4-98, 4-102, 
4-127, 4•154, 4-159, 8-2, E-25 

9r1ln, 3-3 -
Sitt (stt 1lso Controlltd waste sites; future site use; 

Hazardous wtslt sites, landfill; '1unlclpa1 waste 
d1spos1l sites; Superfund; Uncontrolled 11ute sites; 
Vutt dlspos1l sites; Waste s1tes) 1 1-1, •1-4, 1-6, 
1•7, 2·2, 2·3, 2-5, 2-7, 3-U, 3-5z, 3-55, 3-62, 
3-63, 3-66, 3·69, 4-1, 4-2, 4-5, 4-13 thn.i 4-16, 

1-8 

Stt1 (Cont), 4•21, 4-11, 4-33, 4-37, 4-46, 4-56, 4-70, 
4-~?, 4-?7, 4.99 thn, 4-101 4-10~, 4-IM, 4• 11" thru 
4-1?.0, 4-122, 4-12~. 4-135, 4•137, 4-1311, 4-141, 
4-146, 4-147, s-1, 5.z, S-4, S-6, S-22, S-27, 6•14, 
8·1, 8-2, 8-10, C-1, C-4 

usth1tlcs, 1-4, 1-5, 4-99, 4•101, 4-139 
ch1r,ct1rtutton, 2·1, 4-5, 4-6, 4-116, 4•120, 6·2, 

6-3 
cl11rlng (stt Clt1rtn9 Ind grubbing) 
closurt, S-1, 5•6 
d1tl, 2·1, 2·6, 2-7, 4-17 
uploratton, 1•11, 2-7, 4-5 
hydrogeology (SH Hydrogtoloqy) 
lnvtsttoatlons (Ht 1lso Sr,ectftc site tnvt1tt91-

ttons), 2·1, 2·2, 2-7, ~I 
llyout, 5.3 
1111n1q1r, 1\- I, 6-2 
precontourtng, 5-?., 5-4 
prtparatlon, 2-7, 5-1, 5•2, 5-7, 5-24, 6-2 
recllmatlon, 1-4, 1-5 
security, 5•2 
topcgraphy ( SH Topogr,phy) 

5119, 3-67 thn.i 3-69, 4-59, 4.135, 4-138 
Slopt (see also Anglt of rtpose; Pt~ slo~ drains). 

1-7, 1-8, 3-21\, 3-42, 3-49, 3-51, 3-61, 3-66, 4-15, 
4-17, 4-25, 4-31, 4-32, 4-34, 4-37, 4-39, 4-40, 4-42, 
4-57, 4-71, 4-71, ~-76, 4-80, 4-83, 4-84, 4-90, 4-93, 
4-95, 4-97, 4-116, 4-117, 4-121 thru 4-128, 4•130, 
4-132, '·134 thn.i 4-1311, 4-140 thn.i 4-147, 4-149, 
4-152, 4-153, 4-159, 5-2, 5-4, 5-20, 5-23, 5-25, 
5-27, 6-3, 6-11, B-2, B-3, B-ln thru 8-13, 8-1~, 
8-16, H•l, H-5, H-9, H-10, H•l3, H•l4, H-17, H-19 
thru H-22, H-24, H-27, H-28, H-30 thru H-36, E-25 

fatlurt, 1•5, 1-7, 3-1, 3-26, 5•21 
Influence on reve91tltlon, 4-12• 
protect ton, 3-64 
s tlbt11ty ( see also Rtvtrst•s 1 ope btnches), 3-26, 3-42, 

-1-4, 4-143, 4- :44, 5-2, 6-" 
SI u,,,ptng, 1•5, 1-7, 3-1, 3-69 
51,trry, 4-122, 4-12R, 4-129, 4-133, 6-4 

trtnch, 2-6, 8-2, B-7 thn.i B-9, C-1, C-3 thrv C-5, C-9 
will, 1-3, B-2, B-3, ~-6, C-3, C-12, C-13 

Smectttt, 3-36, 3-37, E·2" 
Snow, 1-Q, 1-10, 4-15, 4-16, 4-26, 4-32, 4-42, 4-43, 

4-73, 4-99 
Snowf1ll, 1-9, 1-10 
Snownelt, )-26·, 4-15, 4-16, 4-25 
Sod tu,,, bentonttt, 3.47, 4-74, 4-75 
Soll (see 1lso Alluvhl sotls; hnended sotls; Coarse

gratned sotls; Cohestonless sotls; Cohesive soils; 
Con:pacted sotls; 01spers1vt soils; [xpansht sotls; 
FIM-9r1tnfd sotls; Frost-susctpttble sotls; G1p-
9radfd soils; Ghchl sotls; Granullr sotls; l111per
vlous sotls; Pltneral sotls; "odtfled sotls; 0rg1otc 
soils; Pervlous sol:s; Poo•ly 9r1ded soils; Reonolded 
sotls; Residual sotls; Stlbtllzed soils; Tr1nsported 
sotls; IJnsaturattd sotls; Well-graded soils), 1-4, 
I-~. 1-7, 1-10, 1-11, 2-1 thru 2-3, 3-1 thrv 3-5, 3-7 
thru 3-9, 3-11, 3-12, 3-16, 3·18 thru 3•27, 3-29 thru 
3-32, 3.34 thru 3-41, 3•43 thru 3-49, 3·62, 3-63, 3-65 
thru 3-69, 3-72, 4-2, 4-5, 4-?, 4-10, 4•12, 4•19 thru 
4-27., 4-26, 4-30 thru 4-3?., 4-34, 4-311, 4-41, 4-45, 
4-46, 4-4R, 4-52 , 4.53, 4-56 thru 4-62, 4-64, 4-67, 
4- 70, 4-73 thru •· 711, 4-84, 4-94, 4-98, 4-100 thn.i 
4-1 05 , 4-109 thru 4-115, 4-121 thru 4-128, •-130 thru 
4-131\, 4-140, 4-141, 4-144, 4-147, 4-153, 4-159, 4-160, 
5-6, 5-14, 5•21, 5-24, 6-4, 6-5, 6-8, B-2, B-5, B-10, 
B-17. thru B-15, C-3, E-26, H-1), H-17, H-31 

additives, 3-1, 3-39, 3-4~ thru 3-48, 4-62, 4-64, 4-74 
1nalys is , 3-38 
beh1Ytor (see 1lso Shrink-swell behavior of soils), 

3-5, 3-P., 3-19, 3-42 
blending, 3-39, 3-48 
bortng, 2-3 
cement, 3.4;, 3-~2, )-55, 3-56, 3-62 thru 3-g5, 4-64, 

4-66 , 4-611, 4- 70 , 4-73, 4-77, 4-78, 4-139, 4-140, 
4-147, 5-15, 5-21, 5-23, [-26 

.,1,tng ind phceroent, 5-21, 5-22 

.. ,___ 
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Soll (Co"t) 
clustfle1tl1111 (stt 1lso AASHTn soil cl1utrtc1tto"; 

Atrlcultur•l soil chutflcltlon; ll"tfltd ~11 
clu1Hle1tl011 S.)'1t .. ), l-1, 3.z. 3.11, l-9, l-19, 
3.39, 3-43, 3-46, 3-64, 4-11, 4.zz, 4.30, 4-6-1, 
4•65 

CWl10II, 4°63, [.7 
col-, 4•8, 4.9, 4-1.2, 4-24t 4-29 
c-,ectlOII, 3-21 thru 3-24, .-27, 3-36, J-40, 3-51, 

3-63, 3•611, 4-42, 4-57, 4.59 thru 4•61, 4°14, 4-7~, 
4•153, 5-15, S-17, 5-24, S-25, 6°5 thru 6-8, 6-13, 
C-3, C·6 

CIIIPD"lftts, 3•2, 3•3 
ca.pc,11tlon (Stt "-ch1"lc1I conposttto" of sotl) 
caapr11s1b111ty, 3-27, 3-40, 3-41, 3-43, f-11 
Cons,,.,1tlon s,,.,1c, rvroff cu,.,, """°'r ( su SCS 

CU,.,. "..,,., Ollthod) 
C01t1ht111Cy, 3-21, [ 0 11, r;.1, r.-36, r;.311, r,.39, fi-41 
COMD11d4itlOII (SN •ho Consolidation ttSts; Ont-

dl .. M lon,1 con,o\ ld1tl011 ttsts), 3-26, 3.17 
contaf"1tf011, 1-4, 3-52 
dltl, 4.37 thru 4-39, 4°41, 4•42 
dtflnltlon1, 3-2 
dens I ty, 3-8, 3-21, 4-62 
t119l11ttrlng propertltS (stt Soll propertttS) 
uplor1tlon, 2-7 
facto", 3-2 
9r1 tn, 3-2, 3-21, 3-22 
9n,up (sH 1\so Hydrologlc soil group), 3-41, 3-42, 

3-45, 4-41 
l•p,,-,lbll 1ty, 3-25, 3-38, 3-44, 3-411 
layer, 4-12, •-ts, 4-211, 4-37, 4.39 thru 4-42, 4-74, 

4-105, 5-4, 6--6 
ups, 2-3 
NSS, 3.5 thn, 3-7, 3-27, 4-68, 4-159, ~-9 ~-II 
•c~nlcs, :;.s. 3-6, 3-29, E-26 
•l"tr1l091, 3-2 
aohlllrt, 4-8 thru 4-10, 4-12 thru 4-14, 4-21, 4-28, 

4°29, 4-32 thru .,.Jll, 4-42, 4-4l, 4-116, 4-126, 
4•129, 4-IJ2 

origin, 3-4 
partlclu, 3-7., 3-), 3-21, 3-27, 3-79, 4-12, 4-~1 thru 

4-53, 4-53, 4.97, 4-100, 4-132, 4-136 
pH, 3-38, 4-63, 4-99, 4°101, 4-102, 4-104 thru 4-106, 

4-109 thru 4-115, E-21 
DOrtS, 3-27., 3•29, 3°l2, 3•44 
pn,fllt (sN also Artlffcl1I soil profllt), 2-3, 2-7, 

4-26, 4-29, 4-41, 4-42, 4-116, E-?6 
pn,p,rtlu (set 1lso Atter11trg ll•lts; Cndltton; 

Pt1?1t1hl11ty; Soll density), 3-1, 3-2, 3-5, l-6, 3-21, 
3-38, 3-39, 3-41, 3-43, 4-102 

rtlnforc-nt (su Rtlnforc-nt) 
s11111lt, 3-5, 3-6, 3.35 
s•pllMI, 4-1311 
sctenu, 3-9, 4-12, E-26 
series, 2·3 
settl-nt, 3·21, 3-27. 3-35, 3-47, 4-94, 4-144, ~,145, 

4-153, 6-4 
SptC '"'", 3-6l 3-23 
stlbllutlon stt 1\so 81~" end ticks for so11 

sUb1\lut1on; 81t.-:nous st1btllut1on of soils ; 
c-nt sublllutlon of soils; Ch..,tul st1b11 1-
ut1on of soils; L111t-butd so11 >t1hlllutlon), 
3-39, 3-44, 3-46, 3-47, 3-68, 4.57 thru 4-59, ~-62 , 
4-64, 4-611, 4-123, 4-124, 4-1211, 5-22, E-27 

strtngth, 3-25, 3-26, 3.39 
StNClurt, 3-29, [•27 
suction, 3-39, 4-10, 4-13, E-27 su,.,,,,, 2-3, 3-9 
tt,.s, J-4 
tnts (Ht also C0111p1ctlon ttsts; Consol1dlt1on tuts ; 

Crvob t,st; HydrOOllttr 1n1lysh; Mod1f1td Proctor Ust; 
Ont-dl .. nslontl consulld1tlon tests; Ptn•ub111ty 
tnts; Pinhole tr.:t for dfsp,"IYt soils; Proctor 
c-,ectfon tut; Sltn 1n11.)'11s; ~t1nd1rd penetration 
tnt; Stlnd1rd Proctor t,st; Unco"flntd c0111prtn1on 
tuts), J-12, J-\6, 3.17, 3-38, 3.:,9, 3-44, 4-101, 
4-103, 4-105, 4-1311 

wttr (Stt Soll aohblrt) 

1-9 

Sol,r redl1tl0ft, 4-)4, 4-)8, 4-119 
Soltds, J-5 thru J-11, 3.1q, •·12, 4-118 
Solvents ( Stt 1lso 0rg•ntc 1oh1nt1), l-53 thru 3-57, 

•-83, •-1n, 9.4 
S~ctrtc 

9r1,1ty, 3·8, 1•17, 3·21, 3•22, l-67, l-74, 4-IJ., 4-U, 
6-D, r.-1, C-21, G-1?, C-43, H-15, H-23 

stt, 1nust191tlon1, 2-1 
surhct, l-?., £-27 

Spr1yNI esph•lt .....,,r1nt1, l-48, 3-49, l·SI 
Stlbll1ty (set 1lso Ch.,.1c,t stlblllty; CoYlr U1blllty; 

"tch1ntc1l 1Ub111ty; Slope stability), 1•5, 1·9, 3•1, 
3·21, l-l'), 3•411, 3-611, 3. 75, 4.4, 4-51, 4•52, 4.59, 
4-8), 4-131, 4-\48, 4•155, H-9 t~ru H-11, H-36 

St1btll11t111n of soils (nt Soll st1blllutlon) 
SUbllhtd so1ls (IH 1lso Plod1fltd so1l1), 3-1, 3-68, 

4-64 
St•nd,rd 

ptnttrltlon test, J-8 
Proctor ttst, 1-16, )·23, 3-24, 3•)7, l•6J, 4-61, 4-U, 

4-74, 4-76, 4-IJS, 4-153, 5.17, 6°13, t-2, C-42 
Stitt 

coord1nltt s,st.,., 2-? 
91ol09tc1l "'"''>"• 2-3 
h1qhw,y dtp,rtownts, 7-3, 2-7 

Stud:, stilt, 1-11, 3·31, 3-32 
Stokes' L•"• 3-16 
Stont (su also Crushtd stont; Crnel; llprep; ~oc•l, 

4-57, 4-121, 4-123, 4•127, 4-1311, 4-139, 4-149, 4-155, 
4-156, 4•158, 8•14, H-2, H-14, H-15, H-19 thru H-21, 
H-23, H-27, H-211, H-35, H-37 

Sto~. 2-6, 4-16, 4-111, 4•21', 4-25, 4•ll, 4-38, 4-87, 
4-139, 4-147., 4-147, 4-152, C-11, H-35 

dlt1, '·6 
dr•ln1, 4-IU 

Stre .. , •-124 t~ru 4•128, 4-130, ••ll2, 4-134, 4-155, 5-23 
Strongth of ... ttrhls (SN 1lso Coaprtssht strtngth; 

Shtlr strtnqth; So11 strtnqth; Ttns1lt Strtngth; 
llnconf1ntd c0111prtssl•t strtngth), 3-26 

Stress (SH 1110 Tensllt stress), l-49, 3-53, 4-70, 
4-10/i, 4-117, 4-1111, 5-30, 5-31, [-27 

s tn In ch1recttrlstlc1, 3-39 
Stn,cture (sN also 0tnrs1on strvctures; Outltt 

structures; Soll structures) 
of • co,er syste,o, 4-2, 4-3 

Subqr1dts, l-15, 3-40, 3-61, 4-54, 4-59, 4-63, 4-63, 5-17, 
E-28 . 

Subl ll'llt1on, 1-10 
Suhs1donct, 1-8, 3-27, 3-47, 4-5, 4-7, 4-57, 4-511, 4-71, 

4-72, 4-113, 4-94, 4-124, 4-14~. 5-21, B-1, E-211 
Subsurhct 

dr11n190, 3-66, 3-69, 4-87, 4°90, 4-94, 4-97 
drelns, 1-l, 4-92, 4.Q4, 4-96 
Wlttr, 4-11, 4-160, 11-2 

Su1tlb111ty of soils for st1b1llut1on/aodlflc1t1on 
(Stt Soil st1blllut1on) 

Suptrf1cl•l 'tf'tl!t"lty, l-30, 4-12 
Superfund, 1-1, 1-4, 1-6, 1-11, 2-7, l-55, 4-70, 4-100, 

S•I, 5-2, C-1. C-2, F-1, F-3 
Surflct (SN 1lso Cround surflct; l'hrt1tlc surface; 

Spec If le surhct) 
dre1n•q•, 7. - l, Z-4, J-6~, 4-16, 5-2, 6-3, 1-6 
lo,poundootnts, 1-~. 1-7, 6-4, C-1, C-12, C-15, [ 0 28 
llytr, 4-3, 4-4, 4-97 thn, 4-99, 4-lOS, 4.139 
roughntss , 3-29, 4- 37 
sul, 1-2, 1-3, 4-77, C-3 thru C-5, C-9, C-10, C-14 
... ur, l -4, 4-7, 4-11, 4-28, 4-29, 4-31, 4-73, 4-100, 

4-143, 4-144, 4-152, 5-4, 5-14, S-!0, 1-ll, C-4, 
E-28 

cont.,.1net1on, 1-4, 1·6 
controls, 1-2, 1·3 
Nn19-nt/ 4-87, 4-140, 4-141 

pro9r111 SIN'), 4-4, 4-8, 4-141 thru 4-143, 4°146, 
4-147, 4-159 . 5-2. 5-4 

Suntys, so11 (St~ So11 survtys) 
s ... 1., ( 10 also dt facto ,..t,,...y), 4-134, 4-144, 

4-146, 4°149, 4-152 thru 4-155, 8-2 
SWP1P (stt ~urf1ct ,..ttr .. n19flllnt progr•l 
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S1he1t.r h,u.-.vs ... ,u ,tu, 4--97, l•I thrv •-~. -.1 
thrv l•t, t-Z 

s.,..11, "-1 th"' n., 
SJ11thettc ... ,.MS, 3-51, >-n, 4--1&, 4-41, s-z, ... ,. 

M, r..t, 1-1n 

• • T • • 

Tar, )•48 llll'V 3-SO, [.z, 
Tt1t1tle 

1tret19tll, 3-16, J-49, J-SI, 3-S&, J-7Z, J-7&, &-S7, 
&-Ill, &-M, 6-1&, [•lt 

, tren, 4-- 71, ,. n, 4--lll 
THt "" aho COIIPICtlOII tfflll C-011.S.tlOII ltsts; 

Coltstl'VCtlOII ttstl; c~ ttst; 11Hl911 tfftl; r
hr- w• ll1t,.rtt1 tfftH llodtfl-4 ,roctor ttst; 
llllhlll~tt1 lt1t1; 0...-dl-lOl!tl C0111oltdttlo,i 
tttts; ,.,..,1111tt1 tnts; ,twit tnt for dhpor• 
,.,. soth; ,roctor COIIPICtlOII tt1t; 1111,1tt1 CDlltrol 
ttsts; Soll tt1ts; SlMdlnl 11t11ttr1tl011 tHt; SUit-
4'N ,roctor lt1t; U.COllflllfllll c..,..slOII tffts) 

IKt IOII, 4--60, &.fl 
The,..I cllfldl,cthtt1, 3-29 
Tllel'IIOlll1ttlcs, l-SZ, [.lf 
Toe dr,tM, 4.97, 4--911 
Tt111, dr1t11 (soe nr1l11 tllH) 
TDPD9r11111tc .. '"• z.z, z.7 
TDPD9r1plly, I•&, Z•I, Z•l, Z-4, 4--7, &-ZD, '-''1, 4-IZI, 

&-141, 4-l&l, 4-14', 4--150, 1-1., 1-IZ 
Tnatctt,, 3-611, 4--U, &-119, £-Jn 
Trtde-ofh 111 co,,.r dtsl"'• 1-t, 4--Z6, ••ll 
Traffic PllUl"'IIS, &-ll7, s-4 
Trafflcabll ltJ J-Z6, 3-4Z 
Tr11t1plratl1111 {1H also b1potr...,,tr1tlD11), 1·9, 1·10, •-1•. •-n, ,.1z, ,.311, ,-az 
Transported solh, 3-&, £-JO 
TrHS, •-n, '-'"· •-1os, '-'107, •-1111, •-111, •-1zn, 

&-IZI, &-113, 4-ll7, 4--145, 4--153, s-z,, £~)11 
Tre,ich ''" also Alldlor tre,,c;h; ,,,..,-1. tre<Kh; 

Sl1rry trffldl), , .... 4--S7, 4--91, 114, ~19, ~-zo, 
S-JZ, c-s. C-7, C-9, c-10, c-11, C-ll 

T"IICller, S-19 
Twr1lult11t flow, 3-31, 3-32, £·30, H-30 

• - u - -

I.Jftconfl !Md ,_..,.,°" usts, &-68, !;.36 t11nt i;.33, '-'0 
coa. ,"flsh• st~tll, '""· WI, l-)0 

I IIO(J 

II. S, (f.Ollt) 
llep,rlJWllt of -'4rlcul tu,.. (C011t) 

Soll (~Ollt) 
c_.,..,atlDII Sontct (SCSI ''" also scs c•n• 

lllollber .. ,-"-), l•S, 3.:14, 4-ZO, 4-Zl, 4--75, 
4•1 Ill thrv 4•110 

Fll'llr-t,I ,rouctlOII ~1 (£,A), l•I, 1-6, Z-6, 
J.17, 6-Z, ~I, r.5 th1'11 F-7, ,.,, J•I, J•Z 

C.Ol09tc,I S.nt1 (I/SGS), 2-Z u,...., Z-4, l•31, J•I, 
J-1, J-4 

rort1t Sonlct, z.s, •-11,, 4-123 
lltatl,.r S.nlct, 4•32 

UMablratH 
flow, l-31, 3•37, '-'IJ, 4-Zs, c-30 
pt1Nallll lt1, 3.33 
soils, l•ll 

I/SIii (lH 11 . s. lurelol of ltel-tlOII) 
IIS(S (,,.. UIIHIH Soll ClautftcatlDII S,st .. ) 
USDA (sot 11 . S. l>el)ari-t of Afrlcwl tu") 
IISCS (IN U. S. '"l09tcal s.,,..,.7) 

.. ' . -
YK11-bo1 ltM tNttr, S-17, S-11, 6-U, '95' 
YNOW ,_, t-8, ,.9, (-31 
Yapen, 1-4, 1•9, 1-1n, )-SO, 3-S), 3-55, >-5', ,.,., 

4-&4, 4-0, l•)I 
Ye<tor, I -4, 1-S, 3-41 
, ... t,tlOA (soe also htalh'-"l of we,-UCIOII), 1-,. 

1-1, 1-1, 7-S, J.J, 3-7, 3-311, )·'1, ••I, 4-2, •·•• 
'•ICI, •-1,. •-IS, •-zo tit .... •-21. 4-26, 4.z, U,n, 
'-31, •-l4. 4-,)11 u, ..... ,.ao. ,.,2. ~. 4-74, .. ,, 
tltru 4-,1n1, '-lllS, •·11', 4--111, 4--111, 4--124, 4-IJ2, 
&-134 tltn, &-1'1, ,.1,~. '-1'41, 4--15', S-ll, S-Z&, 
I-In, H-2, ~. K-9, K-10, H-IS 

dtU, 2-S. 4•100 
fw:>etl-, 4-100 
.. tAUf'IIICt, 4-IZ0, 4-13', 4--137 

YtttUtt,,. 
co.tr, •-7, 4--2n, •-21, 4--25, •·26, '-'JO, 4--31, 4--39, 

4-100, 4-109, 4-117 tllrv 4--121, 4--124, 4--lll, 4-1)2, 
•-137, 4-1«. K-11, K-10 

~"• 3-66, ,.,. •-1•. '-2', •-n 
1',-r, 4-&, &-IS, 4-40, 4-43, 4--SI, 4-M t11rv 4--17, 

4.99 °'"' 4--1111, •-1os, 4--106, 4--141, s-s ..... 
Ytloctt, (soe •ho c11,-1 ,,.1oc1t7; flow qloctt1; 

l11ftltratlDft .. loctty; l'eNIHlble fflocltr; ,_,, 
wtloclty; SNsil,- ,,.1octt1; S.,perltcltl ,.. oclty; 
Yol-trlc flow rate), 3-26, 3-)0, 3-31, l-37, 4--tll, 
•-92, •-9l, 4-97. t-147 tltn, 4•1'9, K-J, 16-S tllnl N-7, 
11-9, 11-1n, K-12, 11-u, 11-26 t1trv 11-lt, K-ll, "-3', "-37 

llflcD11trolled .. ,u stm, 1-1, l•Z, 1-,. 1-7, 3-27, 
3-SZ, &-I, 4-44, 4-57, 4:'511 4-IM, &-1&6, 6-1 t11n1 
~-l, '-6, • IZ, 6-1&, l-,, f•I, r.1n 

llfldtstrablt plant IPKlt1, 4--106, 4-11•, [.:,n 

Ytbr1tory rol ltrs, &-61, S-IS, S-25, 6-S, 1-Z 
Yhcostty, l-29, 3-••• 4-13 

-~old, 3.z. 3-5, 3-6, 3.50, 4-8, 4--12, 4-58, 4-76, Ml, 
£-31 

Unified Soll ClustftcatlOII S,sw. (USCS), 3-11 Uw·., · 
3.14, 3-19, 3-U, 3-341, 3-)9 tllru 3-41, 3-'4, 3-66, 
,.11, 4-41, 6-3, '-S 

llntfo,.tt1 cHfflclftlt (soe toefftclftlt of Uftlfo,.tt1) 
llfllt wl')ht, 3-7, 3-21, W3, 4-M, 6-13, ~I. r .. u 

thru !;.It 
,,. s . .. ,., 

Corps of £1191"""• l-5, 3-lfl, 3•17, 3-3S 
llaur.-71 hptrl""'t SUtlOII, 3.39 

&ure111 of Rt<l-tton (IISH), 2-2 u, ..... 2-' , 2-7, 3-ln, 
3-17, 3-23, 3-2S, 3-35, 3-39, 3-43, 4-61, 4-63, J-1, 
J-7 

0.,&rtlltnt of Alirtcwl ture (IISDA), l-3, z-s, 3-11 th..., 
3-ln, 3-12 thru 3•14, 4-41, J-1, J-1 

A9rlc11ltural Stabtllutt1111 1"4 COftlenatlOII 
S.nlct (ASCS), 2·-' 

Soll 
clu11ftcatl011 ( tt1wr1l I 1,st- (soe Afrlcul blral 

1011 clu1tftcatl011) 

1-1n 

ratio, l-S tltrv 3-8, )-21, 3-&3, (.)I 
Yol-trtc fie. rat,, J.z, u,,,. 3-3Z, 4-17 
hlcenlut lo-,, 3-53, (.JJ 

• • II • • 

llastt (,tt aho IIC'Oe9r~lt .. ,u; Ltould .. ,u), 1-6, 
1-8. •··· 2-6 , 3-1, 3-17, 3-29, 3-38, 3-«, 3-411, 
l-SS, 3- 6', 3-69, •-2 t""' •-s. 4-7, 4.13 t11rw •-ts. 
,_,, tllnl ._,z. •-••· ,.sa, ,.10, '-'"• '-'101, '-'1112. 
t-116, •-117, 6-&, 1-2, 1-10, C-3, C-10 

chtncttrhtlcs, Z-1, Z-6 
dhpoul, 3-SZ, 3-61, •-s2. &-ll 

\ltH (soe also "'°11tctp,I •su 411hpoul sltH), 
1-1. 1·11, , .. s ... ,. 

d-itt ''" Wnu ptlt1) 
.. urtah, 3-66 

-------. 
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.... ,. (Ctllt) ,,1 .. , t••· 1•7, >-t?, •·"· .. 117 
1ltt1 (IN 1h1 Ctlllro11'4 ••tt sllttl H1t1nlov1 

Nllt 1ttt11 LIM trot-.il factll\lttl L11'4ft1h 
lwrftct 1_,.,11a111tt1 llllc111trol 1t4 Witt 1tttt1 
lltlll ., ,,..,1 1tt1t1 lltltl rn"l L .... ,.,, 4-f, •••J M7( .... , .. ,on, '-10 , 4• 01, 4•11' thru 
4•1 l, 4 , Jl, 4-1J7, 4-140, M 

lllllr I•• 1111 ... 11.1, wtt,, llrHllltlOM1 .. ,.,, 
llrt11M wettr1 ,1111l•Hat1,111, wtt,1 Swll111rf1ct 
•ttr1 Surl1ct wttr) l-7 tin l-11, t•J, J-1 thru 
>•~1 >-I tllrv >-1, >-it, >-It, J•U, J•H, M7, >•n, J.,o, ), JI, >-17, >-M, J-« 1 , • ., tllrv J-44, 
,.az, , • .,, >•ff, ,.,,, .. ,, .... 1 •·• '""' •-10 1 •-u 
tlu,1 ••14, ••1', ••17, ._,,, ••tt, 4•tfl, ••zt, ••JI 
lllnl ._,, 4•Ht 4•Jt Ml tlwv 4-4J, 4•46, 4•48, 
4.11, •-d, •• ,,, .. a. ~. 4 .... •-ml •-1,, ,.,,, 
.... ! .. 17, .. 111, 4.,0, .. t7, ..... 4•1fl, 4-111), 
.. 11,, 4•121, 4•Ut, 4•1H, ••lZI, 4.1)(), 4.131! 
4.u, lift 4-UI, 4-lU, 4-l~! 4-lH tllrv 4•14', 
••1'4, 4•11•, ._IAO, 1-14, ~lft, S•ZI, S•U, I••• 
1•7, 1-111 C-J :.1 C-11 H-U H-U 

I IIDCI 

Nl111Ct1 4-l1 4.£. 4.{4, ._,,, .. {11, ••J4 tllru 4-H, 
4-4JI ,.,4, 4.141 

tM1)'1 , (Ht 1111 Ceapwttrtit4 wttr•llal1nct 111tllod1 
....... , Wltf'•lla1111Ct •t!INI, 4-ZZ, ••JI, 4-)5 

COlllllll (Mt 1111 llthtalrt COllllllt), 1•11, 3-6, 3•7, 
J-17, J•lt lift >•H, J-66, J-67, 4-t, 4-ln, 4-ti, 
4-60 lllrw ._62 4-76, '-II ~24, 6-S thru 6-7, 
A•U, l•J'l '-{, '-J tin t.-t, '911 tllr,i G-12, '9)1, 
11-41 tin a-50 

CllltMIMtl0111 1-' 
t"°'IOII (Mt ll'OSIOII) 
lltrllft, 1•11 
,...,,,, ..... 4-27 t11nt 4-2t, 4-160 
i.lt (IN •h• ,.re~ wttr ttlllt), 1•3, 1-1n, •-7 

lift 4-t 1 4-U, 4-Ui '461_ 4-160, S-t, E•32 
lltlt"lltff, 4•15 tllni 4• I, 4-lU, ·•21 

- --- -~ 

llllt"to,ti , .. , 
lllltn.1,s '" •h• dt f1cto wt1rw1), l•J, 4•11', 

4•142, 4•144{ 4-14' thrv 4°148, H-1, K-4, M, 11-t , ,._Ill 
lltllner (lff • st Ctl• well"4r), l•S, >•~, 4•1t1, 

••124, 4.14z, 4-lst, s-•• •-s 
11t1tlltrl119, l•I, 1-t, >·SO, l•U; 4•7>,_4-75, H-H 
llttdl, 4•119, 4-125, 4°130, 4•1J , 4•1J11 l•Jt 
lltldlflf (IH •h• htrvtlOfl wldlllfl Heu .. ,.,,.,,. >-M 
lltll•tr~ stilt, J-4, J•U, >•II, J•6t 
lltltt119 -

1114 dr1t119 1 >•'2, J-64, J-65, 4•3', 4-64, 4•'7, 4-411, 
.. ,,. 4.77, •-111 

frOflt, J.JI, ••t9 
•11tck" tfftct, ••IOS 
Wlltl, polr.t, 4-10, 4-11, 4•11, 4•J9, 4°42 
111114, ·6, 1·8, J-56, 4•7J, 4-100, 4-121, 4•1H, 4•1JII, 

S•Z7, ~JO, S•JI 
u I facto, t11 1upot,1111plratl0fl, ••Jt 
cowl, S-JII, S-JZ 
trot I Oft, 1-s, J•4Z, •·•• •-101 , ••106, 4•109 tllrv 

4-11~, 4•12J, 4•13Z 
llood fibers, •-u•. •-us, 4-IZ7 thru 4-IJl, ••Ill 

• • I • • 

l • rlJ dtffrtCtlOfl, J.39 

•• z •• 

Ztro et, ,01d1, J-22 thru 3.z,, E-J2 
z- (stt 1ho C1ptlltr1 ,_; "°°' ,_1 YMoSt ,_) 

of 
11,1t10fl, •-e, ,.,, •-tz, •-u 
HlwrttlOfl, 1-1n, 4-8, •·•• •·12, 4•1J 

-
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APPENDU J 

INFORMATION SOURCES 

The purpose of thfs appendf• fs to lfst c1rtafn sources of fnfo,...tfon 
th~t uy be useful to the cover desfgner. The followfng types of fnfo,...tton 
source 1r1 presented: 

Tx2e of Infon11tion Source ~ 
EPA Regions J-2 
U. S. Geological Survey J-3 
National Clfutfc Center J-7 
U. S. Bureau of Reclaaatfon J-7 
USDA State Conservation Offfca, J-8 
National Technical Info,...tfon Center J-10 
United States Goverrwent Manual J-10 
State Geological Surveys J-11 
State Agencies responsible for J-13 

Hazardous Waste Hitters 
Hazardous Waste Services Directory J-16 
lnfonnation Sources/Types Pertinent J-17 

to HWS Investigations 
..-. -- ~ 

J-1 
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EPA REGIONS 

H. MIX. 

X vaoN 

1~:;:i· ,·~ c:fl,.,.., 
PUii • 

HAWAa IICO 
U.S. UA Region 1 
Solid w-. Program 
John F. Kennectr Bldg. 
loecon.MA02203 
117-223-8883 

U.S. UA Region 2 U.S. EPA. A~ion 5 U.S. EPA. A~ion 8 ...... -loid w-. Sec:tt0n Solid WN1e Program Solid Waste Sectlon 
2,,...,.,,,.. 230 South Oeert>orn St. 999 18th StrNt. Suite 1300 
New Yon. NY 10007 Chavc,, 1Leoeo4 One Oenwr Place 
212·2M--0&04 312-888-7435 Oenve,C080202 

?03-514• 1882 

U.S. UA. Regt0n 3 U.S. EPA. A~ I U.S. EPA. A~k>n 9 
UAdW-.Progrem Solid WNte Section Solid Wnte Program 
841 C"-tnut St. 1201 Elm St. 215 Fremont St. 
~,A111oe Dan.., TX 75270 San Franciac:o, CA 94105 
215-117-1131 214-787-2645 415-974-7480 

U.S. UA Region 4 U.S. EPA Region 7 U.S. EPA R~k>n 10 
Solid Wr.-.e ,rogrem SCMid Waste s.ction Solid Wat• Program 
341 Courtland St., N.E. 728 Mlnneeota Ave. 1200 Ith Ave. 
Manta. GA 3038& KanNs City, MO 88101 SeenJe. WA 98101 
404-111 -301 I 11 l-374-e529 ~2-2808 

J-2 
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U, S1 Gtolog1cal Surv,x (USGS) 

Sf net 1879, the USGS hH colltcted, analyzed, and publhhed detatled 
fnfor111tfon about the Natfon'• • fneral, land, and water re1,urc11. Coapfled 
fnfor111t1on ft 1vafllbl1 fn a vtrftty of •ap, book, Ind other foraat,. An 
annually updated •Guide to Obtafnfng lnfor111tfon froa the USGS • Cfrcular 777• 
gfvts I COllplttt lf stf ng of ,ourcts ""•rt USGS product, NY be obtained, and 
ft 1v1fl1blt froa tht followfng 1ourc11: 

latllfft DlllrtbullCWI ltMCfl u.,. a.otooleal lumy 
1200 louftl hell lltNI 
Atllngton, VA 22202 

(703) &67-2711 
l'TI 657-2711 

Ttxt Product• lectlon 
IHttfft Dlttrlbutlon Brandl 
U.S. OtoloOI~ 
904 Soutll Pickett SlrNt 
Ai.xandrla, VA ~ 

(703) 7116-1141 
l'TI 751:f141 

Public lnqulrlH Olllce 
U.S. OeoloOlcal Sur,ey 
101 Skyline Bulk1tno 
50I Wffl Second AYen!a 
Anchorage, AK 9"01 c_ -

C901>2n-05n 
l'TS a-eo1-2n-05n 

Publtc lnQulrlH Olflca - -
U.S. Geolo9lcal Survey 
7931 ,ecseraJ ,Sullotno 
300 NOttll Loi Ano1tff Sl'Ht 
Lot Angetea. CA 110012 

1213) eaa-2aso 
l'TS 791-2aso 

P'ubllC lnqulrlll Office 
U.S. 'leotogtcal Survey 
lulk1tng 3, Room 122 
Mall Stop 33 
345 Mld0lelleld Road 
Menlo Patti. CA 94025 

(41&1 W-,111 ext. 2111 
l'TI 417-2111 

J-3 

lllubllO lftQu6ttM Offloe 
U.I. 0UIOIJ6(11 lww, 
ICMCutlofflHouM 
&aelatte,ylttNt 
1M ,rancflCO, CA 9'111 

('1,t&!l-5627 
l'TI &51-5627 

ll'ubllo inquwlff Oflloe 
U.1. a.otooleal lutY9y 
tit ,edet., lullOlng 
1111 IIOU1 Street 
o.n....,COI0294 

Q031'37•41N n,m~•• 

PubllC lnquiflff Oflloe 
U.S. G~leal lutY9y 
1028 a.n.,a, s.mc.. Adm6nlattatlCWI 

lulldlng 
11111 and , StrNtl. KW. 
Waalllngton, OC 20244 

, ::il2> 343-4073 
l'TS 3-43-1073 

Public lnQU1rt.1 Ofllee 
U.S. GeoloOIC&I ~ 
1-C-45 , edetal lulldiftO 
1100 Comme,ca SttMC 
Oa1111. TX 7'242 

(21') 787-<1111 
l"TS 729-0191 

Publlc lnqvtnff Offlee 
U.S.GeoloOIC:alSut...-, 
1105 Fedet8' lullOlng 
125 Soutll State ltteet 
Salt LaM Cky, UT 14131 

(801) '2'-5652 
l'TS511-0la2 
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~~Office 
u.a. Qu:a1 car..,.., 
lmNallOflalCentef 
llloofllt.c-G 
tZ210t hMN Y....., o,..,. 
"-toft.YA220l2 

(703tNCMt17 
'11t2t-ftt7 

,uot:clnQuittesOffa 
U.S. OeoN,olcal Sun,e,y 
171U.S.CouttHOUM 
W"I t20 ~ A"9f1Ue 
iclouM, WA N20t 

C501t.--m. 
l'TS.-.m. 

Don LM Ki,tow ~.., L,c,,a,y 
EAOS Data c.,i,., 
leou• ,.,, .. 50 ,11 • .. ,.. .. ,,. 
na 714-111, 

uo,.xy 
U.S.~~ .. ..,,,oo" 
)'~ Moddlefietd Ao.cl ....S 
Meftlo,.,._CA9'02' 

"'!It m_.,,, •••· uo1 l'TS '67-2207 

uo,_,., 
u.a. a.oioo,ca1 htMy .. ~,---c.c. 
MaM ICootH 
Oe,t..,,COIOm 

i303tn.-4tll 
ns~,23 
,,,... eoor .. , : 

0e,t.., WNI Office ll'attl, it,,ldlng l 
1S21C06elou?eY8'd 
OOIOM. COl0401 

L,,o,a,y 
U.S. Qeo!oo,ca, Sun-ey 
2255 Hottfl o.,,w,. o,,.,. 
,iacsaa11. AZ aeoo1 

ceo2J Tn-3311 •••. 131G 
ns 2t1-1JN 

uerer, 
U.3. O.OCOOiu1 Su,.,.., 
950 National c.n,., 
Aooffl 4-A-100 
12201 ~II Valley ()me 
Aeslon. YA 22092 

17'0311110.-71 
l'TS92a-M7t 

The USGS W.ter Res~rcH o;vi,lon hH dhtr1ct offices 1n each sute. 
"9fch MY supply 1nforNtfon on hydrogeolog1c 1tudfts conducted 1n the arH 
of .WS. The fol lowing 1 ht conuf n1 addresses 1nd telephone nuabers for the 
Sute D11trfct Offices. 
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,ederll lulldl~ , .o. lo• 501N 150 Cauaeway IUHI I ! 
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C303!2'4·9092 lndlanapoht, IN •92$4 
rn 234-SOl2 702 Post Ofllee Bvtl0"'9 

(317) 927-16'0 SI. Paul, MN 55101 

~ 
,rs 336-16'0 (112) 725-7141 
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FTS7&2-2300 
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,1,aua111,.11t,Aw ....... 
....._,WIU70I ---JAIi n1212-2• 

National Cliaatic Center 

., .... 
, .o. loll 1125 
""" J. C. O'~ ,.,.,., Cent« 
2120~AW 
~.W'fl2Cm 

CJ01') 771-2220 ..... 2153 
'11321-2153 

The addreu of the National Cliut1c Center h: 

National C11Mt1c Center 
Federal Buildfng 
Asheville, 'NC 28801 

(704) 258-2850, ext. 683 
FTS 672-0683 

U. S. Bureau of Recl .. tion 

Draw f ng1 c1 ted 1 n US8R pub 11 c.at-1ons aay be obta f Md froa the f o 11 ov1 ng 
off fee: 

Bureau of Reclaatton 
ATTN: 0-235 
P.O. Box 25007 
Denver, CO 80225 
(303) 234-3022 
FTS 234-3022 
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STATE CONSERVATION OFFICES, U. S. OEPAATHENT OF AGRICULTURE 
(SOURCE: SISK, 1981) 

AUIMl\,Mvf'tl >11>0 ~, ... , .... ,.,,.. 
lll Sevtft G.1 ,,,.., 
, .o. 11 m 
,._.: IM•OJI ('TS, 

ffl-1Zl•I070 (OIJ.) 

~SU. AIICIIM ... ttl04 
hlt.t ut, ,,..,,.,,_, 11 ... -- -
UZl I ... ,.U..NI l.lfllU ltN. , 
,,_.: to7•Z71-4Zt6 c,u 6 CMi.) 

AIIZOM, ,,_.,, .. ISOZ1 
UO •· ht..,_ ,ooe , ... ,.., ..,,,.,,.. ,._.l 601•Z61•6711 ,,,, l CMI.) 

MIM1AS, Lillia lecl 7Z:Ol 
, .. ,.,, l1tll•l11t, ._ W2t 
700 Wet\ ( .. l\el SlrNI 
,.o. le• ZJZJ 
,,_.: 710-~•~ CHS) 

Mll•J71•~1S (C>ll) 

CALlrOblA. Dewit 9S616 
1tZI Cftll•t • ..., 
,,.,._: t16•7!11•ZZDO ••t . 110 

(HS 6 Oil) 

COlOUOO, 0.-.r IOZ17 
Zl,O V. Z6tft Aw
,.0 . ... 17107 
,,_.: )Z7•1Z,, (rTS! 

>OJ•ll7•427S (Oil) 

alllllfCTIM, Sterr, °'269 ...,..,..,. ,,.e, .. , ·-· ,.,.. 
.... U «A 
,,..,_: z«-~111~"'8 CfTS) 

20J•IZt-tl6lltl61 (P') 

D(UM,11(, o...r 1?101 
,,......, ,_,.,, S..IIA 1•4 
t latl ~••-~ Str••I 
,,._.: .. 7·SII• (JTS) 

101•'1• 07~ (O!I.) 

rLOIIOA, ~h•Hwl Ile lZ60Z ,...,.., ....... ... 
, .o .... 1zoe 
,,...: '46•)171 ••t. 100 ,,,s, 

904• J17·17lZ CO!\.) 

Cloal.lA, ~ >060) ,..,.., ._., ..... 
JH(. -...Ceca,.,,_ 
,.o .... Ill 
,._..: ISO-Z27S (rTS) 

IOl•~ZZ74 (Oil) 

... ,, ...... , .... Ml$O 
>00 Ala ,__ llwt. 
.... 01' 
•.O.INMICM 111 
,-,.: IOl-"6-J1H ('TS 6 (°') 

IIIAICI, IIIM 1>701 
J04 lllerl.A llll St,...l, ._ JO ,-,.: U•· 1601 (ITS) 

ZOl•llt•1'01 ••I 1601 (Oil) 

IU.IIIOU, CMaNl911 61.IZO 
, .. ral hlldlflt 
100 v. Cllwcft hNtl ,.o .... ,,. 
,,_.: 9M-U7l (rTS) 

ll7•JM-J711 (Oil) 

IIIOIMI, IMIIMNI It 4'114 
AOI- S-re-Wetl hit.a U00 
WIO Cr-,eretwllle leM 
,..,._: >JMSIS (ITS) 

Jl7•Z.,• J711 (Oil) 

IOWA, O.t flltlt11t IOJOt ,,, , ... ,.., ... ,, ..... 
110 v,111111 s,,..., 
,,,.,._: IIS•l61•41'0 (rTS 6 OIL) 

IIAIISAS, S1IIA1 67401 
760 ~UI Ir....., ,.o. IN 600 
,,_.: 7U•l7SJ CHS) 

tU·IZS.HJS (Oil) 

llNfUCIIY , L••l"9l0" 40SOI 
J)) Val ler ..,,_ 
,,,.,,.: l~Z71t (HS) 

606-Zll•Z74t ••t Z7•9 (Oil) 

LOUISIAIIA, Alealftdrle n>OI 
J7J7 C..1"-l StrNl 
, .o . ... 16>0 
,-,..: •tJ·UII eat Zll (JTS) 

JJ.1-....-JCZl (Oil) 

llllll(, OrOftl 0447J 
USDA a..11,1,.. 
U,,lw•rtlty ef NalN 
,-..: lll•7ltJ (rTS) 

Z07· .... ZW/ZllJ (Oil) 

NUTL»::), C.11~ ,arl Z07t0 
._ !>ZZ, .-.r1.w10 h•l••11t 
OZl Nart .. ica 1..-
,,,.,._: J01•l44·'1IO (ITS l Oil) 

MS~(TTS. -".....reiJf"'•· 
1t Cat~ Strfft 
,,,.,,.: •u·~t-06so ens , Oil>' 

IIIClllc:.M, latt L""'"' -..Zl 
1~ Mitt.A NanlMNI-.., 
.... ,01 
,_: >7•••z•z ens, 

~17·l7Z·ltl0 ta\ 24Z (Oil) 

lllllll(SOTA, S\. ,..,1 SSlOl 
zoo ,._,.., 1109 ., u. s. c~ 
J1' -.rtll ._rt \t,.._t 
,._.: ,u-,n"n7' ens, Oil> 

IIISSISSl"I • .UClllft 3'ZOS 
1111 ... ,. .... ·••11t . ._ ~,o 
110 S...lll l-r 5t,.._1, 
, .o. 1u ,10 
,..,..: •••>1s ens, 

601•9H·lll0 (Oil) 

111SSCUII, CallOIIOII &szgl 
US v_..1,..,- Of-h,t 
,._.: zn•>1•s ,,,s, 

ll4•'4Z•U7l ta\ ll~ (Oil) 

J-8 

fDITMot, Ila- H71' 
,.-,,1 lwlltlllf 
,.o .... t70 
,-..1 SM-ou ens, 

to6-M1•U7l e•\ OU (011.) 

.IIASI.A, LlflCtlll M10I 
,,_,.,I hlldlfll 
II.S.~, .... )41 
,._.: 111-uoo ens, 

IOZ•471•1JOI (CJ!t) 

......... '"°' 
U. S. ,_,1. Offlct lldf. ,._ JOI 
, .o . ... 4tSO 
,,._.: 470•Sl04 e•TS) 

702•714-UCM Oil) 

ll(V IWIPSl!llt. Dwrtlta om, 
, ... ,.., hll,llllf 
,._.: 1JC•OSOS ens, 

60J- .... 7SII (Oil) 

ll(V J(IS(Y, S-rMI Oll1J 
1)70 Kaallto,, Street ,.o. le• Zlt 
,_: JIZ· H• 1 

Z01·1' .. ~ eat 10 (Oil) 

ll(V ~IICO, ,1._,._ 17l0J 
Sl7 c;.i, .a.,_, SIi 
, .o .... 1007 
,,.,..: •7••Zl7J (rTS) 

~, ... un <O'.l.> 
-.v YOb, ~IClltt 1JZ60 

U. S. C-U-H 6 , ... rel lleit. 
100 S. CIIAc..ft Street, llecA 771 
,_: '50-5'9' (HS) 

Jl!t-•Z>-SCtJ (Oil) 

IOITN CA.IO\.IIIA, a,lelfll Z7'11 
no ...., .. "' ..... ,_., ,, .. 
._ S.W , .o. IN 17>07 
,,,....: 17Z•IZ10 ('TS) 

n,-.n~•us <°"-> 
O TN DMOTA, lh~ll !>ISOl 

,_ral IIOIJ. • ... Mr he 6 3" SL 
, .o .... 1•~ 
,,,.,..: m-un cnn 

701 • ZS!t-lOll •at ,n ( '"-) 
ONIO, Cal....,. Ulll 

ZOO ... Nlf'I SI, .... W 
,,,.,..: to••Mz cnn u,-..,.,m <011.> 

OUNOII. S\111,..tn- 7407' 
Afrl~1tlt"" hlltl"t 
,,,. INd 6 1~1..,, Strwl 
,,_.: 1:.-060 ,ns, 

COS-6Zt•O60 (Oil) 

OllCOII, ,w\l_,. tnot 
,.-,.,1 Office hlldl"t 
U:O ~ lnl ..,_ 
,_: •n-nn ens, 

!IOJ•ZZl•Znl (C'll) 
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STATE CONSERVATION OFFICES (continued) 

NIMY\YMIIA, lllffflW1 17\11 
,• -r.111,..,c-u-M IN•,...,., _....sutt• ,._.1 Ht-no, '"n 

n7•7al•MtJ (OIL) 

Mffl IICI, .... ley 00111 
,...-.1 Office 11 ... ._W 
11111 : GN IN ... 
MITO IICO, iM .-.., OOl)I 
..... I ..,..7\J-4IOI 

- ISU. , "--1 "-"'IO oat> 
.. 0-0-.r ~ 
,._., t01•ut-uoo ens,• 

IOUTII ~IM, C.1..-1• ffl10 
NO S'-rl ... 0,1.,. 
,._.: 677•Mll ('TS) 

11>-761-Mal (Oil) 

IOUTII DMOTA, ....,_ SJHO 
••-r•I II.. ZOO 4UI SI, SW ,.o. k • lH7 
,..,_: 7U•UlJ (HS) 

~JU•l6U (0..) 

TtMllSUt, """"'Ille J7ZOJ 
,nu.s. ~ 
,..,_: nz."71 ("S) 

,a-,•t-"71 (Oil) 

TtW, T-,le 7M01 
V.I. ,.... f •-r•I lvll•l"I 
101 S. fltl• SI. ,.o. lu Ml 
,._.: 7»-lll4 (fTS) 

117•77)•1711 •• , JJl (0..) 

vr•. S.I\ L.- C111 .. UI 
4011 f.-,.al II .. • m S. Suu SL. 
,.__: Sle-SOSO (HS) 

•1-u•-~1 co..> 
VIIIGd, e-11..,. ~l 

l hrll-,t• s.•n. S..IU ffl 
,._.: W•'7'4 (ffS) 

aa--.Z•MOl e• l 6261 (0..) 

YJCl•IA, llctiaeN ZJ%40 
,• -ral 11 .... .._ tZOl 
400 a. 1\11 SVN\ • ,.o. lu 1001' 
..... : tn-107 (flS) 

... 711•14\7 (OIL) 

IM.SNIIIGTCII, ~ '9101 
)61 U.S. C_v,,uw 
V, tzO 11 .. rtlde "
,_: 4:t9-l7ll -<fTS) 

'°""'*>711 (OIL) 

wtST VIICl•IA. Na,....l_ 2'~ n .,,. Sl,..l . ,.n . ... ,.,~ 
,.._: Nl•llSl ('TS) 

»t·~,,_71U (Oil) 

Vls::-\11. :tH,1"" Sl7ll 
tHl "-rtl.-, .... 
,.._: )6.1•\nl 1HS) 

Mt-N·Sl\l (Oil) 

"""1•.~ UIOl 
, •-r1l Off lc. 11.,, ,.o . ... Z440 
,._.: llt-UOl (JTS) 
l07•lff•IMO 1•1 JU7 (0..J 

UP!!JW H!YICI cunm 
!!1M1I 

~. Ll11eel11 IMOI 
f•-r1I 11 ... . U. S. ~. la >H 
,._.: '41•Sl4t (fTS) 

401·471•\)61 (Oil) 

~ 
~ . ,w,1.- 97109 

Ill •.v. I~ 
,-...: 4l>•m• ,,Ts> 

M>·ZZ1·11Z4 (Pll) 

IIOITM(AST 
PIJaSYLVMIA, "'-11 ltOOI 

1974 S.,,-1 .... 
"-: ~-~7U ('TS) 

Zl!l--~9'-~710 (OIL) 

12!!!!! 
TtXAS, fl . Wort.II 7611S 

,,. WorUI , ... ,,, Ca11ter 
, .o . ... 6~7 
,_: 117·JJ4·!>4~ ('1S 6 01l) 

(M10CU,At( ~ IT$ 
(lie\ lec:at.<t 1\ TSC) 

Mn\.NIO , UMM 10711 

10000 --~· .... ,,,....: l01·•l6·17~ ('1S 6 OIL) 

f00TIIOTU 

fTS • f.-rel Tel•c-tc,l lOftt ~i.-...., 
Oil • C-rc 11 l ,..__r 

• • C,l h t.• Aftdl• r19• • Alu"-' ••• ... : 

c • C, I It te --.rll •rt ..... !!a 
ulll"' ,u ....... n>-lwv-

• • C.lh ta Mrte llu tfT ..-: 

~-.-,.,.._, o.c.1 
'91 t-471•6610 
,,_ Vetlllllf\e'I , D. C. 
• •n-Mn 
Tlllt It ecuu ta _..rttff 
.-r•ter•t.Mfl ,1 ... -r 
... lrN 

• • C.lh Le Well V.rviel ~ 
ul 11119 'TS ,,_1N11C• 
la-1000 

t • w• PlllftMI, D.C., u l h t .• 
AIHU , "-II,• "'• l't• 
llu ... ns UHrt '4,lcs• 

I • fw air«\ •1111"9 ,,.. 
W..lll"tt.•11, D. C. (lty1lUwtll• 
I IIC I-) l.• Aaflert l ,,,. 
,,..,1-•• ,1,1 Acee,, Co4• 
•·, • •N• COCS. • -,liCI ~t' 
1111.H ter Sut.• C.,,1• r,1\l •-1t11 

nw.. ,rs M.,, ••. Va1hl"9toft , 
)n-01'4 bel- 7: >0 • • 6:00 pa ,ST 

T1'reu9fl r ; ; ,,,,.11191.411 • • , • • , 
(huol ._.,,.1nquw, , O. C. ) 
t67· 1ZZ1 _,, Se,t\ lt , rs c l• lff 

rlw-euql\ JTS s... fr...cl,co. c,1 1, . 
!1!>4• 0ZZO '>el- 7: 00 M • 
J:00 pa ,ST 

Tl\rev,,,, I i> - •'· '"4~"''• ,l, .: . f 
(( • Cff\ W.tl\ I "CllOII, D. C. \ 
M7·1ZZ1 - S. I , fTS cto,..i 
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Tht National Technical lnfonaation Service (NTIS} 

Govtr,,..nt r,,,arch and dtvtlopmtnt reports art filed ptnun,ntly fn 
• fcroficht fof'II at the NTIS, an agency of tht U. S. Otpart.Mnt of COMtrce. 
All such docU1Hnt1 art ptnaanantly avaflablt for salt. ln general, an ordered 
report fs reproduced froa tht •icrof1cht, and its appearance is 11•flar to 
that of black-and-~itt photocopied •attr1a1. In the c111 of 1o•e recently 
f11ued reports, the purch111r ~ay rect1ve an original printed copy, with 
colors 11 applicable, or1g1nal photoprfnts, etc. The price of a report fs 
b111d on ft1 length and c011prfse1 a base charge plus an uount depending on 
the nUllber of pages. 

DocU1Nnt1 ordertd fro• NTIS must be ordered ty tht1r NTIS docU1111nt 
nUllber. A typical docuatnt nUllber would be P881·16636S. The report hQvfng 
this NTIS docuaent nUllber would have entered tht NTIS collection in 1981, and 
would the 166365th sequential entry during that y•~r. If the NTIS document 
nUllbtr 11 not known, ft •ust be obtained fro~ the NTIS library. 

Addr1s1 and phone nUlllber1 of NTIS art as follows: 

U. S. Oepartaent of Commerce 
National Jechnical Inforn1at1on Service 
5285 Port Royal Road 
Springfield, VA 22161 

(703) 487-4600 (General lnforn1ation) 
(703) 487-4650 (New Orders for Documents and Reports) 
(703) 487-4780 (Library) 

The United ~tates Governaent Manual 

The USGH fs the official handbook of the Federal GovernllM:!nt and provides 
c011prehensive inforaation on the agencies or the legislative, judicial, and 
executive branches. Revised annually, it 1s so 1 d by the Superi_nhndent of 
OocU11ents, Goverrwent Printing Office. ~ 

Aaong the wide-ranging infonaation in the USGH are descriptive sumaaries, 
addnr:.ses, telephone niabers, and listings of key personnel of vario11s 
agencies. It also describes the Standard Federal Regions . 
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- 1980 DIRECTORY 

ASSOCIATION OF AMERICAN STATE GEOLOGISTS 
(SOURCE: SISK, 1981) 

~~ (205)349-2852 
'thoma1 J, Joiner 
Ceol, Survey of Alabau 
P, 0, Drawer 0 
Univ1r1ity, Al. 35486 

~ (907)279-1433 
loas C, Schaff 
Div. of Ceolocy and 
C1ophy1ical Survey• 

3001 Porcupine Drive 
Anchor111, AX 99501 

,\l\tZONA (602)626-2733 
Larry D. F1llov1 

0-. lur11u of CeolOBY and 
Mineral T1chnolo1y 

C1olo1ical Survey Braoch 
845 N, Park Ave. 

. Tuc• on, >.:J. 8571? 

ARU.~SAS (501)371-1488 
ion:an F, Williai:19 
uk&111a1 Ceol. Coici11io0 
Vardelle P4rhui Ceol. Center 
3815 II, loosevelt load 
Little lock, Ai 72204 

CALIFOltNtA (916)445-1923 
""" Jam•• F, Davia 

Div, of Min••, Ceoloay 
• Calif. Dept . of Con,ervation 
. 1416 9th St. , loom l31,l 

Sacra~•nto, CA 95Bl4 

COtO!t>.DO (~39-7.611 
John 11. Jto'iT'-
Colorado Caological Survey 

c,-..-1313 Sh11n:ian St., loom 715 
Denver, CO 80203 

co~~,crtetrr c203)566-3540 
lluao F. th011&1 
Coan. Ceol. , Natural 
Bbtory Survey 

State Office Bldg,, R~01:i 553 
16S Capitol Ava. 
Hartford, CT 06115 

Dtt.A~>JU: (302)738-2833 
llobert a.. Jordan 
Delavara C1olc1ical Survay 
Uoiv1r1ity o! Delaware 
llevarll, Dt l9711 

FLORIDA (90~)488-41~1 
Ch1rl11 W, Hendry, Jr, 
Bureau of Ceol~CY 
903 II. T1nn11111 St:, 
Tallaha11ee, n 3ZJ04 

~.A (404)656-371-\ · 
Williu Mcl.aore 
Ceol. , Water loso11rc:1i. Div, 
Dept. of :Caturlll 1tn1mu1·ce1 
19 Dr, Martin Luthr.r King, 
Jr. Drive, ·s.u. 

Atlanta, ~A 30334 

IU\IAII (BOS)5~8-7~JJ 
~ T. Chuck 
Div, of W4t1r & Lllu,t !Jcvvlo1,, 
Dopt. of Land & lfnt11cu.l. ii.le. 
P. o. Box 373 
Honolulu, HI 96809 

IDAHO (208)885-67A~ 
Maynard K. Killer 
Idaho Bur. of Mion~ & ecol. 
r.oacow:, ID 838~3 

ILLI:IO!S (217) 33'3-S!ll 
Jack A, Simon 
Illinoi1 State C:.ol. Survey 
121 Natural R•aourca1 Rlds, 
Urbana, IL 61801 

I:mr A~~ (812) 337-,.A62 
John l!. Patten 
Dept, of NAtural Rmrc,ur.cr.s 
Indiana C•oloaicAl !ioi::vc-. ., 
611 North Waluu1,; Cr.u'"' 
Bloomin1ton, I~ 47401 

~ (319)338-ll7J 
Stanley C. ·crant 
Iova Ceolo&iC3l St1n-..,, 
123 N. Capitol 
10111 City, IA 52247. 

JC.A.~SAS (913)864-3965 
Willi~ ll. l!.acblcton 
State Ceol. Survey of JC,,..au 
~ymond C. Moore 1:Ldl · 
lqlO Ave. A, Cam?u• WeDt 
La\lt1nc1, r.s 66044 

J-11 

r.l:~-:t'cr.T (60u)622•l270 
Donald C, Haney 
JC.cutuckf Ceolo1ic&l. Sur.v,y 
Univ1r1ity oC Kantucky 
311 llreckinridJ• Hall 
Lexin;toa, Xl 4050(, 

~ISI,\!fA (504)342-6754 . 
Charlu c. c,oat 
J.ouiailllA C10J.01ic:il. Su1-.c·y 
~or. G, Uaiv. Station 
Baton itoui•, J..\ 70893 

Y,Arr.E (20/)289-2!01 
\lalter ADdernoa 
MAino C,,olor,~lll. SurTe.y 
Sl:atu Officc Uld&,, to,~., 2JJ. 
Aut"J• en, ME (11,330 

li>.~'.,":O (30J.)2J:.-077l 
lcrmeth-M. Wc• v•r 
H11r.yl3nd Geological Sun<'y 
Kerry,un !foll 
John• Hopkin• Univ1r1ity 
ll11lti:10re, MJ1 21218 

Y.>.SSACHTIStnS (617)727-4793 
JOH?rl i\."5£nnott 
Dept. of lnvironecnt&l. 
Oual!ty r.n1ina1rio& 

Liiv. of W111.:ar.v.cy• - kDO'.l !,l2 
100 ~uh•la St. 
lw>oton, MA 07.114 

l'.JCRtC,\": (Sl'l) 373-1!5u 
Ar.~. s1~uJht1r 
~l1c!l1i;au Dept. of ~at11.u1l kc.. 
Ccolo&ical Survey Divi.i:ion 
l'. O. Box 30028 
l.anainc, t!I 40909 

M.Imr::501'~ (Gl2)37~-3372 
Ka~ton 
tlinnc•otA Ceolosictl Survoy 
1G33 Eustis Streat 
St. Paul, li:I 551CS 

MISSISSIPPI (601)354-6228 
\lillua ll. ~oon 
~•• Caol., Econ.,, 
'ropo. ~urTey 

'1. o. Sox ,n.s 
Jac:,eoa. as 39216 

-- ~ ---_-

·~ 
:~ 
,:,.3 · 

:'!-~ 
· ·t ~ 

= 
-~ 

1 
·i: . 
:-r_ 

.,, 



0 

,;,,. 

! 
. l 

f ( 
!~ 

,!.:. 
~ ;~ .;,;. 
:i1 i •; 
' : .,. 
·""· r;·~ 

; 'j 
,':iJ, 
;-:3; 
:·,ff ,_-pt 
Ji ; 
~ 
t 

- ------- -

mucuu cno ,, •• 11,2 , . _ porn, oAXot,\ 001, 111-22,1 
VaHace I, Hove ·::.1.t• C, Cullard 

--_ DiY, of Caol, 6 1.aa4 Su1"'iif -- rort!I Dakota C,ol, Surr11 
f, 0, lo• 2SO Uai••r1it7 Station 
loll•• HO 65401 ·· craoJ Foru. lrD 58202 

fflih!h (406)792-8321 
1d Croff 

Kone, lur, of Kiclu • C:.ol, 
Montana Col!111 of ,Ua1ral 

lcilDCI and T1c:hoolo11 
lutt•• Ht '9701 

:r?3JµSXA (402)472•l471 
Vinc1nc R, Dr1111u 
Con11n1cion 6 Survey Div, 
Cniv1r1ity of ff1braalu 
Lincola. NI 61501 

:nv A:>:\ (702) 784-6691 
John Schillina 
:Cevada Bur, of Mi:>u • 
Ceolo1y 

Ooiver1ity of :fevada 
leno, lfV 89557 

,t~ KA.~SHtil! (603)862•1216 
Clena w. Stavart 
O!!ic• of Stata Ceolo1i1c 
JamH Hall 
Coiv, of Nev Raapahira 
Durhaa, Jnl 03824 

!ff:~ J?llSEY (609)292•2576 
ll:~le Widmar 
Jav Jar111 Bureau of 
C1olo11, Topo1raphy 

P.O. Box 1390 
TreatC'G, ?CJ 08625 

!?"J X!XICO (505)835-5420 
Fran,£, .:Ottloveki 
Jev Me:dc:o lur, of Miau 

• Mineral a.awrcee 
:lev Mexico Tech 
Socorro, lr.i 87801 

)rl!I YO!Ut C,19)474-5816 
loo4rc ij, rakundiny 
Jr., Turk State Caol, Sur-117 
Scace Education Buildin1 
Albany, iot l2:J4 

~r.,7'.i C>.llct:::>. (919) 7J]•38JJ 
>tJ,neo C, Conrad 
~'!':!\ Carolina Dapt, o! :fat • . 

· ..__., 6 CQ-..::un1:y Develop. 
P. O. ?ox 27687 
~1.1,~. :cc 27611 

o~tO (614)466-5344 
llorac:• l, Collion 
Ohio DiY, of C1ol, Suivoy 
Fountain S~uare, lldr,. n 
Colubu1, 011 43224 

OlµH~.A (405)325-3031 
Charle• J, Mankin 
Oklaholla Ceolo11cAl ~uney 
130 Vao Vleet Oval, Ci., 1G3 
lloraaA, O'.C 73019 

OUCOM (50J)22?•55AO 
DoGill A., Hull 
•~ace Dept, of CeolorJ, 
M.1neral Iodu1triaA 

1069 St3te Of!ic• a,~~-
1400 !W Fi!th Avenu~ 
Porcland, oa 97201 

,r.msnv.i..~tA (717)7C7-21G? 
Arthur A, Socolov 
nur. of Topo, , G~ol, Survey 
Dept, of tnvfr~ lclklllft'U 
,. o. Box 2357 
Haniabur1, PA 17120 

P~TO ~ICO (509)722•3142 
Director 
Servicio Ceolo1ico do, l, I, 
Depc. de lccur10• iAcu~alac 
Apartado 5887, 7uerca de 
TierrA 

S.an JU&A, n 00906 

~oot tsu.-:n 
Jobert L, lic..".aacar 
1J1oc. Scace C..olo~i»c for 

Mariaa Attain 
Cud. School of OuJUX'~..CI\Olrf 
xu;aLoo, II 02851 

SOt'TB CA."Ot!:(A (80J)7!13-G431 
:.or-JD v.. Ollo:i 
Sc~th Carolina Ceol. Surny 
Stat• Developaeot Soard 
Ha:~!soa forest Ro•d 
eo111e:ia, ~c z9210 

SO~ ~AXOTA (605)624-4471 
Duncan J. :tcCreior 
S.D. Stace Ceol. Survey 
Science Ce:itar 
Univ. of s~ut~ DakocA 
Ver:,illion, SD 57069 

J-12 

n;,,tsstt (615)741-2726 
lobert t, Hershey 
D•pt. ef Cooaertation 
Dideloo of Caolo11 o-, Stace Office lldg, 
lubYille, t:C 37219 

~ c,12,•11-1,34 
W, I.. Fisher 
Dureau of Zconoaie1 Caolo11 
U..1ver1lt7 Statioa, Box l 
luetiJI, n 78712 

UTI.~ (801)511-GDJl 
Dwld T, Kc.'fillna 
Otah C.01, 6 MJ»cr.al SurYe7 
GO, 81"~ Ravk WAy 
Salt Lak4, City, OT 14108 

yp.~<r.n' (102)628-3357 
Cllarlea A. l.attCl 
/.gecu:y oC Eaviror....,,ul 

ConHrv11tion 
5 Courc :;u .. t 
Hoatpolicr, 9T 05C.02 

VTltCt,rA (D04)zq3.5121 
iouerc c. Milici 
Vir&iJlia Div, of lfinaral l.l'.o, 
t", o. lox 3667 
Charlotceavilla, VA 2!903 

~A!rnI~CTcr.f (206)7,3-6143 
Vauatm t. Livinpt..on, Jr, 
nctpc, of XacurAl l.eaourc• a 
Cc:ol,, Eartb leaourc•• Div, 
Ol)"lllpia, VA 915C4 

WSf !JtCpr0 (304)2t2•6lll 
i.:oborc I, Z:rviA 
1'. V,a, C.ol, • tcoa. S•CTI:Y 
r. 0, Box 879 
Horg-cv..rn, W 26.50.5 

~tsr.o:ist, (6oe):62-11os 
Meredicb·,., OatrCtD 
Iliac. C.01.. , 1.-r....:al 
Biacor, Survey 

1815 Univcr1ic7 Ave, 
K&diaoo, III 5)70(, 

VT~~C (307)742-2054 
D&niel i. Miller, Jr. 
llyoaia1 Caolos1c~l S<lrtey 
lox 3001, Univ, St~tic,o 
lAr:snie, IJ'f 12071 

---...... 
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nz -· y_ a a Sb& m: a. 

Stat, Agtncftt Re1pon1fblt for Hazardous Wa1tt Matters~ 

Dl•lalon of lo11d and R11ard0\l1 
Wane 

Depart• ent of Publla Neelth 
Publio Health ler•icet IUildin9 
4J4 Monroe ltreet 
Mont9oaery, Alabaaa JllJO 

205/IH•llOl 

Ra1ardou1 W11te Pro9r .. 
Departaent ot Environaental 

Conaervat1on 
Pouch o 
Juneau, Alaaka 9tl11 

t07/U5•21U 

Ha1ardou1 Waite Section 
Bureau of Waite Control 
Department of Kealth Service• 
1740 Weit Adame Street 
Phoenix, Arizona 85007 

,o 2/255• 1 uo 

Air and R11ardou • Material• Divi • ion 
Department of Pollution Control 

and !:cology 
1001 National Drive 
Little Rock, Ar~•n••• 12:09 

501/562-7444 

Ra11rdou1 Wa • te Management Branch 
Department of Health Service• 
714/744 P Str11t 
Saeraaento, California 95814 

916/]24-2428 

Na• te Manageaent Divi • ion 
State Departaent of Health 
4210 z. 11th Avenue -~ 
Den•er, Colorado 80222 

JOJ/l20•1l33 

la1ardou1 Wa• te Manaqe• ent section 
DeFaruent of Environmental Protection 
122 Wa • hinqton Street 
Bartford, Connecticut 0601) 

T1lepllon11 (20l) 566-5712 

Solid wa • te Manaqe .. nt 1ranch 
Department of Natural Re•ource1 

and ln•ironaental Control 
•• 0, lox 1401 
Dover, D1lav1r1 19901 

J02/7U•47U 

D1vi • ion of Pe• ticidet 
and H111rdou1 M1ter1a11 

Department of Zn•ironaental lervlee1 
Covernaent of the Di • trict ot Columbia 
5000 Overlook A•enue, s,w. 
Wa• hingcon, o.c. 200J2-5lt7 

Na11rdou1 W11te H1n19e"ent Proqraa 
Depart• ent ot !:nvironmental Regulation 
'!'Vin Tover • Office 1uildin9 
2600 Blair Stone Rd, 
T1llaha11ee, Florida 12101 

,0,1,11-0100 

Industrial and Ra1ardou1 wa • te 
Hanagement' Prograa 

Environmental Protection Division 
Deoartment of "atural Re1ouree1 
2i0 wa• hinqton Street, s.~. 
Atlanta, Georgia )033, 

404/656-28)J 

Environnental Protection and Realth 
Services Division 

State Department of Health 
P. O. Box 3l78 
Honolulu, R•~•ii 96801 

8Cl8/548•6908 

BazarJous Materi~ls Bureau 
Division of Environment 
Department of Health and Welfare 
Statehouse 
Boise, Idaho 93720 

208/334••118 or 406• 

Division ot Land/Noiae Pollution Control 
Illinois ~nviron• ental Protection Agency 
2200 Churchill Road 
Spr i ngfield, Illinois 62 706 

217 /78 2-'7 60 

• Thfs listing was coap11ed froa the HAZARDOUS WASTE REGULATORY GUIDE. 
published by J. J. Ktll~r and Associates, Inc . , Neenah, WI . 
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la1ardou1 Wa1t1 tunat .. fft lranch 
Indiana State Board of •••lUI 
lJJO WIit Nlchltan Stlffl 
lncl1an•pol11, Indiana 46206 

Jl7/UJ•Ol'71 

Air and Land ouallty DlYillon 
Depart• ent of lnYlro,.1ntal 

Quality 
lenry A. Wallace lulldln9 
011 MOine1, tova 50J1t 

51S/211•1t27 

la1ardou1 Wa1t1 Kana9nent Section 
lureau of EnYironaental Sanitation 
Depart• ent of Realth and 

1nviron111nt 
Topeka, Ian••• 11120 

t1l/112•tll0, 1st. 2t7 

Dlvi11on of Waite Hana9nent 
Depart• ent tor Natural •••ourc11 and 

Environ• ental Protection 
Fort Boone Plaza, 11 Reilly load 
Frankfort, Kentucky 40101 

502/564-6716 

Razardout Waite Hana91• ent 
Dlvilion 

Department ot Natural leaourcea 
P. o. aos 44066 
Baton Rou91, Loui1iana 70804 

504/H 2-1227 

Bureau of 011, Razardoua Material• 
Control 

Depart~ent of Environ1111ntal Protection 
State Hou•• Station 17 
Au9u1ta, Julne 04lll 

207/289-2251 

~azardoua Waate Division 
Deoart~ent ot Realth and ~ental Ry91ene 
2'1 w. Preston Street 
&altiiso~•, Haryland 21201 

l01/)8l-S7l4 

D1Yi1i.:,n ot Raurdou, \olaatea 
Depart~~"' of Environmental Oualit, 

Eng 1ne tr i nq 
One Winter Street 
Bost~~, Ma11achuaetts 02108 

117/292-56)0 

.. - .. . . ·.-

Office of Ra1ardov1 W11t1 K•n••-•nt 
D1p1rts1nt of Natural ae1CNra11 
P. 0, IOs ]00JI 
L1n1in9, Kiehi91n 41909 

517/)73-2730 

01Yltlon of lolld and la1ardou1 
Matti 

Minn11ota Pollution Control A91ncy 
ltJ5 Weit County load 12 
lo11Yill1, Ninn11ota 5511J 

U2/2t7•2705 

DiYltlon of Solid Watte Kan,, ... n, 
lur11u of Pollution Control 
Dep1rt• 1nt of Natural l11o~ra11 
P. O, los 10)0 
Jack1on, Kl11i111pi,1 Jt20t 

101/'61-5171 

Razardoua Waite ~•n•q .. ent section 
O~p•rtment ot Natural Re1ource1 
P, 0, IOI 1)68 
Jetterson City, Hi11ouri 65102 

J14/7Sl-324l 

Solid Waate Hanaqe• ent aureau 
Depar:~ant of Rtalth and Environ• ental Sciencea 
Co91well auildinq, Jtoo, A201 
Reltna, ~ontana 59620 

406/449-4121 

Water and \,laat • ·Han.qe• ent Olvision 
Depar:~ent of tnvironaental Control 
Bo• 94877 , St~tenous• Station 
Lincoln, ~•bra•~• ~•so, 
402 / 471-2136 

Dlvis 1 on ot ?nvlron• ental Protection 
Depart~ent ot Con11rvat1on and 

Natural Rtaourcea 
201 s. rall Street 
Cap1 rol Co:nplex 
Carson City, Nevada 19710 

702/ ISBS-4670 

Ottice ot Waate ~anaq•~ent 
Bureau ot H111rdou1 Waate HanaqtMent 
Oepart~tnt ~t ~-~~•n ~nu ~•lf~re 
~••1th, Welfare Building 
Rann Drive 
Concord,~- Ram~ahirt 03301 
60)/27l-4608 

J-14 

, 
I 

! I 
i 
i 
I 



..... 

5l·r 

Utt•IU/?01 

to,,o ,vo.,•h •••1ted1ltOM 
.,u•••"vo:, tll-.OJ 1 l>UJ 10 '-"•'°f 

--••6o•• e1t•A PJtOI pve ltT 

Stlt-CU/lOI 
Otltl ••ui •i1y:, •-•1 1t•t 

OOH aot •o •4 
Ult••• JO 1u•~•1•4eQ 

1u-••V9M •1•9'1 ll'OPJ•••• Jo nt•Jnt 

tlLIL ••••~ 'ut1tft'f 
uo1n11 tOlld•:> 
LIOct •ot 'O '4 

••:»aft09 .. ••1~11 Jo ,v .. 1awdeo ••••~ 
-llHI e111A Pllot llllllnpu1 

ttte•ttLl,u 

C0tLC ••••ev1i•~ '•ttl•11••• 
u110N env••~ IIIVlN OSl 

klPtlfl1 Yna.:. JOOU lflL 
Ult••M JO 1V .. 1191MQ 

,v ..... v ... lllWA Pltot JO vo,.,.,a 

6ttc•CLL/Ut 

to,,, ,,o~•a 111not •••••l• LU .oot '"Vtpllftl HOJ MJt 
••:»aM>e .. 

t11•1•a ,W Je19A JO IV"'lll~ 
e1H11 Pltot ,_. 

£1111110 IJY JO l:»fJJO 

UH .. H/UI 

10,,c ntto••:> u1Nt ,,, .... 10:, 
•••••• 11111 ootc tonuo:, 

tWIW...011'"'1,.,. IIITHS ·• IYNU9'1G 
,., ... Mu.,. ••••• 

......... ,.,. ,,, ... ,. ... ,"' 
uu-,uiut 

10,,1 ,..,,1 .,.. ...... ,, .... 
'""' ,,ua u ........... "' ,., .... ,,.., ,. ,.,...,.,eo 

'''''""' ...,,,, .. ,-. IIY Je MflfAIG 

UU•Uvn, 
1,1,1 ,, .. ~,,.._., ,,,._.,,, .. 

UH ... 'O •• 
......... , ....... ,,.._,. ,.,...,.,eo 

............ .............. ,. .. ,.,., . 

LOtLI uo611O •pu111104 
, OtLt •01 '0 •• 

TIIUMUOIJAUI JO 11M!Slff4•a 
uoJ•l•la ••••11 Pt101 

UOJ1l»II ., .... •nopa••·· 

1tt,•1't/SOt 

t,ttL ltlOqlt-O 
1
!11:, •~t~O 

nu, •09 ·o ·• q1tWI• JO 1VIW1JldeQ 11111 
vo1•1•1a ••••• 111111npu1 

0tU•ttt/ttt 

,1,,t 0,110 'tnQllfttO:, 
11111• ptOII 1112 ttt 

U2 Ofll() 
lueal.eUllf 

lllJJIIW)C lf\OPIIIII jO UOflJkfQ 

ttn•ttt no,> 111, 
,0,1, 110••0 q110t1 '•:»••••11 

lftUIAY 11no111w OOtt 
q11••M JO 1u1c111d10 .,.,, 

q:»a•••••, 1v•••••u•w 111111 
111u11111011au2 Jo vo1•1•ta 

ILtt•ttL/IU 

t0tLC ,u,101,, q11ow 'q6lltWl 
'UOt •01 'Cl •• • 

1e:,1M>••• v••n1 Jo 1u1•111d1a 
q:,u111 

,u"•~ ••••111nop11a1N pu, PllOI 

. , 

t0tt•LO/111 (,,J 

tCCCl _,oi MN •tu•ctY 
''" no11 01 

"°' ""'""°, t•11t....o1,au1101u1•1••••a e111a PftOI JO UOJl1A1Q 

UCl•UI/IOI 

Ctt,I NJSIN Ml •1, IIUII 
IH SOI 'O •• 

MJe1A1Q l.,._H14'wl 111UIIIUOIJAUI 
IJUO tltlll lftOPIIIII 

nu•cn/tot 
., ••• Ae•••t ........ ,u.,, uo II:) 

NJIHIOlf 
,,, ..... ,,.ua 1• 1u1•,,,,,a 

, .. .,. .... •••••••.,,,.,a 



- -

V 

; 
t, 
i 
; 

i 
I 

Dl•l1l0ft of lolld 1114 
lllltdOYI WIile MIA ..... ftl 

.._,,,,• eftt of •••lt• 
llonaond, Ylrt l •l• 2J2Jt 
104/711•1271 

1111rdcN1 w11t• •••''°" o.,,,, .. n, of U01otJ 
Ml U I tot' PY• U 
Oly-,ll, WllftlftftOfl 91104 

2H/Ut•U0S 

Ground WICll/1111,do!,1 w,.,. lr1ncn 
De91rtNnc of IICYlll ... CNtc•• 
1201 Ore1nbrl11 ltlHC 
Ch1rl11t.on, WIil v,,,,.,. 2SJ11 

J04/J41•SfJS 

H11ardous Wast• S•rvfces 01,-.ctory 

11111.S-1 W11t1 NaA ..... n, •••tlOfl 
lwreau of I011d w11t• Mn ..... n, 
DePlllNfll of .. ,u,11 .. ,ovrc11 
f. 0, IOII 7921 
NadllCNI, Wl,...ln SJ707 

Hl/21f•0t>J 

1011, w11u ,.. ...... n, 
DlplllNnt of ZmrlronNntll Qu111ty 
11cnaw1y IY1ld1~ 
Qeyenne, W)'oau, 12002 

,01/111•11'2 
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lnfonaatfon ·sourc11/TyPtl Ptrtfntnt to HWS lnvestfgatfons 

Tht followfng lf1t, frOfl Sf1k (1981), n1N1 1 varftty of fnfon111tfon 
1ourc11 and typ11 pot1ntf1lly u11fu1 to HWS fnv11tfg1tfon1. 

SOURCES TYPES/COMMENTS 

1. EPA and Statt Envfron1111nt1l Offict ffles for : 
RCRA p1rmft1 And 1pplfc1tfon1 
Wastt Gtntrator1 and Tran1port,rs 

TOSCA 

HPOES permits and ,pplications 

Uncontrolled waste disposal sites 

-q- Spflls of ofl and hazardous materials 
Water suppl f u 

0"' 

3. 

Enforcement actions 
Survtillance reports 

County or Regional Planning Agencies 
for Areawide Wastt Treatment Mgmt . 
(CWA • Section 208 Agency) 

Other County offices 
Health Oepa~tm,nt 

Plan~,i"i and zoning 
Assessor 

Cf ty offices 
Chamber of Commerce 

Cltrk 

EnginHr 

F1rt Otpartllent 

Lw Enforce• ent 

EPA Identification numbers 
Generator annual reports 

Hay rtquire special clearance 
for reviewer 

Lfquid waste types 
Treatment processes 
Production information 

Near,st water supply 

rroblem history 
Previous findings 

Plans , concerns, and 
past prob 1 ems 

Problems, co~plaints. 
analytical rtsults 
Land use restrfctions 
Plat maps and land owners 

Infont1ation and local indus· 
tries fncl. number of HIC>loy· 
ees, principal products, and 
facility addresses 

F~undatfon and inspection reports 
Survey benchaark locations 
Hfstory of ff res and/or exp lo· 
sfons at facility 

C011plafnts and violations of 
local ordinances 
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Water and Sewer 

I ··- - ·· -·· 
.t _ -~----· =·--~' .!-~_,qapany f 11 H and recor.dt 
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6. Contr1ctor1 
8utldf"9 

Sotl 1xplor1tton and foundatton 
Wattr wll drflltrs 

7. Utility Coap1nf11 
Gas 
Electric 
Wattr 
Pttroltua or N1tur11 Go Pfptl tnu 

8. U.S. Gto l09fc1l Survey 

9. P.eaott Sensing Ia19ery 

10. Coeputtr Oat1 Bi11s 

11. U.S. 01p1rtaent of Agrfculturt 

12. Stitt G1olo9fcal Surveys 

13. U.S. Oepartatnt of Labor 
Occupational Safety and Hea l th Ada ini· 
1tr1t f on (OSHA) 

. . 

Location ot burttd aafnt and 
ltnet 

Conf1CHntta1 records require 
spech t MndltncJ and 1tor1ge 

Local 10111, oeol09Y, and 
thallav v,ter ltvt1t 
Loca 1 10 t 11 , geo 1 O<tf, hydro
ge 109Y , ~attr levtll, rtQV
l1tion1, and tQUfPM"t avail· 
abt ltty 

Location 
of 

burftd ltnes 

Technical geologic and t,y· 
drologtc r~rt1, ups, 
atrial photo9raph1, and 
water 110ntt.ort ,tg data 

Orainagt patterns, land u11, 
v1g1t1tion 1tr1s1, hist.ortcal 
lan~ dtvtlopaent, aod geo
logic structure 

Widt variety of rtftrtnct 
data and btbl iogr1phit1 

Soil ups, types, pt,ystcal 
characttristtcs, depUls 

-111octation, and uses 

Technical 01ol09ic Ind hydrt· 
logtc reports, Stitt ;t0l09tc 
ups, &nd 110nlt.ori"9 data 

Proctsus 
H111r<21 
Prottetivt 1qufpeent rw.cs 

14 . .}f1t1ona1 Octanic and Auiosphtric Adatnt• Cltaattc dlta 
strat ton (HOM) 

15. ~ttonal Octan Survey 
Ttdll Analysts Branch C232 
Rockv i lle, HO 20852 FTS: 443·8311 

J-18 .u ...... , ....... , , ..... , ... o,, ., , .... .... ... . .. .... . 

Ti~l dlU; historic, 
rKent, And projtetld 
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