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USTRACT 

nth report recoaaends II ce1Mnt-baaed grout for.ala to 
1..obili&e Ranford Facility Waete in the Tranaportable 
Crout Facility (TCF). Supporting data confiraing 
coapliance with all 'l'CF perforaance criteria are preaented. 

----------

1. INTRODUCTION 

Thia report de•elopa a range of ceaent-based blended dry aolid• that 

aay be ai.xed vith Ranford Facility Waate (HPV) to produce grout• that are 

proce•eible in off-the-ehelf equipaent and are coapatible with the 

Tranaportable Grout ,acility ('l'CF) deaign. In addition. t~e selected 

for.ila should also (1) opti• ize va• te loading with • ini11U• waste dispoeal 

•oluae increase. (2) u• e coaaercially available uterials requiring no 

cuetoa proceeeing. and (3) reeult in a eolid product vhich 9 after a 

reaeonable (28-d) cure tiiae 9 iaeet• all state and federal requirement•• 

lileee perforaance requireaent• have been identified and quantified by 

lattelle Pacific Northveet Laboratorie• (PML) in tUleatone 52 (5/30/84). 

1 

---- - .,,,., -··---
I 

I : 

' ,, 
I 

(. 

,,,,,. 



2 

Thie report reco.aenda a fonaula based on experiaent• with • iaulated 

KPW. Supporting proceaaibility and solid perfonunce data are included. 

The reco.aended foraula will be applied to actual vaate by PML and reaulta 

reported in PML Mileatone 70 (3-30-86). 

2. JIN COMPOSITION 

The vaate streaa for theae • tudie• is defined by Rockwell Hanford 

Operation• (Rockwell Hanford)l u a 50:50 vol% mixture of •ulfat~ and 

phoaphate wate• • The .. jor coaponent• of thi• vaate are ahovn in 

Table 1. The development work presente,t lit this report vaa aiaed at 

proch1cing acceptable grouts with a vaate coaposition encoapaaaing that in 

Table 1. 

2.1 PffOSPMATE WASTE 

The phosphate va*te that .. kes up 50% of the reference RPV reaults 

froa the United Nuclear Corporation (UNC) decontaaination operation• at 

the Ranford aite using a TURCO decontaaination ,olution. The TURCO 

aolutioa contain• the organic• •hovn in Table 2 and up to 70-VC % H3P04 

prior to dilution. Pora aaclear reactor decont~natioa 20,000 gal of 

TURCO wre dilated with water to a total ~luae of 240,000 gal, naulting 

in .. K3P04 concentration of 8 vt %. 

After the reactor decontaaination ws coapleted, the 240,000 gal 

were further diluted with water and •neutralized• with MaOH to pH 12. 

Secliua nitrite (2700 ppa) vaa added to •et a Rockwell tank fara 

apeclfie.ition, Md the re•ultlng c>J0,000 -gal wre t.heu ei-aip'f,ed to ciie 

1.ocltwell Hanford waate atorage area. 
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Table I. Po•• ible Mjor coaponent concentration• of HFV 

Component M 

Na3P04 0.15--0.5 

Na2HP04 0.01~.02 

Na2S04 0.01~.02 

NaOH 0.01~.02 

NaN02 0.01--0.02 

Table 2. Organic constituents of 'lURCO 4512-14A8 

Sodiwa xylene sulfonate 
N,N,N',N' tetrakis (2-hydroxypropyl) ethylene dia• in~ 
Ethylene glycol m>nobutyl ether 
2-Hercaptobenzothidzole 
Nonylphenoxy polyethoxy ethanol 
Co• plex aaine inhibitorb 
2-Butyne-1,4-diol 

4 TURCO is a trade name of a range rf products -nufactured by TURCO 
Products Div. of Purex Corp., Carson, CA 90749. 

bnte complex aaine inhibitor is a proprietary product for which the 
supplier will not disclose cheaf.cal co• position. No concentrations 
are given. 
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The atored vaate i• defined u phoaphate waate. The recipe for 

synthetic phoaphate vaate uaed in theae atudies is shown in Table J. The 

actual vaate'• radionuclide content i• 1hovn in Table 4. Becau1e 

pho1phatea act u set retarders for Portland cement, the phoaphate 

concentration vas a major consideration in the foraulation developi9ent 

studies. 

2.2 SULFATE WASTE 

Sulfate vaate, which aakes up the other 50% of HFW, results froa 

recharging ion-exchange colW1Ds. 'nle sulfuric acid froa this operation is 

neutralized with NaOH to a pH 212, u in the case of nm.co vaste, and sent 

to underground tank storage. 

This waste is defined as sulfate vaate. Although the radionuclide 

content of this stream is unknown now, it is assuaed by Rockwell Ranford 

to contain 137cs. The recipe for synthetic sulfate waste used in these 

studies is shown in Table 5. Sulfate also act~ ,...; ,1 -;,~t. retarder for 

Portland cement; therefore, its concentration became a ujor el~aent to be 

addressed in the for111Ulation studies • 

. '3. PERFORMANCE CRITERIA 

A successful grout foruaula is defined as one that, when 1dxed "'1th 

aFW, meets all the perfori.ance criteria that are 1pecified by Rockwell 

Hanford, PNL, and Oak Ridge National Laboratory (ORNL). Collectively, 

these criteria determine the grout formula reco11111ended in this report. 

. - .. ::_. - ~I':.,.. '"' ~ ~ 1 

3. I ROCKWELL RANFORD PERFORMANCE CRITgRIA 

'rhese are the Rockwell Hanford performance criteria: 

1. 'nle TGF is d~signed to operate at a nominal capacity of 

-- ~ 
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Table 3. Recipe for.:. 1 L synthetic phoaphate vaate 

-------------·· -- ... ·------- ... --··------ ... . . ... ·--
Ingredient 

----------······-----
Phosphoric acid deconta• inant 

(TURCO 4512-14A) 

Water 

19-.!!, HaOH, aqueoua 

Amount 

--· ·· ···---------· ···----
36 mL 

905 • L 

65 mL 

0.88 g 

------------ .... •------ ......... . . -------•·· ... . . ------

N11clide 

60co 

58eo 

59pe 

5lcr 

54Mn 

103Ru 

137c8 

239pu 

Table 4. Radionuclide content of actu~l phosphate wastea 
(Deterained by gamma energy analysis, except aa noted) 

-- _._ · · · · · Concentrit-io·,,· · · · · · · ··
(llCi/L) 

------- ..... ---------- ... -------- -- . -· ---
330 

25 

50 

36.5 

28.4 

5.8 

not detectable 

-------·-··-----
•calculated value. 
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Table 5. Recipe for~ 1 L synthP.tic sulfate waste 

---------------- --- . ·-------- ...... -----. ·- .. -·. 
Ingredient Amount 

Water 

2.84 g 

1 L 

---------... ·----- •··· ··· ·------

50 gal/min, but it should be capable of operating within a range 

of 30 to 70 gal/min. 

2. '11te grout distribution pump should be capable of supplying a 

continuous output pressure of 350 psi. 

3. '11te grout should be pumped through 3000 ft of 2-in.-ID distribution 

pipe. 

4. '11te :::.:1xi11Um pressure available to overcome gel strength should be 

500 psi. 

To comply with the first three criteria, the grout's rheological 

properties aust be tailored to result in a pressure drop (335 psi through 

3000 ft of 2-in.-ID pipe at a nomi~al flow rate of 50 gal/min. The 

grout's compliance js determined by applying the following series of 

equations.2 The first equation is the power law lllOdel of the relationship 

between shear stress and shear rate : 

where 

S8 • shear stress for non-Newtonian fluids, lbf/ft 2 ; 

k"' • fluid coneiet~ncy index, lbCen"' /ft2; - - -

Sr• shear rate, s-1; 

n"' • flow behavior index (0 < n"' < 1.0), dimensionless. 

/ 

/ /; :.. .:.-;,\ 
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From Eq. (1), the viscosity can be calculated by 

µ • 47880 k'(Sr)n'-1, 

where 

µ•viscosity, cP. 

Equation 2 is then used to calculate the Reynolds number, 

1.86 v< 2-n'>e NRe • ______ ... 

k'(96/di)Tl, 

where 

NRe • Reynolds number, dimensionless; 

,,,;7' 
, / 

//_.··/ :---

V • fluid velocity, ft/s (5.1 ft/sat Rockwell Hanford d~sign 

conditions); 

(2) 

(3) 

di• inside pipe diameter, in. (2 in. at Rockwell Hanford design 

conditions); 

p • fluid density, lb/gal. 

From Eq. 3, frictional pressure drop can then be calculated: 

0.039 LpV2f, 
~Pf•--------

di 

(4) 

where 

~Pf• frictional pressure drop through a straight pipe, psi (limited 

to i335 psi at Rockwell Hanford design conditions); 

L • pipe length, ft (3000 ft at Rockwell Hanford design conditions); 

f • fanning friction factor, dimensionless (f is a function of 

Reynolds number). 

To demonstrate compliance with the fourth criteria, the pump head 

pressure necessary to overcome the gel strength of a grout, that has been 

. ;/'" , ,7--· . .,I, 
A ----- I 

/ · • ,?".\ . ·· , - ..• --· 
, ,:, ! .. - -:.? . 
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static for 10 min in the distribution pipe, ia calculated by 

where 

G • Av 
PH•------,-- , 

(1.44 x 104)Ap 
(5) 

PH• pump head pressure, pei (limited to <500 pei at Rockwell Hanford 

design confttions); 

G • 10--min gel strength, lbf/100 ft 2 ; 

Aw• pipe inside surface area, in.i; 

Ap • inside pipe cross-sectional area, in.i. 

These calculations were performed usuaing a pipe diaaeter of 2 in. ID and 

a length of 3000 ft. Thus, an acceptable grout would be tailored to 

.• ~ result i n G i 100 lbt/100 ftl. 

3.2 PNL PERFORMANCE CRITERIA 

These are the PNL performance criteria: 

J.. No drainable water should be present 28 dafter a grout pour. 

2. The grout should have an unconfined compressive strength of at 

least 50 psi, 28 dafter a grout pour. 

3. The discharged grout should exhibit an angle of repose is•. 
4. The solidified grout should exhibit an American Nuclear Society 

(ANS) 16.l leachability index )6 for each radionuclide. 

The measurement techniques required to demonstrate compliance with the 

first three criteria were not specified. Techniques used in the

fornulation development studies are detailed below. 

.. - -·----- . 
- -- - ;- - . ; -· 
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3.2.1 Drainable Water 

The Nuclear Regulatory Commission (NRC) standard recommended for 

detenaining drainable water is the ANS 55.1 test. This 55-gal drum test 

is not amenable to laboratory-scale work and is not repre~entative of the 

proposed TGF disposal scenario. Consequently, in an attempt to simulate 

field conditions of covering fresh pours with plastic sheets. drainable 

water vas measured by pouring fresh grout in a cylindrical 1110ld and 

covering the grout with a water-saturated cloth. The covered grout was 

allcwed to remain stationary for 28 d. Percentage drainable water was 

then determined as (100 x volume of water collccted)(original grout 

volume)-1. 

An acceptable grout h3s no drainable water at 28 d or less. 

3.2.2 Compressive ~~rength 

The method suggested by the NRC for measuring unconfined compressive 

strength is ASTM C39-8 l. However• the cylindrical samples required by 

this method are more 1113terial- and coat-intensive than the comparable 

ASTM Cl09-80 method. which uses 2-in. cubes. Consequently, ASTM Cl09-80 

was uaed in this study. It has been shown that values obtained by ASTM 

Cl09-80 are consistently 20% higher tha,1 tho11e obtained by ASTM C39-81; 

therefore. the compressive strength criterion was set at 60 psi at 28 d 

with ASTM Cl09-80 for these studies. 

3.2.3 Angle Of Repos~ 

Angle of repose is a design-specific function of shear history. 

~~~~hgrge vclcc!ty, ;:T.i ~~c de=i~~ o! both the distribution system and the 

trench. Consequently. this criterion was not directly applied to the 
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formulation studies. Inste~d, to meet the intent of this requirement, an 

acceptable grout was one that would be characterized by an infinite slump 

as measured by ASTM Cl43-74. All grouts explored in these studi~s would 

be so characterized. 

Leach11hillty index is defined as the inverse of the log of the 

effective diffusion coefficient as deternined by the proposed ANS 16.l test 

protocol. Thus, an acceptable grout would result in an effective diffusion 

coefficient ~10-6 cm2/s for each radionuclide. It was beyond the scope 

of this work to perform these measurements on all of the nuclides of 

interest; therefore, compliance with this criterion was determined for 

90sr and 137cs, the two most 110bile radionuclides. However, PNL will 

demonstrate compliance for all radionuclirles and report results in 

Milestone 148 (7-30-86). 

3.3 ORNL PERFORMANCE CRITERIA 

These are the ORNL performance criteria: 

l. Waste loadings should be optimized and waste disposal volume 

increases kept to a minimum. 

2. Commercially available materials should be used that require no 

custom processing. 

3. Grout should achieve turbulent flow below the TGF distribution pump 

operating limit of 70 gal/min. 

4. Grouts made with reasonable deviati~n~ from the recommended 

formula, that are expected during routine TGF operation, should 

also meet all criteria. 
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3.3.1 Waste Loading 

Target value.a were solid and liquid waste loading )50 wt % and 

incre~ses over the original waste volume (30 vol%. To obtain a waste 

loading )50 wt%, the dry solids blend-to-waste ratio (mix ratio) must be 

less than the density of the waste (~9 lb/gal). 

3.3.2 Materials 

To reduce costs and minimize development time, the formulation studies 

were bilsed 011 a dry solids blend consisting of co,eponents used routinely 

in the ORNL hydrofracture process for over 20 years.l Thus, the major dry 

solids blend components used in this study were limited to Portland cenaent, 

ASTK Class F fly ash, Attapulgite-150 drilling clay, &nd Indian Red pottery 

clay. These raaterials are co1111ercially available in the Richland area. 4 

3.3.3 Turbulent Flow 

ORNL experience has shown that grouts should be pumped fo. turbulent 

flow to minimize stagnant volumes in the pipe that can eventually result in 

excessive pressure buildups. This criterion further restricts an 

acceptable gro11t to be cne that obtains a Reynolds number .?_2100 in the TGF 

distribution pipe at a pump rate less than 70 gal/min (Eq. (3)]. As such, 

this critical velocity (i.e., velocity at which a Reynolds number of 2100 

is obtained using Eq. (3)] would be viewed as the minimum accept~~l_e_ 

velocity. 

3.3.4 Formula Deviations 

Experience w.lt-h the Ol~NT. hy<frof,-;:irt.,,re process has shown that it is 

unrealistic to expect the bulk solids blending to be performed at precisely 

the recommended formula. Reasonable deviations from the reference blend 

'. r 
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which can be expected are ,:t 5% relative variation for dry solids blend 

components. Thus, an acceptable fot"lllula with these deviations in the 

blend composition will also meet all performance criteria. 

1 · 

3.4 SUMMARY OF PERFORMANCE CRITERIA 

Based on Rockwell Hanford, PNL, and ORNL perfonunce criteria, an 

acceptable grout 1a1st result in 

• frictional pressure drop< 11 psi/100 ft, 

• 10-ain gel strength< 100 lbf/100 ft 2 , 

• 0 vol% drainable water at 28 d, 

• 28-d unconfined co• pr.essive strength> 60 psi, 

• infinite slump, 

• ANS 16.1 leechability index for 90sr and 137cs 1. 6, 

• solids-to-waste mix ratios _i 9, 

• critical velocity< 70 gal/min, 

• major dry solids blend components should be only component uaed in 

the ORNL process, and 

• + 5 % variation in dry solids blend co• posiition. 

4. FORMULATION DEVELOPMENT STUDIES 

The dry solids blend components used in this study are cement, Indian 

Red pottery clay, Attapulgite-150, and fly ash. A detailerl discussion of 

the role of each component has been reported previously.4 In general, 

these components were chosen for their applicability ~o HFW, co11111ercial 

availability, and use in the ORNL facility for ~20 years (Sects. 3.3.2 and 

' \ 
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3.3.4). However, it is appropriate that some rationale for the range of 

components explored in the experimental studies be presented here. 

4.1 CEMENT 

The phy~ical properties of hardened concrete or grout are determined 

by the quality of the cement paste (i.e, water and ceaent). Assu~ing 

proper mixing, etc., the quality ls controlled by the water-to-ce111ent ratio 

(w/c). For example, an oil well cement 9lurry typically contains ~73 wt% 

cement and has a w/c of 0.38. 

In general, a w/c of only 0.25 is required for complete hydration of 

Portland cement; additional water fluidizes the llix and makes it 110re 

readily processible (more pumpable in the TGF). However, increased water 

content (i.e., higher w/c) also tends to reduce the quality of the final 

product. Specifically, increasing w/c tends to 

• increase shrinkage and cracking; 

• decrease creep relief with age, thus creating a tendency to crack; 

and, 

• decrease the likelihood of resorption of dr'linable water. 

The TIBXimum w/c that can be applied to RFW before these tendencies 

become cause for concern is beyond the scope of this st\dy. However, the 

0RNL facility routinely uses a w/c of ~3. r~nsequently, for HFW 

formulation studies the w/c was li~ited to (3. 

4.2 INDIAN RED POTl'ERY CLAY 

Indian Red pottery clay is added solely as an ion-exchange medium to 

retain 13 1 Cs. Because the exchange capacity is 0. 1 meq U I Ca per gra111 of 
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clay. little clay •hould be needect.5,6.7 However, nperienc• at the OIJfl. 

facility hae •hown that the pottery clay content of the dry •olid• blend 

need• to be 8 wt % to en• u1"o inti .. te contact with the u,c•• In 

addition. ainor variation• (,! 5%) in the pottery clay content have been 

•hovn to have a negligible i19pact on the grout'• rheological pTopertl••• 

Con•equently. for HPV foraulation develope•nt • tudte• the pottery clay 

content of the dry •olid• blend• IMS fixed at 8%. 

'"'e TCF •hould. at alni111U•• 11atch the blending efficiency of the Olt1'L 

facility. However. because the TCF ta ...,.r, it -1 wll be mre 

efficient than th• OR.NL facility and need le•• pottery clay. The iapact 

of uaing leH pottery clay than the -,unt ln the Ncoaaendecl forwula 1e 

di• cu• aed in ~pendix !. 

4.3 A'nAPULGIT!-lSO CLAY 

Attapulgite-150 clay ia added pri .. rily to reduce drainable water fr011 

the product. However. prevloua 'lRNL grout developaent experience ha• ehown 

that when preeent at or above 0.7 lb/gal of wter (vaete) it aleo appear• 

to reduce the leachability of the product. Coaaequently, RN foraalation 

developeent etudie• atte11pted to •intain the Attapulgite-150 content at or 

above thia value. 

4.4. FLY ASH 

Fly ah i• a ceaent extender, and it• use ahould be aaxiaiaed bec:auae 

of it• lov coat. However. becauae of the constraint• oa the other 
<' 

coaponenta, it mat by oeceeaity be the variable or alack coaponent. 
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4.5 MIX RATIO 

The dry •olld• blend-to--vaate aix ratio 1• a key variable in the 

fonaulation atudies. Experience haa • hovn that if all criterl"' 11re •tat 

• ix ratio• A and R, then all aix ratio• between the tvo will also 19eet all 

criteria. !xperience at the ORHL facility hae aleo •hown that aix ratio• 

can be controlled to within !_0.5 lb/gal. Coneequently, the incre111ent in 

the llix ratio vas l lh/gal in the fonaulatfon •tudiea. Also, the lm1er lllld 

upper bounds of acceptable mix ratio• would need to differ fro .. th~ 

reco~111t?nded value by at least 0.5 lb/gal. Por exaaple, if the lover and 

upper bounds of acceptable llix ratios were deter,-ined to be 7 and 8 lb/gal, 

re•pectively, then the recoa.ended llix r11tio would be 7.5 lb/gal. 

As in the case of blending efficiency, the TCP iuy prove tu ,,.., :>11n·~ 

o?fficient than the ORNL facility in controlling • ix ratio. 11th 11101.11d 

per-r.it optimization of the • ix ratio ~lthln the acceptable range. For 

exa,wple, !rt the case of the previous illustr,tt l,111, tt • ight prove 

beneficial to operate at 7.2 !. 0.1 lb/gal. However, •mtil this 

capability has been proven, it is aasuaed that the TCP can only utch the 

efficiency of the ORHL facility. 

4.6 SUMMARY OF FORMULATION CONSTRAINTS 

Based on the discussions presented in this section, the for,11,1l11t1on 

development studies are further constrained by 

• Water(waste'-to-ceaent ratio i 3, 

• Indian Rc·d r,.;;tt\J:ry cldy ~VflLtnl of · <i~; .olid., ol~nd • 8 wt %, 

• Attapulgite-150 content 2 0.7 lb/gal, and 

• Mix ratio st~p size• 1 lh/gal. 
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5. !XPERIMEMTAL PROCEDUUS 

5.1 SAMPLE PREPARATION 

Dry solids were blended in 5.0-ltg lots for 6 hat 30 rpa in a 7.6-L 

Patterson-ltelly tvin-ahell V-blender prior to grout preparation. Mixing 

of the dry aolida blend and siaulated va• te va• perforaed in a Hobart 

IIOdel N-50 aixer with a wire-loop vhip aixer blade. Mixing is 

accoaplished by adding aolid• to liquid during ~15 • while stirring at 

low speed. Mixing i• then continued at aediua speed for a total aixing 

tiae of 30 •• 

Thi• laboratory blending and aixing technique vaa developed in 

support of the ORNL facility and 1a repr~aentati•e of grouts lea•ing the 

aixing tub fro• that facility. The OIUfL facility contain• a jet aixer aad 

a 111.x tub that is equipped with a three-blade iapeller. Th'.• design is 

siailar to that envisioned for the TGF at the tiae the foraulation atudiea 

began. 

However, the current deaign of the TCF specifies a 15-gal Atcor 

in-line-intenaive aixer. At a noainal puaping rate of 50 gal/atn, the 

flow through the aixer 1a -3.3 wluaea per ainute, resulting in a aixing 

tiae of 18 •• If it 1a uauaed that a 15-gal puap feed tank is to be• 

part of the TCF • ix aodule, then the aix tiaea used in these laboratory 

experiment• appear to be appropriate. However, the shear history aay not 

be representative. 

Grout properties are a function of shear history, and it ia e~we~tial 

that aixing and blending procedures are standardized to ensure the 
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con•i•tency and reproducibility of data. We believe that the procedure• 

u•ed in these formulation studies are appropriate for the reasons given 

above. 

5.2 RHEOLOGICAL MEASUREMENTS 

Rheological aea~ureaents were ude uaing a •tandard oil well 

ceaent-elurry method with a Model 35A/SR-12 Fann viscometer. Shear ;,tress 

readings were taken as a function of shear rate, going from high to lov 

shear rate. 

Readings in lbf/100 ft 2 were taken in 12 steps ranging from 600 rpm 

to 0.9 rpa. RPHa are converted to reciprocal seconds (the standard shear 

rate unit) by 1a1ltiplying by an inatrument conversion factor. These data 

were uaed to determine the fluid consistency index and the flow behavior 

index, which, with density, are required for flow calculations. The 

method of data reduction is described in ORHL Milestone 30 and is based on 

the Ostwald-de Waele Model8 a>re c01111110nly referred to u the power law 

aodel. 

Using the aae measurement technique, the 10-.in gel strength is 

determined as the aaxi111111 deflect.ion of the dial (in lbf/ 100 ft 2 ) at 3 rpa, 

after the grout has been allowed to remain static for 10 ain. 

5.3 PHASE SEPARATION 

Phase separation (drainable water) is determined by •asuring clear 

fluid that collects OD the freshly poured grout after a given time. It is 

a common observation that after grout, slurry, or concrete has been placed 

in position and while it is still plastic, bleed water appear• OD the 
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surface (phase separation or drainable water). This is essentially a 

sedimentation phenomenon caused by the solids settling in the plastic 

mass. Phase separation is influenced by the plasticity of the mix, the 

amount of entrained air, and the 1110tion or vibration the mix is subjected 

to during placement. 

Phase separation can be beneficial to the final product because it 

provides the mechanism for proper hydration of the upper surface. If a 

source of 1110isture is not available to this surface, then it will crack 

and powder. Phase separation is the most economical means of supplying 

this sourc~ of moisture for the Rockwell Hanford application. However, 

one of the performance constraints is that no drainable water exists after 

28 d (Sect. 3.2). It is anticipated that the trench design will include a 

means of surface water removal to allow both routine and emergency 

flushing of the 'l'GF distribution piping directly to the trench. 

Therefore, this criterion may not have to be met by the grout. 
\ 

Nonetheless, measurement of phase separation was an integral part of 

ORNL's formulation studies, and an accept~ble grout as defined in 

Sect. 3.2.1 resulted in no phase separation at 28 d. For screening 

purposes, 2-h phase separation was measured by this same method. Grouts 

developed in the study that exhibited a 2-h phase, separation )5% were 

arbitrarily eliminated from further consideration. Phase separation tests 

on selected grouts were also conducted in a closed system to determine 

maximum phase separation ar.d percentage water actually resorbed by the 

grout. 
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6. PRELIMINARY SCOUTING STUDIES 

There is an infinite combination of the four mAjor dry solids blend 

components that can be applied to the grout formulation development 

studies. OIUJL relied on previous experience to determine a meaningful 

starting point. This experience has shown that a 1.0 !! NaN03 waste 

solution (pH l12), prepared with the dry solids blend shown in Table 6 and 

mixed at 8 lb/gal, produced grouts that achieved turbulent flow at 

61 gal/min in a 2-in.-IO pipe.9 Consequently, this beca111e the basis for 
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the Rockwell Hanford work. _/ 

However, as discussed in Sect. 2.0, a major concern was the effect of 

the set retarders P04 and S04 rather than the flow criteria of Sect. 3.0. 

Consequently, initial scouting studies focused on deter111ining if these 

concentrations prohibited set (for a discussion on set, see Appendix B). 

6.1 PHOSPHATE 

Two phosphate solutions were prepared to obtain 5 and 8 vt % Na2RP04 

concentrations, respectively. These concentrations bracket the range 

expected in the Rockwell Hanford phosphate waste (Sect. 2.1). Data are 

shown in Table 7 for grouts prepared with these solutions at a mix ratio of 

6 lb/gal and a dry solids blend consisting of 45 vt % Type I-II-LA 
1 

Portland cement, 40 wt% ASTM Class F fly ash, and 15 wt% Attapulgite-150 

drilling clay. 

Both grouts achieved initial set (penetration ~esistance of 500 psi as 

per ASTM C-403) in less than 7 d and developed adequate 28-d compressive 
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Table 6. Co• position of the dry solids blend used to prepare grouts 
with 1.0 ! Na2N03 solution 

Material 

Type I Portland cement 

Kingston fly uh 

Attapulgite-150 drilling clay 

Indian Red pottery clay 

Wt % 

38 

39 

15 

8 

strength (2:f,0 psi). Thus, when cement is present at levels l 2.7 lb/gal 

(i.e., 45 wt %•6 lb/gal), the phosphate concentrAtion appears to have no 

deleterious impact on set. 

However, the 2-h phase separation exhibited by the grout prepared with 

the 8 wt% Na2HP04 solution approaches the limit of permissible screening 

criterion (Sect. 5.3). Consequently, data were obtained for a dry solids 

blend with an increased attapulgite content (Table 8): 40 wt% Type 

I-II-LA Portland cement, 40 wt% ASTH Class F fly uh, and 20 wt% 

Attapulgite-150. Phase separation was within acceptable screening limits 

for both grouts. However, critical velocity would not be achieved within 

the TGF pumping conditions. Thus, the IIBjor effect of concern with these 

phosphate concentrations appears to be high phase separation and 

viscosity. 

It is interesting to compare the strength develop111ent of the two 

blends. As seen in Table 8, the increase in attapulgite content results 

in a faster set and but not in a significantly higher 28-d compressive 
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Table 7. Effects of waste-stream phosphate concentration on grout 
properties 8 

Property 

IO-min gel strength, lbf/100 ft 2 

Fluid co9sistency index (k#), 
lbf•sTl /ft"-

Flow behavior index (n#), 
dimensionless 

Density, lb/ gal 

2-h phase separation, vol% 

Apparent viscosity, cP 

24-h penetration resistance, psi 

7-d penetration resistance, psi 

28-d compressive strength, psi 

Reference conditions 

Reynolds number 

Frictional pressure drop per 
100 ft, psi 

Critical velocity, gal/min 

Na2HP04 concentration 
(wt %) 

5 8 

8 + 1 5 + 1 

0.005 + 0.001 0.002 + 0.001 

0.60 + 0.02 0.68 + 0.04 

11.59 + 0.03 11.48 + 0.03 

2.61 + 0.94 4.97 + 1.31 

19.75 13 ,01 

0.0 532.5 + 37.7 

1853.3 + 295.7 1035.0 + 166.8 

1462.0 + 208.9 836.7 + 192.3 

4219.20 

2.35 

30.57 

6114.00 

l. 75 

21.04 

8 Grouts were prep&~ad at a mix ratio of 6 lb/gal; 0.2 ~.r. tributyl 
phospi1ate waste was adc!eci to each liter of waste. The dry solids blend 
consisted of 45.0 wt% type I-II-LA Portland cement, 40.0 wt% ASTM Class 
F fly ash from Kingeton, Tenn.-, and 15.0 wt % Attapulgite-150 clay. 
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Table 8. Effects of increased Attapulgite-150 content on grouts 
prepared with phosphate solutionsa 

Property 

10-min gel strength, lbf/100 ft 2 

Fluid co9sistency index (k
1

), 

lbf•sn /ft 2 

Flow behavior index (n 1

), 

dimensionless 

Density, lb/gal 

2-h phase separation, vol% 

Apparent viscosity, cP 

24-h penetration resistance, psi 

7-d penetration resistance, psi 

28-d compressive strength, psi 

Reference conditions 

Reynolds number 

Frictional pressure drop per 
100 ft, psi 

Critical velocity, gal/min 

Na2HP04 concentration, 
(wt%) 

5 

23 + 6 

o.378 + 0.249 

0.15 + 0.01 

11.14 + 0.04 

0.64 + o. 17 

90.26 

580.0 + 51.6 -
2000.0 + 187.6 

1578.0 + 174.1 

620.72 

14.69 

95.95 

8 

61 + 20 

o.843 + 0.183 

0.14 + 0.01 

11.58 + 0.03 

0.21 + 0.01 

189.12 

440.0 + 57.2 

1880.0 + 295.7 

1079.0 + 12.5 

307.57 

30.54 

141.90 

aGrouts were prepa1·ed at a mix ratio of 6 lb/gal; 0.2 mL tributyl 
phosphate waste was added to each liter of waste. The dry solids blend 
consisted of 40.0 wt% type I-II-LA Portland cement, 40.0 wt% ASTH Class 
F fly ash from Kingston, Tenn., and 20.0 wt% Attapulgite-150 clay. 
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strength than that shown in Table 7. Thue, the use of attapulgite to 

control phase separation appears to result in significant additional 

benefits because it alters the product's internal structure. 

Organics ~uch ae those found in TIJRCO have also been known to act as 

set retarders. Cons~quently, experiments were performed on a 5 wt% 

Na2HP04 solution with neutralized TIJRCO 4512-14A u the s.ource of the 

phosphate. Data are shown in Table 9 for a grout prepared with thie 

solution at 8 lb/gal with a dry solids blend consisting of 40 wt% Type 

I-II-LA Portland cement, 42 wt% ASTM Clase F fly ash, 10 wt% 

Attapulgite-150 drilling clay, and 8 wt% Indian Red pottery clay. The 

composition of the attapulgite in thie grout is similar to that reported 

in Table 7. For convenience, a comparison of the major component 

composition of grouts described in Tables 7 and 9 is highlighted below: 

Component 

Cement 
Attapulgite 
Fly ash 
Indian Red pottery clay 

Composition of grouts 
(lb/gal) 

Table 7 Table 9 

2.7 3.2 
0.9 0.8 
2.4 3.36 
0 0.64 

As shown by the data in Table 9, the grout containing TIJRCO-induced 

organics achieved initial set within 7 d, as did the grout reported in 

Table 7. The higher 7-d penetration resistance exhibited by the grout 

containing TIJRCO is due to the increase in cement content 

(3.2 vs 2.7 lb/gal) and is to be expected. Therefore, the presence of 

TURCO-induced organics does not appear to alter significantly the rate of 
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Table 9. Properties of a grout made with a 5 wt% Na2HP04 solution with 
TURCO 4512-14A as the source of phosphate 

Grout Property 

IO-min gel strength, lbf/100 fti 

Fluid co9sistency index (k•), 
lbf•sTl /ft 2 

Flow behavi or index (11•), 
diraensionlees 

Density, lb/gal 

2-h phase separation, vol% 

Apparent visco8ity, cP 

24-h penetration resistance, psi 

7-d penetration resistance, psi 

23-d compressive strength, psi 

Refere nce co~dittons 

Reynolds nur.iher 

Frictional pre8sure drop per 
100 ft, psi 

Critical ve locity, gal/min 

Measurement 
TIJRCO 

18 

0.016 

0.46 

12.25 

1.28 

26.41 

o.o 

4520.0 

798.8 + 

3112.22 

3.11 

40.11 

59.8 

acrout prepared at a mix ratio of 8 lb/gal. Dry solids blend 
consisted of 40 wt % ·rype I-II-LA Portland cement, 42 wt % ASTM Clase F 
Fly a>1h, 10 wt % Attapulgite-150 drilling clay, and 8 wt % Indian Red 
pottery clay. 
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set compared with a Na2HP04 sol11~1on. However, the presence of tht!se 

organics does appear to affect the internal structure of the grout as 

illustrated by the reduction in the 28-d unconfined compressive strength 

(798 VS 1462 psi). 

Auother significant point is illustrated by comparing the rheological 

properties of the two grouts. The criti~al vi:?locities and apparent 

viscosities 3re similar, indicating that Indian Red pottery clay has little 

effect on the grout's rheological properties, as stated in Sect. 4.2. 

6.2 SULFATE 

A grout was prepared with a 0.02 !:!, Na2S04 Aolution at 6 lb/gal and a 

dry solids blend consisting of 38 wt% Type I-II-LA Portland cement, 

42 wt% ASTM Class F fly ash, 12 wt% Attapulgite-150, and 8 wt% indian 

Red pottery clay. Data in Table 10 show that this grout failed to set 

within 28 d; however, the data also show that when the Na2S04 solution is 

diluted by 50%, then Ste is achieved and adequate 28-d compressive strength 

is obtained. The effects of dilution are realized by mixing this solution 

with the high-visccsity-producing phosphate waste. 

Data in Table l! show that, when the cement content of grouts prepared 

with B 0.02 !:!, Na2S04 solution is increased, set is achieved. The grout 

was prepared at 8 lb/gal with a dry solids blend consisting of 40 wt% 

Type I-II-LA Portland cement, 42 wt % ASTM Class F fly ash, 10 wt % 

Attapulgite-150 clay, and 8 wt% Indian Red pottery clay. This in effect 

increased the cement content from 2.28 to J.2 lb/gal. 

Therefore, the formulation development studies proceeded with the 

assumptions thet {l) the phosphate waste would aid in alleviating the 
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Table 10. Properties of groutsa mixed in the ratio of~ lb/gal with a 0.02 !!_ Na2S04 solution 

Property 

10-min gel strength, lbt/100 ft 2 

Fluid co9&ietency index k' 
lbf•eT\ /ft2 

Flow behavior index n~, 
dimensionless 

Density, lb/gal 

2-h Phase separation, vol% 

Apparent viscosity, cP 

24-h penetration resistance psi 

7-d penetration resistance, psi 

28-d cc.11prese!;,e strength, psi 

Reference conditions 

Reynolds number 

Frictional pressure drop per 
100 ft, psi 

Critical velocity, gal/~io 

0 

14 + 3 

0.015 + 0.006 

0.45 + 0.03 

11.30 + 0.04 

1.89 + 0.42 

23.26 

0 

0 

0 

2918.00 

2.87 

39.52 

Waste dilutions 
(vol X) 

20 

12 + 2 

0.007 + 0.001 

0.49 + 0.03 

11.20 + 0.04 

5.78 + 0.86 

13.93 

0 

0 

0 

4877.40 

1.10 

27.20 

33 

14 + 5 

0.013 + 0.005 

0.42 + 0.04 

11.19 + 0.03 

3.03 + 0.68 

16.72 

0 

0 

0 

3901.29 

2.21 

32.36 

50 

16 + 3 

0.013 + 0.005 

0.42 + 0.04 

11 .21 + 0.07 

3.47 + 0.70 

16. 72 

0 

28.0 

79.56 + 8.54 

3908.24 

2.21 

32.36 

ao.4 mL TBP added per gallon waste solution. Dry solids blend contained 38 wt% Type I-II-LA 
Portland cement, 42 wt% ASTH Claes F fly ash, 12 wt% Attapulgite-150 clay, and 8 wt% Indian Red 
pottery clay. 



, 

/ 

Table 11. Properties of grouts 4 mixed in the ratio of 8 lb/gal with a .02 !!, Na2S04 solution 

Property 

10-min gel strength. lbf/100 ft 2 

Fluid co9sistcncy index (k'). 
lbf•sT\ /ft2 

Flow behavior index (n'). 
dimensionless 

Density• lb/gal 

2-h Phase separation. vol% 

Apparent viscosity. cP 

24-h penetration resistance psi 

7-d penetration resistance. psi 

28-d compressive strength. psi 

Ref~rence conditions 

Reynolds humber 

Frictional press•Jre drop per 
100 ft• psi 

Critical velocity. gal/min 

Measurement 

7 

0.004 

0.57 

11.95 

3.42 

13.ll 

o.o 

420.0 

50.0 + 14.5 

5710.25 

1.82 

23.22 

8 Dry solids blend consisted of 40 wt% Type I-II-LA Portland cement. 42 wt% ASTH Class F fly 
ash. 10 wt% Attapulgite-150 clay. and 8 wt% Indian Red pottery clay. 
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deleteriou• effect• of th• S04 concentration in achievtnc ••t, and (2) the 

ce11ent content ehould be 1nater than 2.28 lb/1al • 

7. SEttCTtoN OP IltT SOLIOS BLtNn HAU IX POil 

FOltMULATlO!'f ~V!LOPM!NT STUDIES 

1.1 LOWER ~ UNO OF ntE on SOLIDS IL,.Nn HATIUX 

The ecoutin~ etudiea 'Sect. 6. 0 ) indi cated that th• ceaent content 

should be )2.28 lb/1al to en•ure set, the attapull{ite content ehould be 

~-7 lb/ gal, the Indian Red pottery clay content should be 8 vt %, and 

increments in ialx ratio ahould be I lb/gal. The•• data provide the lower 

bound for the dry •olld• blend Mtrix •tudied. 

The effect• of a ce11ent content greater than 2.28 lb/gal indicate 

that the alnimum cement content in th• •olld• blend nece•••ry to enaure 

eet ls as follows: 

Minlaua 
ceaent content 

Ceffl!nt content Klx rat lo of •olld• blend 
(lb/pl) pb/&al2 ! wt %2 

2.28 6 38 
2.28 7 33 
2.28 8 29 
2.28 9 25 

However, u dlscu•sed in Sect. 4.1, another criterion for ceaent content 

is a vater-to-ce11ent ratio <3. If one aa•uae• that a 1•llon of liquid 

waste contain• 8.3 lb of water, then the alniaum cement content la 

2.77 lb/gal [i.e., (8.3 lb/gal)/3). Thu•, the alnlmu• c•aent content 

beco11es 
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Cenent content 
(lb / gal ) 

2.77 
2. 77 
2.77 
2. 77 

'-
', 

Mix rat to 
(lb/ gal) 

f: 
7 
8 
9 

29 

j l 
' ,,.,,,...-· .. _,,..,.. . 

. I,• ·X .' 
•- ~ I -

Mi nil9U11 ce,aent 
content of aoltda blend 

(wt %) 

46 
40 
35 
31 

Likewise, the criteriQn of an Attapulgite-150 content of at least 

0.7 lb/gal indicate• that the minimum Attapulgite-150 h H follows: 

Attapulglt£-150 content 
(lb/gal) 

0.7 
0.1 
0.7 
0.1 

Mix ratio 
(lb/gal) 

6 
7 
8 
9 

7. 2 UPPER BOUND OF niE DRY SOLIDS BLEND MATRIX 

Mini111Um Attapulgite-150 
content of solids blend 

(wt%) 

12 
10 

9 
8 

I 
I 

Data in Table 12 ahow the effects of compoaitional variations in the 

dry aolida blend for a grout prepared at 6 lb/gal with an 8 vt % Na2HP04 

aolution. From a blend of 40 wt% Type I-II-LA Portland cement, 40 vt % 

ASTM Class F fly uh, and 20 wt% Attapulgite-150 clay, a decreaae of 10% 

in the fly uh content alowed the development of product strength but did 

not greatly affect the 28-d compreaaive strength. However, the flow 

regime changed fro• laminar to turbulent at reference condition•; 

therefore, increasing the fly ash content improves the grout's flow 

behavior. Lovering the clay content ~20% significantly lowered the gel 

atrength, while increasing the 2-h phase separation and resulting Reynolds 

number. The clay content ls a key variable in controlling these 

parametera. 
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Table 12. Effect of dry solids 
with an 8 wt 

Proeertl 

Cement, wt % 

-· Fly uh, wt % 
! 

~· 
/ Attapulgite-150 clay, wt % 

I 

Apparent viscosity, cP 

IO-min gel strength, lbt/100 ft 2 

Density, lb/gal 

' Fluid co9sistency index (k .. ) 
lbt•sl"I /ft 2 

Flow behavior index (n"") 

./ 2-h phase separation, vol % 
/ 

/ 

24-h penetration resistance, psi 

7-d penetration resistance, psi 

28-d compressive strength, psi 

Reference conditions 

Reynolds number 

Frictional pressure loss per 
3000 ft of pipe, psi 

I Critical velocity, ft/s 

/ ~ Critical velocity, gal/min 

·- -----==---=--

I 
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bl~nd variations on a grout prepared 
% Na2HP04 solution 

Hix Ratio 
(lb/sal) 

6 6 6 8 

40 35 45 45 

40 45 40 40 

20 20 15 15 

201 27.5 13.75 87 

60.5 13.8 5.0 28.8 

11.58 11.40 11.48 12.16 

0.84 0.024 0.002 o. 15 

o. 14 0.43 0.68 0.30 

0.2 1.12 4.97 0.86 

440 60 532 1150 

1880 1300 1035 3180 

269 231 209 612 

310 2165 6611 756 

910 122 104 393 

14.3 5.0 2.1 9.3 

140 49 21 91 
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Increasing the mix ratio from 6 to 8 lb/gal for a blend containing 

45 wt% Type I-II-LA Portland cement, 40 wt% ASTM Class F fly ash, and 

15 wt% Attapulgite-150 clay increased both compressive strength and 

critical velocity. Significantly, the 33% increase in aix ratio at a 

fixed blend resulted in increasing the grout's vertical velocity fro• 

21 to 91 gal/min, which is well above the TGF's pumping capacity of 

70 gal/min. 

The discussion presented in this section illustrates an important 

point: Relatively minor composition variations have a major impact on 

grout rheological properties. There is no need to explore major 

variations in the dry solids blend composition and mix ratio. Based on 

all of the infonaation in this section, the matrix shown in Table 13 was 

tested in the formulation development studies. 

8. HANFORD FACILITY WASTE USED IN FORMULATION DEVELOPMENT STUDIES 

The recipe for the reference synthetic HFW to be used in these 

studies has been defined by Rockwell Hanford (see Sect. 2.0). The 

concentrations of the major components of this waste are shown in 

Table 14. Scouting studies (Sect. 6.0) indicated that the sulfate content 

is the major concern because it can prevent set. These studies also 

showed t ha t sulfate concentrations as high as 0.02 !!. can be tolerated with 

cement contents )2.28 lb/gal. These studies suggested that combining the 

sulfate waste with the phosphate waste might further mitigate the set, 

1·etard the action of the ·sulfate, and thus permit even higher sulfate 

concentrations. Therefore, in the formul ation development studies the 
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Table 13. Weight percent of materials in dry solids blends ueed to develop 
grouts for HFW 

Blend number 

Material 2 3 4 5 6 7 8 9 

Type I-II-LA Portland 40 41 42 42 40 38 37 39 41 
cement 

Centralia, Wash. ASTM 42 41 40 38 40 42 41 39 37 
Claaa F fly ash 

Attapulgite-150 clay 10 10 10 12 12 12 14 14 14 

Indian Red pottery clay 8 8 8 8 8 8 8 8 8 

Table 14. Major element concentrations of HFW composed of a 50 
of phosphate and sulfate waste 

50 mixture 

Component H 

Na3P01t 0.15 

Na:lHP01t 0.01 

Na:lso .. 0.01 

NaOH 0.01 

NaNO:l 0.006 

roe 0.92 g/L 

Na2S04 concentration was increased over the 0.1. !! presented in Table 14 

to 0.03 M. In addition, to assess the effects of dilution associated with 

anticipated waste retrieval schemes and, to a lesser extent, the effects 
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of ujor component concentration variations, formulation studies were 

performed with four variations of the waste composition: 

• 

• 

• 

• 

No dilution. HFW as defined by the Rockwell recipe, in which the 

Na2S04 content was increased to 0.03 H. Throughout the remainder 

of this report, this solution is referred to as the reference 

waste. 

20% dilution (25% volume increase). A solution made by diluting 

1 L of reference va:ste with 0.25 L of water. 

33% dilution (50% volume increase). A solution made by diluting 

1 L of reference waste with 0.5 L of water. 

50% dilution (100% volume increase). A solution made by diluting 

1 L of reference waste with 1 L of water. 

The resulting anion concentrations are shown in Table 15. 

Table 15. Concentration of anions in the four synthetic waste streau 
used in the formulation development studies 

Concentration 

Anion 0 vol % 33 vol % 50 vol 
<!P (M) (!!,) 

P04-3 0.15 0.1 0.08 

s04-2 0.03 0.02 0.015 

N02- l 0.006 0.004 0.002 

TOC, g/L 0.92 0.62 0.46 
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9. FORMULATION DEVELOPMENT STUDIES WITH REFE!tENCE WASTE 

Data are presented on grout formulations with dry solids blends shown 

in Table 13 and synthetic wastes shown in Table 15. Data reported with a 

standard deviation are an average of four replicate samples unless 

otherwise noted. For convenience, the data are grouped by Attapulgite-150 

content. 

9.l 10 WT% ATTAPULGITE-150 DRILLING CLAY 

Grouts were prepared at 7 lb/gal with reference vastes and blends l, 

2, and 3 (Table 13). Data are shown in Tables 16 and 17. As shown in 

Table 16, grouts prepared at 7 lb/gal with a blend consisting of 41 wt% 

Type I-II-LA Portland cement, 41 wt% ASTH Class F fly ash, 10 wt% 

Attapulgite-150 drilling clay, and 8 wt% Indian Red pottery clay met all 

of the ujor design criteria including: 

• 10-min gel strength (100 lhf/100 ft2, 

• No 28-d phase separation, 

• 28-d compressive strength )60 psi, 

• Turbulent flow achieved at (70 gal/• in and, 

• Frictional pressure drop <11 psi/100 ft. 

For waste dilutions up to 33%, initial set occurred in less than 7 d, 

while at 50% dilution initial set occurred after 7 d. 

Properties of grouts prepared with blend 1 (cement content reduced 

to 40 wt% and fly ash increased to 42 wt%) and blend 3 (cement content 

increased to 42 wt% and fly ash decreased to 40 wt%) are shown in Tables 

17 and 18, respectively. As with blend 2, these grouts met all of the 
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Table 16. Properties of grouts mixed in the ratio of 7 lb/gal with dry solids 
blend 2 and different dilutions of reference wastea 

____ Property 

10-min ge l strength, lbt/100 ft 2 

Fluid co9sistency index (k'), 
lbf·sn ·· /ft 2 

Flow behuvior index (n'), 

Density, lb/gal 

2-h phase separation, vol% 

28-d phase separation 

Apparent viscosity, cP 

24-h penetration resistance, psi 

7-d penetration resistance, psi 

28-d compressive strength, psi 

Reference conditions 

Reynolds number 

Fri c t i onal pressure drop per 
100 ft, psi 

Critical velocity, gal/min 

0 

27 + 10 

0.020 + o.oos 

0.41 + o.os 

11 .60 + 0.04 

1.26 + 0.49 

0 

24 .17 

o.o 

1640.0 

361. 19 + -

2877.40 

3.53 

40.49 

15.13 

ao.4 mL TBP added per liter of waste 

I 

I ~. 
\ 

Waste dilutions 
(vol%) 

20 

19 + 3 

0.019 + 0.007 

0.42 + 0.04 

11 .61 + 0.09 

1.99 + 0.39 

0 

24.44 

o.o 

740.0 

390.49 + -

2833.40 

3.53 

40.15 

17. 70 

33 

18 + 4 

0.019 + 0.007 

0.40 + 0.04 

11.60 + 0.04 

3.28 + 1.78 

0 

21.57 

o.o 

520.0 

309. 13 + 8.66 

3249.67 

2.94 

38.26 

50 

22 + 5 

0.046 + 0.001 -

0.30 + 0.02 

11 .53 + 0.05 

1.59 + 0.21 

0 

27.99 

o.o 

284.0 

205.50 

228 I .00 

4.09 

47.22 

+ 6.07 

w 
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Table 17. Propertles of grouts mixed in the rBtio of 7 lb/gal with dry solids blend land 
different dilutions of reference waste 8 

Property 

IO-min ~el strength, lbf/100 ft 2 

Pluirl co9sistency index (k' ), 
lbf•sfl /ft 2 

Flow behavior index (r( ), 

DenHity, lb/gal 

2-h phase separation, vol % 

28-d phase separation 

Apparent viscosity, cP 

24-h penetration resistance, psi 

7-d penetration resistance, psi 

28-d compressive strength, psi 

Reference conditions 

Reynolds number 

Frictional pressure drop per 
100 ft, _ psi 

Critical velocity, gal/min 

0 

17 + 3 

0.010 + 0.001 

0.49 + 0.02 

11.59 + 0.03 

3.28 + 0.54 

0 

19.90 

o.o 

1480.0 

318.00 + 

3605.14 

2.35 

33.66 

11.63 

ao.4 mL TBP added per liter of waste. 

Waste dilutions 
(vol%) 

20 33 

19 + 2 

0.009 + 0.003 

0.49 + 0.03 

11.60 + 0.04 

3.07 + 0.94 

0 

17.91 

o.o 

664.0 

327.63 + 

4209.67 

2.35 

31.38 

12. l 9 

26 + 10 

0.020 + 0.008 

0.39 + 0.03 

11.59 + 0.03 

2.22 + 0.81 

0 

21 .33 

o.o 

576.0 

330. 56 + 

3300.22 

2.94 

37.75 

18.23 

~--- . ~. 

50 

18 + 3 

0.023 + 0.008 

0.38 + 0.06 

11.54+0.03 

2.94 + 0.51 

0 

23.05 

o.o 

312.0 

246.06 + 

3006.00 

2.9) 

40.30 

17.04 
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Tc.ble 18. Properties of grouts aixed in the ratio of 7 lb/gal with dry solids blend 3 and 
different dilutions of reference wastea 

Parameter 

10-min gel strength, lbf/100 ft 2 

Fluid co9sistency index (k') 
lbf•sn /ft 2 

Flow beh~vior index (n') 

Density, lb/gal 

2-h phase separation, vol% 

28-d phase separation, vol% 

Apparent viscosity, cP 

0 

34 + 4 

0.030 + .003 

.37 + .02 

11.10 + o.oo 

1.15 + .21 

0 

28.25 

o.o 

960.0 

Waste dilutions 
(vol%) 

20 

36 + 2 

0.018 + .003 

.46 + .03 

11.75 + o.oo 

1.06 + .24 

0 

29.71 

o.o 

660.0 

33 

41 + 2 

0.029 + .004 

.38 + .02 

11.74 + .03 

1.05 + .25 

0 

o.o 

480.0 

50 

32 + 3 

0.027 + .004 

.38 + .02 

11.11 + .03 

1.06 + .25 

0 

27.06 

o.o 

28·4.0 

24-h penetration resistance, psi 

7-d penetration resistance, psi 

28-d compressive strength, psi 332.56 + 16.38 353.94 + 5.95 257.94 + 10.47 208.12 + 8.57 

Reference conditions 

Reynolds number 

Frictional pressure drop per 
100 ft, psi 

Critical velocity, gal/min 

2382.85 

4.15 

44.87 

ao.4 mL TBP added per liter of waste. 

i· 

2442.36 

4.17 

44.49 

. I 

2352.38 

4. 17 

46.04 

2541.83 

3.56 

44.11 
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major design criteria. In general, 28-d compressive strength and 

frictional pressure drop increased with cement content. 

The average properties of grouts prepared with these blends are shown 

in Table 19. Therefore, grouts prepared at 7 lb/gal, with dry solids 

blends containing 8 wt% Indian Red pottery clay, 10 wt% Attapulgite-150, 

4<>-42 wt% Type I-II-LA Portland cement, and 4<>-42 wt% ASTH Class F fly 

ash, are fluid and achieve turbulent flow below the nominal TCF pump rate 

of 50 gal/min. Phase separation in a closed system for the grout pr~pared 

with blend 3 is shown in Fig. 1. As indicated by Fig. 1, these grouts 

are characterized by a high bleed rate with little resorption of water by 

the grout. Therefore, operations in this range would be favored if 

processibility were the major concern. However, this would not be the 

case if resorption of the bleed water by the grout was desired. 

To address resorption of bleed water, grouts were prepared with 

blends 1, 2, and 3 at 8 lb/gal. As seen in Fig. 2, the increase in mix 

ratio resulted generally in less bleed water and total resorption of the 

water by the grout in a closed system at waste dilutions (20%. 

Other pertinent properties of these grouts are shown in Tables 20 

through 22. As with grouts prepared at 7 lb/gal ~ all major design 

criteria were met. In general, the increase in mix ratio (in effect 

increasing the dry solids content, particularly the cement) resulted in 

harder (higher 28-d compressive strength) and 1110re viscous (higher 

pressure drop and critical velocity) grouts. 

The average properties of grouts made with these blends at 8 lb/gal 

are shown in Table 23. At this mix ratio, critical velocity is achieved 
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Table 19. Average properties of grouts prepared at 7 lb/gal with dry solids blends l, 2, and 3 

Property 

10-min gel strength, lbt/100 ft 2 

2-h phase separation, vol% 

28-d phase separation, vol % 

Densit :, , lb/gal 

Appare~t viscosity, cP 

28-d ~>mpressive strength, psi 

Re~erence conditions 

Fricti,mal pressure drop per 
100 Et, psi 

Critical velocity, gal/min 

/ '· I . > I 
' I 

0 

31 + 5 

1.9 + 1.2 

0 

11.63 + 0.06 

24 + 5 

337 + 22 

3.34 + 0.91 

40 + 6 

Waste dilutions 
(vol%) 

20 33 SU 

25 + 10 28 + 12 24 + 7 

2.0 + 1 .o 2.2 + 1.1 1.9 + 1.0 

0 0 0 

11.66 + 0.08 11.59 + O. l 11.59 + o. 1 

25 + 5 24 + 4 26 + 3 

356 + 33 299 + 37 220 + 23 

3.35 + 0.92 3.35 + 0.71 3.53 + 5.8 

39 + 7 41 + 5 44 + 4 
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CURE TME (h) CURE TIME (d) 

Fig. 1. Drainable water as a function of cure time in a closed system for grouts prepared at 
7 lb/gal with blend 3. 
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Fig. 2. Drsinable waste water as a function of cure ttme in a closed system for grouts prep3red 
at 8 lb/gal with blend 3 • 
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Table 20. Propertie• of grout • mixed in the ratio of 8 lb/gal with dry •olid• blend 2 
and different dilutions of reference vaatea 

Property 

10-ain gel strength, lbf/100 ft2 

Fluid co9aiatency index (k'), 
lbf••J\ /ft2 

Flov behavior index (n'), 

Density, lb/gal 

2-h phase eeparation, vol% 

28-d pha• e •eparation, vol l 

Apparent vi• co• ity, cP 

24-h penetration re• istance, pei 

7-d penetration reaiatance, pei 

28-d -~•p~e••ive etrength, pei 

Re i erenc1 con~ition• 

Reynold• number 

Frictional pr•••ure drop per 
100 ft, pei 

Critical velocity, gal/• in 

0 

32 + 6 

o.08q + 0.008 

0.27 + 0.01 

11.90 + o.oo 

0.74 + 0.21 

0 

44.92 

o.o 

3960.0 

676.38 + -

1483.24 

6.64 

61.88 

13.97 

ao.4 • L nP added per liter of vaete. 

Waste dilutions 
vol%) 

20 

35 + !> 

0.059 + 0.029 

0.35 + 0.05 

11.91 + 0.03 

0.94 + 0.63 

0 

49.04 

o.o 

1300.0 

793.88 ! 41. 54 

1416.39 

6.64 

63.9S 

)) 

24 + 3 

0.070 + 0. 022 

0.31 + 0. 02 

11.90 + 0. 04 

l. 26 + O. 34 

0 

45.33 

o.o 

490. 0 

237. 75 

1510.52 

6.64 

60.74 

-- it" - - ', ... ~ . 

50 

17 + 2 

0.034 + 0. 006 

0.40 + 0. 01 

12. 03 + 0.1 6 

0.52 + 0. 21 

0 

38.60 

o.o 

280 . 0 

297. 00 + 59 . 40 

1895.69 

4.88 

53.95 
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Table 21. Propertie• of grout• mixed in the ratio of 8 lb/gal vith dry •olid• blend 1 
and different dilution• of reference va•t•• 

Property 

10-min gel •trength, lbf/100 ft 2 

Fluid cc9sistency index (k-) • 
lbf•sr. /ft 2 

Flov behavior index (n-) • 

Density, lb/gal 

2-h phas~ separation, vol% 

28-d phase separation, vol% 

Apparent viscosity, cP 

24-h penetration resistance, p•1 

7-d penetration resistance, psi 

28-d com~ressive strength, p•i 

Reference conditions 

Reynolds number 

Frictional pressure drop per 
100 ft• psi 

Critical velocity, gal/min 

0 20 

37 + 4 37 ,! 12 

Wa•te dilution• 
(vol%) 

33 

26 + 5 

50 

20 + 2 

0.064 + 0.012 0.050 + 0.001 0.057 + 0.004 0.038 + 0.001 

0.29 + 0.03 

11.86 + 0.05 

1.15 + 0.40 

0 

36.59 

o.o 

0.34 + 0.02 

11 .90 + 0.07 

0.94 + 0.20 

0 

39.05 

o.o 

0.33 + 0.02 

11 .85 + 0.04 

1.68 + 0.69 

0 

41.82 

o.o 

1620.0 1980.0 1220.0 

441.56 + 21.06 488.56 + 45.71 452.25 + 1.37 

1788.60 

5.41 

53.56 

1741.32 

5.43 

54.89 

1674.35 

6.01 

58.17 

0.42 + 0.03 

11.86 + 0.06 

0.94 + 0.21 

0 

48.87 

o.o 

1160.0 

310.94 + U.65 

1523.37 

6.62 

61.31 

ao.4 mL TBP added per liter of waste. 
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Table 22. Propertiea of grouts mixed in the ratio of 8 lb/gal vith dry aolida blend l 
and different dilutions of reference vaatea 

Property 

10-ain gel strength, lbf/100 ft2 

Fluid co9sistency index (k#), 
lbf •sT\ /ft2 

Flov behavior index (n#), 

Density, lb/gal 

2-h phase separation, vol% 

28-d phase separation, vol% 

Apparent viscosity, cP 

24-h penetration reaistance, pei 

7-d penetration resiatance, pai 

28-d compressive atrength, pei 

Reference conditions 

Reynolds number 

Frictional pressure drop per 
100 ft t pei 

Critical velocity, gal/ain 

Waste dilutions 
(vol%) 

0 

14 

0.010 

0.48 

12.15 

5.79 

0 

20 

5 

0.007 

0.54 

12.01 

5.58 

0 

18.70 19.03 

o.o o.o 

3540.0 3480.0 

671.75 + 83.09 672.25 + 6.01 

4481.67 4017.50 

2.46 2.44 

31.80 30.52 

]] 

16 

0.025 

0.4] 

12.25 

4.96 

0 

50 

11 

0.012 

0.36 

12.05 

2.97 

0 

34.22 28.ll 

o.o o.o 

1160.0 248.0 

571.25 + 69.30 356.75 + 36.77 

2262.54 2494.46 

4.35 J.67 

48.48 44.77 

ao.2 aL nP added per liter of vaate. 

,. 
·- 1 · ' ... \ . 

i I - --------

• • 

/ 



., : 
' 

. ' 

. . ..._ I· . . \ "\_- ,_ ·,, 
\ . 

,.. . . 
' . 

Table 23. Average properties of grouts prepared at 8 lb/gal with dry solids blends 1, 2, and 3 

Property 

10-min gel strength, lbf/100 ft 2 

2-h phase separation, vol% 

28-d phase separation, vol% 

Density, lb/gal 

Apparen t viscosity, cP 

28-d co•11pressive strength, psi 

Re ference condition• 

Frictio,,al pressure loss 
per mo ft. psi 

Critica l velocity, gal/min 

\ 
., 

0 

28 +12 

2.6 + 2.8 

0 

11.97 + 0.16 

33 + 13 

596 + 134 

4.84 + 2.15 

49 + 16 

Waste dilutions 
vol% 

20 

26 +18 

2.5 + 2.7 

0 

11.94 + 0.06 

36 + 15 

651 + 154 

4.84 + 2.16 

50 + 17 

33 

22 + 6 

2.6 + 2.0 

0 

12.0 + 0.22 

40 + 6 

420 + 169 

5.67 + 1.18 

56 + 7 

50 

16 +5 

1.5 + 1.3 

0 

11.99 + 0.10 

39 + 10 

322 + 31 

5.06 + 1.4 

53 + 8 
\ ' I 
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near the nominal TGF pumping rate (50 gal/min). Therefore, if vater 

resorption were the major concern, operations in this range would be 

favored. However, some reduction in processibility would result. 

9.2 12 WT % ATTAPULGITE-150 DRILLING CLAY 

Scouting studies (Sect. 6.2) indicated that set vaa not achieved with 

a grout prepared at 6 lb/gal with blend 6 and a 0.02 !! Na2S04 solution. 

To assess the dilution effects of the phosphate addition, grouts were 

prepared at a mix ratio of 6 lb/gal with blenja 4, 5, and 6. Data are 

shown in Tables 24 through 26. As seen by the data, set vaa achieved at 

cement contents 2 2.4 lb/gal (blends 4 and 5), which is only a alight 

increase above 2.28 lb/gal (blend 6). In addition, set was acheived with 

blend 6 and a waste dilution of 50%. Consequently, c011bining the 

phosphate and sulfate wastes (to produce HFW) appears to increase the 

permissible sulfate concentration. 

Data are presented in Tables 27-29 for grouts prepared with these 

three blends at a mix ratio of 7 lb/gal. All performance criteria were 

• et. Average properties are shown in Table 30. Data in Table 30 

indicate that grouts prepared at 7 lb/gal, with a dry solids blend 

consisting of 8 wt% Indian Red pottery clay, 12 wt% Attapulgite-150, 

3&-42 wt % Type I-II-LA Portland ceaent, and 38-42 wt % Centralia, Wash. 

ASTM Class F fly ash, are fluid and achieve turbulent flow below the TGF 

nominal pump rate (50 gal/• in). However, Fig. 3, which shova phase 

separation data in a closed system, indicates that water would be resorbed 

by grouts in this range only at 0% waste dilution. Thus, grouts prepared 

--· 
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Table 24. Properties of grouts mixed in the ratio of 6 lb/gal with dry solids blend 6 
and different dilutions of reference wa~ ea 

Property 

10-min gel strength, lbf/100 ft2 

Fluid co9sistency index (k'), 
lbf•sn /ft2 

Flow behavior index (n'), 

Density, lb/gal 

Apparer.t viscosity, cP 

24-h penetration resistance, psi 

7-d penetration resistance, psi 

28-d compressive s trength, psi 

Reference conditions 

Reynold,s number 

Frictional pressure drop per 
100 ft, psi 

Criticel velocity, gal/min 

0 

14 + 3 

0.015 + 0.006 

0.45 + 0.03 

11.30 + 0.04 

23.26 

0 

0 

0 

2918.00 

2.87 

39.52 

50.4 mL TBP added per liter of waste. 

1· ·\ \ \ ' 
\_ : . 

' ' 

Waste dilutions 
(vol%) 

20 33 so 

12 + 2 14 + 5 16 + ) 

0.007 + 0.•)0l 0.013 + 0.005 0.013 + 0 .005 

0.49 + 0.03 0.42 + 0.04 0.42 + 0.04 

11.20 + 0.04 11.19+0.03 11.21 + 0.07 

13.93 16.72 16. 72 

0 0 0 

0 0 28.0 

0 0 79.56 + 8. 54 

4877 .40 3901.29 3908.24 

1.10 2.27 2.21 

27.20 32.36 32.36 
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Table 25. Properties of grouts mixed in the ratio of 6 lb/gal with dry solids blend 5 
and different dilutions of reference waste 8 

Property 

10-min 3el strength, lbf/100 ft2 

Fluid copsistency index (k,.), 
lbf'sn /ft2 

Flow behavior index (n,.), 

Density, lb/gal 

28-d pha&e separation, vol% 

Apparent viscosity, cP 

24-h penetration resistance, psi 

7-d penetration resistance, psi 

28-d compressive strength, psi 

Reference conditions 

Reynolds number 

Frictional pressure drop per 
100 ft, psi 

Critical velocity, gal/min 

0 

5 + l 

0.003 + 0.001 

0.63 + 0.02 

11.60 + 0.09 

0 

14.29 

o.o 

980.0 

249.63 

6702.33 

1.18 

23.65 

+ 18.07 

8 0.4 mL TBP added per liter of waste. 

\ '-.. 
\ 

/ \ 

Waste dilutions 
(vol%) 

20 33 

7 + l 6 + 2 

0.004 + 0.002 0.002 + 0.001 

0.58 + 0.01 

11.48 + 0.03 

0 

13.95 

o.o 

560.0 

242.02 + -

5397.00 

1.75 

24.54 

12.65 

0.66 + 0.03 

11.46 + 0.13 

0 

11.50 

o.o 

336.0 

249.75 + 23.08 

6305.67 

1.74 

19.68 

I 

50 

8 + 3 

0.003 + 0.001 

0.61 + 0.04 

11.40 + 0.11 

0 

12.62 

o.o 

176.0 

198.63 + 3.51 

6805.00 

1.16 

22.38 

.... 
OD 

' \ 



\, ·,_ 
\ ·. 

' 'I 

J 

-~ '. 

· .. 

:; 
I 

ij 
!, 

\ ' I 
I . 

Table 26. Properties of grouts mixed in the ratio of 6 lb/gal with dry solids blend 4 
and different dilutions of reference wastea 

Property 

10-min ge l strength, lbf/100 ft2 

Fluid copsistency index (k#\ 
lbf•sn /ft2 

Flow behavior index (n # ) , 

Density, lb/gal 

28-d phase separation, vol% 

Apparent viscosity, cP 

24-h penetration resistance, psi 

7-d penetration resistance, psi 

28-d compressive strength, psi 

Reference conditions 

Reynolds number 

Frictional pressure drop per 
100 ft, psi 

Critical velocity, gal/min 

0 

14 + 2 

0.005 + 0.001 

0.54 + 0.02 

11.59 + 0.07 

0 

13.59 

o.o 

1660.0 

308.18 + -

5815.50 

1.76 

24.88 

19.40 

ao. ~ mL TBP added per liter of waste. 

-._ ' I 

" 
\\ ' 

' .\ .\ 
',\ ' . . . 

·,_-I\ , \ \ _. ,\ 
' , _ ' '\ 
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Waste dilutions 
(vol%) 

20 33 

14 + 3 17 + 6 

0.008 + 0.001 0.011 + 0.005 

0.48 + 0.01 

11.24 + 0.03 

0 

14.96 

o.o 

832.0 

260.64 + 36. 13 

4975.20 

1. 71 

28.89 

·\ ·1 . 
\• 

'. 

0.44 + 0.03 

11.26 + 0.14 

0 

16.03 

o.o 

500.0 

293.87 

4433.17 

2.28 

31.01 

+ 15. 10 

50 

11 + 2 

0.014 + 0.005 

0.41 + 0.04 

11.25 + 0.07 

0 

16.92 

o.o 

132.0 

176.19 

3986.57 

2.28 

32.97 

+ 27.2 

'
' 
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Table 27. Properties of grouts mixed in the ratio of 7 lb/gal with dry solids blend 4 
and different dilutions of reference wastea 

Property 

10-min gel strength. lbf/100 ft 2 

Fluid co~eistency index (k'). 
lbf•sn /,ft 2 

Flow behavior index (n'). 

Density• lh/gal 

2-h phase separation. vol r. 

28-d phase separation. vol% 

Apparent viscosity. cP 

24-h penetration resistance, psi 

7-d penetration resistance. pet 

28-d compressive strength. pet 

Reference conditions 

Reynolds number 

Frictional pressure drop per 
100 ft: psi 

Critical velocity. gal/min 

0 

16 + 3 

0.019 + 0.011 

0.43 + 0.07 

11.90 + o.oo 

2.6R + 0.90 

o.o 

24 + 5 

o.o 

1640 

459 + 6 

2857.20 

).62 

JA.58 

ao.4 mL TBP added per liter of waste. 

\ 

.\ 

Waste dilutions 
(vol%) 

20 

21 + 5 

0.0107 + 0.003 

0.502 + 0.038 

11.7 + 0 

2.77 + -
0 

24 + 2 

0 

680 

407 + -

3344 

2.A4 

36 .6 

'· 

1 .06 

10 

33 

15 + 5 

0.0077 + 0.0037 

o. 541 + 0.043 

11. 71 + 0.06 

3.78 + 0.47 

0 

21 + 3 

0 

416 

328 + 9 

37 50 

2.53 

33.5 

\ \ 

50 

13 + 2 

0.009 + 0. 001 

0.507 + 0.013 

11.66 + G.03 

4.66 + -
0 

21 + 2 

0 

252 

221 

3868 

2.45 

33.2 

\ 

+ 6 

1. 09 

I ' , 
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Table 28. Prope r ties of grouts mixed in the ratio of 7 lb/gal with dry solids blend ~ 
and dif ferent dilutions of reference wastea 

Waste dilutions 
vol%) 

Property 0 20 33 

21 + 7 39 + 8 35 + 16 35 + 

·, 

50 

10 10-min gel strength, lbf/100 ft 2 

Fluid copsistency index (k'") , 0.019 + 0.016 0.068 + 0.038 0.039 + 0.011 0.051 + 0.023 
lbt •sTl /ft2 

Flow behavior index (n') , 

Density, lb/gal 

2-h pha~e separation, vol% 

28-d phase separation, vol% 

Apparent viscosity, cP 

24-h penetration resistance, psi 

7-d penetration resistance, psi 

28-d compressive strength, psi 

P.eference conditions 

Reynold£· number 

Frictional pressure drop per 
100 ft, psi 

Critical veloci ty, gal/min 

0.44 + 0.08 

11. 75 + o.oo 

2.32 + 0.88 

0 

27.68 

o.o 

1360.0 

430.7 + 21.3 

2775.6 

3.58 

42.82 

ao.4 mL TBP added per liter of waste. 

' I 
I 

\ ' \ I : 
~ 
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0.29 + 0.06 

11.69 + 0.06 

1.28 + 0.62 

0 

38.88 

o.o 

960.0 

379.9 + 27.2 

1679.00 

5.93 

55.94 

' ' \ \ , . 
'~ ,, .' 

·, 
', ' 

0.33 + 0.03 

11.11 + 0.03 

1.48 + 0.22 

0 

28.61 

o.o 

340.0 

291.2 + 6.0 

2363.64 

4. 16 

46.65 

-

0.29 + 0.05 

11. 73 + 0.03 

1.59 + 0.22 

0 

29.16 

o.o 

136.0 

162.3 + 17.6 

2211.25 

4.16 

47.25 

'· 
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Table 29. Properties of grouts mixed in the ratio of 7 lb/gal with dry soUds blend 6 
and different dilutions of reference wastea 

Waste dilutions 
(vol%) 

Property 0 20 33 

20 + 4 29 + 11 37 + 15 31 + -

' ' 

50 

8 10-min gel strength, lbf/100 ft2 

Fluid co9sistency index (k'). 0.014 + 0.004 0.024 + 0.012 0.034 + 0.020 0.035 + 0.013 
lbf•s11 /ft2 

Flow behavior index (n'), 

Density _ _, lb/gal 

2-h pha3e separation, vol% 

28-d ph~se separation, vol% 

Apparent viscosity, cP 

24-h penetration resistance, psi 

7-d penetration resistance, psi 

28-d compressive strength, psi 

Reference conditions 

Reynolds number 

Frictional pressure drop per 
100 ft, psi 

Critical velocity, gal/ain 

0.46 + 0.03 

11. 75 + o.oo 

1.69 + 0.36 

0 

23.11 

o.o 

1480.0 

466.7 + 

3358.25 

2.98 

37.78 

19.2 

ao.4 mL TBP added per liter of waste. 

0.40 + 0.05 

11. 75 + 0.06 

1.48 + 0.24 

0 

21.25 

o.o 

800.0 

342.6 + 

2693 .18 

3.58 

43.97 

ll.l 

0.36 + 0.07 

11.7~ + 0.03 

1.47 + 0.26 

0 

30.08 

o.o 

360.0 

297.9 + -

2266.29 

4.19 

47.08 

10.6 

--- · 

0.34 + 0.04 

11 .65 + o.oo 

1.69 + 0.60 

0 

27.33 

o.o 

120.0 

165.4 + 15.1 

2491.54 

3.55 

44.89 

' \ 

\ 
I . i 

I 
I 

VI 
N 

\ 



' \ 

I 

/ 

' : 

,. \ 

53 

Table 30. Average properties of grouts prepared at 7 lb/gal 
with blends 4, 5, and 6 

Property 

10-min gel strength, lbt/100 ft2 

2-h phase separation, vol% 

28-d phase separation, vol % 

Density, lb/gal 

Apparent viscosity, cP 

28-d compressive strength, psi 

Reference conditions 

Frictional pressure loss 
per 100 ft, psi 

Critical velocity, 

' · , 
__ . / 

(gal/lllin) 

Waste Dilution 
(vol%) 

0 20 33 

19 30 29 

2.2 1 .8 2.2 

0 0 0 

11.8 11.7 11.7 

25 30 27 

452 377 306 

3.39 4.12 3.63 

40 46 42 

I 
; -

50 

26 

2.1 

0 

11.7 

26 

183 

3.39 

42 

I 
I 
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Fig. 3. Drainable water as a function of cure time in a closed system for grouts prepared at 

7 lb/gal with blend 5 • 
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in thia range would be favor~d if proceaaiblility wre the pri-ry 

concern. 

Data in Tablea 31-33 ehow the effect• of increaeing the mix ratio to 

8 lb/gal. Grout• prepared with blend 4 Mt all perforaance criteria, 

except for the SO% diluted reference vaate. In thia caae, critical 

velocity vaa not achieved at i10 gal/ain. Grout• prepared with blend S 

11et all perforaance criteria; critical velocity va• achieved near SO 

gal/ain. Thia ia to be expected eince increaaing the fly uh content 

while eiaultaneouely decreaaing the ceaent content typically reeult• in 

lees-viscous, more-fluid grouts. However, u seen in Table 33, it 1• 

difficult to predict grout behavior • . These grouts prepared with hlend · 6 

were eignificantly more viacoua than thoae prepared with blend Seven 

though the ce-nt content decreased and the fly uh content increased. 

Por theee grout•, vaete dilution• of 20 and 33% did not achieve critical 

velocity within the deaired range, and 10-ain gel strangtha were exceeaive 

()100 lbt/100 ft2) for dilution• of O and 20%. 

However, u seen in Table 34, on the average, grouts prepared with 

these th~•• blend• Mt all performance criteria. However, both 10-in 

gel strength and critical velocity are approaching the deaign limits of 

the 'l'GP distribution pump. Therefore, it appears that Q.96 lb/gal 

(8 lb/gal x 12 wt%) aay be approaching the maximwa Attapulgite-150 

content of grouts that are compatible with 'l'GF performance criteria. 

However, even with this clay content, drainable water 1• not resorbed by 

the grout with SO% waste dilution (Fig. 4). 
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Table 31. Propertie• of grouts aixed in the ratio of 8 lb/gal with dry aolid• blend 4 
and different dilution• of reference vaatea 

Property 

10-min gel etrength, lbf/100 ft2 

Fluid copeietency index (k'~ 
lbt• sl'l /ft2 

Flow behavior index (r() , 

Denatt r , lb/gal 

2-, . ph&ae aeparation, vol l 
I. 

28-d phaae aeparation, vol l 

Appar•~t viacoaity, cP 

24-h ~ ,netration reaiatance, pei 

7-d pe.\e tration reaiatance, pet 
l 

28-d c~• preaaive atrength, pei 

Reference condition• 

Reynold~ nu• ber 

frictional preaaure drop per 
100 ft, pal 

Critical velocity, gal/ain 

0 

49 + l 

0.079 + 0.015 

0.27 + O.Ol 

12.18 + 0.0) 

0.94 + 0.22 

0 

39.87 

o.o 

o.o 

498 

1725.18 

56.97 

•0.2 • L nP vaa added per liter of vaate. 

,, ' /. ' , ;: ' - : -r .t'- • \._ I 

Waete d1lut1on• 
~vol 12 

33 20 

37 + 5 

0.114 + 0.017 

0.26 + 0.04 

12.21 + O. ll 

0.60 + 0.47 

0 

54.05 

o.o 

460.0 

444.0 !. 27.6 

1247 .50 

8.05 

66.54 

ll + 6 -
o. 116 + 0.049 

0.24 + 0.07 

12.16 + 0.04 

0.43 + 0.01 

0 

48.55 

o.o 

200.0 

297.l + 8.8 

ll72.07 

7.40 

, .. . , ,,,, .~. • . , ...... 

so 

32 + 6 

0.095 + 0.014 -
0.12 + 0.02 

12.20 + 0.06 

0.47 + 0.35 

0 

65.49 

o.o 

148.0 

186.5 + 0.7 

1061 .88 

9.28 

75.88 
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Table 32. Properties of grouts aixed in the ratio of 8 lb/gal vith dry aollda blend 5 
and different dllutlona of reference vaatea 

; :· \ 
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Parameter 

10-ain gel strength, lbf/100 ft 2 

Fluid copaiatency index (k'X 
lbf•afl /ft2 

Flow behavior index (n' ) , 

Density, lb/gal 

2-h phase separation, vol l 

28-d phase separation, vol% 

Apparent viscosity, cP 

24-h penetration reaiatance, pal 

7-d penetration resistance, pal 

28-d ~o• preaaive strength, pal 

Reference condition• 

Reynold• number 

Frictional pressure drop per 
100 ft, pd 

Critical velocity, gal/ain 

0 

11 + 2 

0.006 + 0.001 

0.60 + 0.02 

12.14 + 0.05 

3.36 + 0.03 

0 

23. 70 

o.o 

2360.0 

710.6 + 26.1 

3682.83 

2.46 

33.67 

ao.4 Ill. TBP vaa added per liter of vast~. 

Waste dilution• 
{vol l) 

20 

13 + 3 

0.030 !:, 0.003 

0.'39 + 0.01 

11.79 + 0.10 

2.99 + 0.50 

0 

32.00 

o.o 

340.0 

271.3 + 6.3 

2158.14 

4.19 

48.0) 

33 

22 + 4 

0.035 + 0.019 

0.41 + 0.11 

12.16 + 0.14 

1.16 + 0.94 

0 

42.30 

o.o 

1060.0 

521.8 + 36.4 

1774.35 

5.55 

55.92 
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50 

30 + 9 

0.022 + 0.011 -
0.46 + 0.08 

12.09 + 0.05 

1.67 + 1.02 

0 

36 . )1 

o.o 

400.0 

270.1 + 17.8 

2126.46 

4.91 

49.75 
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Table 33. Propertie• of grout• mixed in the ratio of 8 lb/gal vith dry •olida blend 6 
and different dilution• of reference waste• 

Waste dilutions 
~voJ %2 

Propterty 0 20 33 

209 + 43 190 + 37 71 + 38 18 + 2 -

~ ~ - - j 

50 

10-• in gel • trength, lbt/100 ft2 

Fluid copaiatency index (k') u.100 + 0.009 o. 352 + o. 132 0.118 + 0.079 0.066 + 0.015 
lbf"•" /ft2 

Flow behavior index (n'), 

Den• ity_. lb/gal 

2-h pha•e •eparation, vol% 

28-d ph••• nparation, vol% 

Apparent vi• co• ity, cP 

24-h penetration re• iatance, pei 

7-d pen'etration re• htance, pei 

28-d co.-pre•• ive atrength, pei 

Heference condition• 

Reynoldw nu• ber 

Frictional pre•• ure drop per 
100 ft, pei 

Critical velocity, gal/ain 

0.25 + 0.02 

12.14 + 0.07 

0.63 + 0.24 

0 

44.55 

o.o 

2580.0 

598.6 + 

1503.15 

6.77 

60.6 

13.3 

-0.4 • L TIP added per liter of va• te • 

0.11 + 0.03 

12.10 + 0.12 

0.12 + 0.21 

0 

65.49 

o.o 

1680.0 

668.0 + 20.2 

906.17 

11.05 

78.09 

0.28 + 0.17 

12.06 + 0.05 

0.94 + 0.19 

0 

63.38 

o.o 

580.0 

634.2 + 37.6 

1056.37 

9. 18 

73.96 

' / 1 '' 

0.34 + 0.02 

12.08 + 0.03 

0.83 + 0.02 

0 

51.54 

o.o 

364.0 

445.7 + 

1343.40 

7.35 

64.26 

18.3 

. \. 
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Table 34. Average propertiee of grout• prepared at 8 lb/gal with 
blend• 4, 5, and 6 

Propertiea 

10-ain gel atrength, lbt/100 ft2 

2-h phaae eeparation, wl % 

28-d phaae eeparation, wl % 

Denaity, lb/gal 

Apparent viacoaity, •!P 

28-d coapreeeive etrength, pei 

Reference condition• 

Frictional preeaure lo•• 
per 100 ft, pei 

Critical velocity, gal/• in) 

I 
-·· - -- --_·.~- I / 

Wute dilution 
(vol%) 

0 20 33 

90 80 41 

1.6 1.4 

0 0 

12.15 12.03 

36 50 

655 461 

493 7.76 

51 64 

0.8 

0 

12.13 

51 

484 

7.38 

65 

50 

27 

1.0 

0 

12.12 

51 

301 

7 .18 

63 
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FiR, 4. Drainable water•• a function of cure time in a closed system for grouts prepared at 
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9.3 14-WT-% ATTAPULGITE-150 DRILLING CLAY 

Data in the previous section indicates that grouts containing 

0.96 lb/gal Attapulgite-150 approach the upper bound of proceaaibility in 

the TGF. To verify this, grouts were prepared at 7 lb/gal with dry solid• 

blends 7, 8, and 9 containing 0.98 lb/gal Attapulgite-150. Data are shown 

in Tables 35-37. 

Data for blend 7 (Table 35) show that 10-ain gel strength exceeds TGF 

distribution pump deaign limits (<100 lbf/100 ft2) for all waste dilutions 

except 50%. Data in Table 37 for blend 9 show critical velocity was not 

achieved at design condition• ((70 gal/min) for 0% waate dilution. Thus, 

if grouts with Attapulgite-150 contents >0.96 lb/gal are only •lightly 

varied, they will fail to meet TGF perfonunce requireaenta. Indeed, a 

grout aade at 8 lb/gal with blend 8 (Attapulgite-150 content of 1.12 

lb/gal) was too viscous to obtain rheological measurement• using the Fann 

Viacoaeter. Therefore, the Attapulgite-150 content of blends to be used 

with HPW in the TGF auat be< 0.96 lb/gal. 

10. RECOHHENDED FORMULA 

Baaed on grout development studies with simulated sulfate, phosphate, 

and HPW (Sect.6--9), the following fonaula is rec~nded for HFW: 

Dry solids blend8 

Material 

Type I-II-LA Portland cement 

Centralia, Wash. ASTH Class F Fly uh 

Amount 
(vt %) 

41 

40 
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Table 35. Propertiea of grouts aixed in the ratio of 7 lb/gal with dry solida blend 7 
and different d'.lutions of reference w11stea 

Property 

10-ain gel strength, lbf/100 ft2 

Fluid copaistency index (k'), 
lbf"sn /ft2 

Flow behavior index (n'), 

Density, lb/gal 

28-d phase separation, vol% 

Apparent viscosity, cP 

24-h penetration resistance, psi 

7-d penetration resistance, psi 

28-d co~pressive strength, pei 

" R~ference conditions 

Reynolds number 

Frictional pressure drop per 
100 f t. , pei 

Critical velocity, gal/ain 

0 

134 + 51 

0.104 + 0.062 

0.24 + 0.05 

11 .80 + 0.04 

0 

43.53 

o.o 

1280 . 0 

485.5 + 

1485.08 

6.58 

61.61 

10.9 

8 0 , 4 IIL TBP added per liter of vaste • 

-<. 

' , '· 

I ' )' \ ' 1 I .. / - i 
/ ·: ~:\ __ ·\_ 

Waste dilutions 
~vol%) 

20 

152 + 39 

0.082 + 0.069 

0.27 + 0.09 

11.76 + 0.09 

0 

41.38 

o.o 

1580.0 

481.5 + 

1593.26 

5.96 

59.41 

12. 7 

· j \ 

,,,\\, 

33 

192 + 25 

0.114 + 0.063 

0.22 + 0.07 

11. 70 + 0.08 

0 

42. 12 

o.o 

900.0 

396.7 + 33.0 

1464.89 

6.53 

60.42 

\ . ~-
\ 

' 

50 

29 + 5 

0.107 + 0.014 

0.26 + 0.04 

11.69 + 0.05 

0 

50.73 

o.o 

310.0 

246.7 + -

1276.72 

7.71 

65.72 

\'~ 
\ 

14.6 

\ 
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Table 36. Properties of grouts mixed in the ratio of 7 lb/gal with dry •olid• blend 8 
and different dilutions of reference waste• 

Waste dilutions 
(vol%~ 

Property 0 20 33 

71 + 30 38 + 5 27 + 11 24 + 5 

50 

10-min gel strength, lbt/100 ft2 

Fluid co9sistency index (k'), 0.045 + 0.022 0.087 + 0.022 0.053 + 0.018 0.060 .+ 0.016 
lbt•s1 /ft2 

Flow behavior index (ri' ) , 

Density, lb/gal 

28-d phase separation, vol% 

Apparent viscosity, cP 

24-h penetration resistance, p• i 

7-d penetration resistance, psi 

28-d compressive strength, psi 

Reference conditions 

Reynolds number 

Frictional pressure drop per 
100 ft, pei 

Critical velocity, gal/min 

0.36 + 0.05 

11.76 + 0.06 

0 

39.81 

o.o 

1460.0 

403.4 + 38.5 

1758.17 

5.37 

55.94 

8 0.4 aL TBP added per liter of waste. 

I, i ........ 

\ 
I . 

' ' --~( ,:_:\ 
; , ...__ 

\ ......... ~ 

' \ 

.... , \ \ \ , \ I \ 

0.30 + 0.09 

11.85 + 0.07 

0 

52.94 

o.o 

790.0 

420.6 + 3.9 

1255.86 

7.81 

67.66 

/Yi \ 

' 

0.36 + 0.04 

11.76 + 0.09 

0 

46.89 

o.o 

470.0 

309. 1 + 

1507.00 

6.56 

61.81 

' '\ 
,, , .. _ . 

'-.:; 
'· "·.:-,. 

.. 

15.9 

! I 

'''i. 

0.33 + 0.02 

11.71 + 0.15 

0 

44.02 

o.o 

212.0 

225.7 + 10.8 

1504. 14 

6.53 

60.41 
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Table 37. Properties of grouts mixed in the ratio of 7 lb/gal with dry solids blend 9 
and different dilutions of reference waste 4 

Parameter 0 

Waste dilutions 
(vol%) 

20 33 50 

10-min gel strength, lbf/100 ft2 

Fluid co9sistency index (k'), 

73 + 18 39 + 11 19 + 2 20 + 1 

0.204 + 0.223 0.081 + 0.045 
lbf•sn ft2 

Flow behavior index (n') • 

Density, lb/gal 

28-d phase separation. vol% 

Apparent viscosity, cP 

0.20 + o. 10 

11.85 + 0.07 

0 

66.54 

24-h penetration resistance. pei 0.0 

7-d penetration resistance. psi 

28-d compressive strength. psi 

Reference conditions 

Reynolds number 

Frictional pressure drop per 
100 ft• psi 

l I . 
Critic~.l velocity, gal/ain 

420 

940.6 

10.22 

79.58 

4 0.~4 IIL TBP added per liter of waste. 

/ 
·.I 

0.28 + 0.07 

11.83 + 0.06 

0 

43.51 

o.o 

332.0 

335.0 + 6.11 

1511.15 

6.60 

60. ~3 

0.044 + 0.003 0.057 + 0.015 

0.41 + 0.02 

11.80 + 0.07 

0 

53.17 

o.o 

144.0 

276.50 

1330.50 

7.18 

65.83 

0.36 + 0.04 

11./5 + 0.11 

0 

50.43 

o.o 

136.0 

156.44 

1374.78 

7.15 

64.65 

\' \ 

+ 7.65 
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Attapulgite-150 drilling clay 

Indian Red pottery clay 
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8 

8 Mix ratio• 7.5-lb dry solids blend per gallon HFW. 
(However, 0.02 vol% tributyl phosphate (TBP) mast be added to HFW as 
a defoaaaing agent). 

10. 1 VARIATIONS IN DRY SOLIDS BLEND COMPOSI'rION 

The reco11111ended llix meets all performance criteria; reasonable 

deviations fro• the recommended reference formula also meet these 

criteria. Specifically, these deviations are limited to +5% in individual 

component compositions of the dry solids blend and variations of !!J.5 

lb/gal in the mix ratio. The range of compositions that result in an 

acceptable grout are shown in Table 38. 

10.2 RANGE IN GROUT PROPERTIES 

In reality, the recoanended formula is a target value. During 

routine TGF operation the formula will be a composite, dependent upon the 

capability of the blending(.!, 5%) and mixing (assumed to be.!, 0.5 lb/gal) 

equipment. The range in the average grout properties prepared with this 

composite can be obtained by averaging the data at 7 and 8 lb/gal with 

blends 1 through 6 (Sect. 9). The Average ,alues ~hus obtained are shown 

in Table 39 for 0% diluted reference waste. As the data in Table 39 shows, 

grouts prepared with the reference focmula meet all performance criteria 

listed in Sect. 3.4, including: 

• Frictional pressure drop 

• 10-min gel strength 

• 28-d drainable water 

->-~-c . .:::: ~ . . ·, ,, / \ _,,-_- --- / / 
~ --- -,.- --7-_J ... -_.l! .,, 

- ,,-- - r-- r . . \. - . .. '\ 

l 
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<l 1 pei/ 100 ft 

<100 lbf/100 ft2 

0 vol % 
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Table 38. Range• in blend eot1poaition that re• ult in acceptable grout• 

Parameter 

Dry •olid blend component 

Type I-II-LA Portland ce1Mnt 

Centralia, Wa• h; ASTH Clase P fly uh 

Attapulgite-150 drilling clay 

Acceptable range• 

38 to 43 vt % 

38 to 42 vt % 

10 to 11 wt % 

Indian Red pottery clay 8 vt % 

Solid blend-to-vaate 111.x ratio 7 to 8 1'1/gal 

• 28-d unconfined coapreaaive • trensth >60 pei 

• ANS 16.1 leachability for 
90sr and 137ca 

• Solid-to-waste 111.x ratio• 

• Critical velocity 

• Major dry aolid blend coapolNtlta 

• Dry •olid blend coapoeitioa 

16 (•ee hct, 11,2) 

(9 

(70 CPM 

Only COllpon• nu ...... '" 
OIN'L proceH 

Tolerate+ 5l variation 
in reference fontula 
coaponenta 

Propertie• of grout• prepared at 7 and 8 lb/gal with the recoaaended 

dry •olida blend and 0% diluted HPW are ahovn in Table 40. A coapari• on 

between data in Table• 39 and 40 ahova that propertie• of ,route prepared 

with the recoamendad blend and undiluted HPW are aiailar to the average 

propertie• of the co• poaite. 

10.3 POTENTIAL Jil>DIPICATIONS to 111! l!COHH!ND!D MIX RATIO 

IJ diacuaaed in Sect. 4.5, the formulation developaent atudiee 

were perfonaed uawaing the tcr would be capable of controlling the • ix 
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Table 39. Avera1e propertiee of grout• encoapaeein1 the blend 
coapoeition• ahown in Table 38 with 0% diluted reference vaate 

Paraaeter 

10-.f.n gel atrength, lbf/100 ft2 

2-h phaae eeparation, vol% 

28-d phaee aeparation, vol% 

Deneity, lb/gal 

Apparent viecoaity, cP 

28-d coapreaaive atren,th, pei 

Reference condition• 

Frictional preaaure lo•• 
per 100 ft, pei 

Critical velocity, GPM 

Hix ratio 
(lb/gal) 

7 8 

23 

2.1 

0 

11.12 

24 

395 

3.37 

40 

59 

2.1 

0 

12.06 

35 

620 

4.88 

50 

ratio to within ,:t 0.5 lb/gal; however, beins never the facility might be 

capable of closer control. If this proves to be the caae, then 

modification• to the recoamended llix ratio may be appropriate. 

10.J.1 Increasing Hix Ratio 

Drainable water (i.e., phaee aeparation) u a function of cure ti• 

i• shown in Fig. 5 f~r a grout prepared with undilutied RPW and the 

recommended dry 9 ,:, . ~d• blend. At llix ratios above 6 lb/ gal, all bleed 

vat er 1a reaor·.,o!d by the grout. However, u indicated in previous 

aectiona t ~ i ~ ia aot true for all deviations froa the recommended foraula, 

part. i. ·· .larly at increaaed vaate dilutions. In general, the ability of a 

6rout to reaorb bleed water is directly proportional to mix ratio. Thus, 
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Table 40. Properties of grouts prepared with undiluted Hanford Facility 
Waste (HFW) and mixed in the ratio of 7 and 8 lb/gal, reepectively, with a 
dry solids blend that contains 41.0 vt % Type I-II-LA Portland cement, 
40 vt % Centralia, Wash. ASTM Class F fly ash, 11.0 vt: Attapulgite-150 

clay, and 8.0 vt % Indian Red pottery clay 

Property 

10-min gel strength, lbt / 100 ft 2 

Fluid consistency index (k~), 
lbf°s'''l~ /ft 2 

Density, lb/gal 

28-d phase separation, vol% 

Apparent viscosity, cP 

24-h penetration resistance, psi 

7-d penetration resistance, psi 

28-d compressive strength, psi 

Reference conditions 

Reynolds number 

Frictional pressure drop per 
100 ft, psi 

Critical velocity, gal/min 

Dry solids addition 
(lb/gal) 

7 8 

36 .50 + 5.80 37 .50 + 3.70 -
0.027 + 0.016 0.082 + 0.001 

0.342 + 0.019 0.354 + 0.003 

11.81+0.13 12.04 + 0.02 

() 0 

39.25 + 16.52 78.50 + 1.29 - -
0 0 

2640 3360 

424. 7 5 + 9.50 561.58 + 36 .25 

3225 1921 

2.97 5.13 

39 53 

if resorption become& a desirable performance criterion, then mix ratios 

closer to 8 lb/gal would be preferred. 

10.J.2 Decreasing Mix Ratio 

As indicated in Tables 39 and 40, increasing the IUX ratio 

measutably decreases the grout's processibility in the TGF. This is 

- .... - . 
:- , .,1.1·· ·, 

\ 

,·. 

''--

, I 

... ~ i. 
- -~·~ ·;: : 

l 



' 

· .. ' 1/ , 
' . / ,-
' _ , 

( . 

, 
' I 

\ 

\ ,' __ , 

12 

-10 
~ 
0 
> ......... 8 

0:: 
w 
I-
<t 

6 3: 
w 
_J 

en 4 <t 
z -
<r 
0:: 

2 0 

0 

I ~ . l i I 'l ' I I~ ., -. I l I ' ,· J -·\;1 , ·· , -i , ! · ' ...... \ ··- ' 

ORNL-DWG 84-1202 

0% DILUTED HFW 
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Fi g . 5. Drainable wat er aa a functfon of cure tiae in a closed system for grouts prepared at 
various mix ratios vith the reco-nded blend. 
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reflected in the critical velocity and, in particular, the 10-.in ~•l 

atren•th. At lower •ix rattoa, •route are ac>re readily proceaatble in the 

tr., and reault in •reater flexihtlity durtn• operation. Thu•, if 

proceaalhtllty vaa the ujor criterion of concern, then • ix ratio• cloaer 

to 7 lb/••l would be favored. 

10.4 US! OP WATER Wlnf RECOMMr.NDY.O ORT SOLIDS ILY.Nll 

It ta antlclpated that durln• routine or .-er•ency ahutdovn the TC, 

vill be ( uahed vith vater. lxperl!M!nta were perforiaed tn detentne if 

aubstltutlon of HFW vlth vater vould be c019l'atlble vith the recoeaended dry 

aolids blend and TC:P perfonunce criteria. Thi• ~oepatihllity la •••entlal 

if thia •clean• Rrout la to be flush•d directly to the dtapoaal trench, 

thereby ell•lnatln• the need for a aeparate duap trench or aeparate dry 

aollda blend ator••• alloa. In general, ~rout• contalni~ vater are 

expected to dlaplay lover vlacoalty and hl~her pha•• aeparatlon than 

•routs prepared vlth HFW. 

Grout• were prepared vlth vater at aix ratloe of 7, 8, 9, and 

10 lb/•al vith blend 5. Blend 5 vaa choaen becauae lta hilh 

AttarulKlte-150 clay content (12 wt%) ahould • inlllia~ pha•• aeparatlon 

and uxl• l&e viacoalty. The 28-d phaae aepara:ion •alue• obtained in a 

cloaed ayate• are ahovn in Table 41. It can be aeen that 28-d phaae 

aeparatlon decreaaea froa 19 •ol % at 7 lb/Kal to 1 "N>l % at 10 lb/gal. 

Value• as a function of cure tl!ae are ahown in Pt~. 6. Rheol01tcal data 

on the grout prepared at 10 lb/gal are ahuwn tn Table 42. 

The data indicate that aubeltutlon of water for R1V reaulta in -,re-

fluid 1routa. The critical •elocity, e•en at a aix ratio u hi1h u 
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Table 41. flte 28-d phaee eeparation value• obtained in• cloeed eyetea for 
grout• prepared vtth water and blend S 

Hix ratio 
(lb/gal) 

7 
8 
9 

10 

Phaee eeparation 
(vol%) 

19 
12 

7 
1 

Table 42. Propertie• of grout• prepared at• ratio of 10 lb/gal with dry 
eolida blend Sand water• 

Property 

Crout Property 

lo-in gel etrength, lbf/100 ft 2 

Pluid cogeietency index (k~), 
lbf••" /ft 2 

Plow behavior index (n~), 

Dendty, lb/gal 

Apparent viecoaity, cP 

24-b penetration reaiatan~e, pai 

7-d penetration reaiatance, pal 

28-d coapreaalve etrength, pal 

Reference conditions 

leynol d• nu• ber 

Frictional preaaure dr.op per 
100 ft, pai 

Critical ftlocity (Jal/• in) 

80.4 • L nP added per liter of wter. 

Heaaureaent 

20 .!, 2 

0.047 + .040 

0.37 + .01 

12.36 + .02 

63.09 

152 

8SO 

71 

1168. 71 

8.78 

?0.83 
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36 
BLEND No. 5 

32 (40wt -v. type l,JI cement, .. o., ,,_ • 7 lb /gal • 9 lb/gal - Centralia, Wash. fly aahi t2 wt -v. • 8 lb/gal • iO lb/ gal 
~ 28 

Attopul9ite- t50; 8 wt "• Indian Rtd 
0 pottery Clay) 
> -

a::: 24 
w .,_ /.-· •-•-•-· ~ 20 • • ~ • ,:, 
w 16 l ..J • 
m ·--· •-•-•-• ~ / z 12 
~ j a::: 

✓-· ·-•-•-• 0 8 • • • • 
j 4 --·-• • •-... •-· • • 

0 • 
0 2 4 6 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 

CURE TIME ( h) CURE TIME ( d ) 

FlK. ~- Orainable water a• a function of cure ti- in a cloaed ayate• for •rout• prepared with blend~ and 
water at •l• ratloa of 7, 8, 9, and 10 lb/•~1. 
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10 lb/gal, ia near the TCF diatribution puap li• it (70 gal/• in). Thu• at 

• ix ratio• between 7 and 8 lb/gal, the reaultinK grout• vill be readily 

proceaaable in the TCF. However, the data further indicate that these 

grout• vill be characterized by a high bleed rate and vill be incapable of 

reaorbing all of the bleed water. 

11 • SOLID PERFORMANCE DATA 

Thia aection preaenta data pertinent to the perfor• ance evaluation of 

the aolidified grout product. Data preaented include 90sr and 137ca 

leachability, thermal conductivity, heat capacity, poroaity, and liquid 

penHability. It vaa beyond the acope of thia atudy to obtain data on all 

grout• conaidered in the previoua aection. Therefore, the data preaented 

here are repreaentative of grout• prepared vith the reco.aended fonaula. 

The data are aufficient for uae in • odeling atudiea involving riak, 

environaental, and technical aaaeaa• ent. 

11.1 STRONTIUH-90 AND CESIUM-137 LEACHABILITY 

Leachability is a property often used in uaeaaing the retention of 

nuclide• in aolidified vaate for• a. Leachability u presented in this 

aection 1• baaed on the proposed ANS 16.1 atandard teat for the 

• eaaure• ent of the leachability of solidified low-level radioactive 

vaatea. It ia important to note that this teat doea not atte• pt to 

ai• ulate the site-specific environaent cf the diapoaal trench; rather, it 

provides reproducible laboratory condition• ao that coapariaona vith 

generic atudiea are possible. In addition, the result• of the ANS 16.I 

teat protocol are generally ac>re conservative than aite-apecific teats. 
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11.1.1 Sa• ple Preparation 

A total of 6 right-circular cylindrical ~out H • plH were eubjected 

to the ANS 16.1 abbreviated (5-day) leach teet. Th• grout• were prepared 

at 7 lb/gal with eynthetic RPW and the dry eolide blend• eha.m in 

Table 43. Aa indicated preYioualy, ·1. t wH beyond the ecope of thia etudy 

to perfora a eerie• of co• preheneive leach teete. Coneequently, the 

c011poeition of the Rrout •••plea vae choeen to reeult in coneenative 

leach rate• a• co• pared with ~route prepared with the recoaaended for-.ula. 

Thi• conaervati• i• due to the ld.ni• izing of ingredient• that reatrict 

leaching auch a• fly aeh cont~nt, attapulgite-150 clay content, ce• ent 

content, and dry eolid• loadfng. 

Aaount• • eaeuring 4.53 ~Ci of radiotracer 90sr and 5.53 ~Ci 

radiotracer 137ca were added to three individual eaaplea of each dry 

eolide blend. All eaaplee were poured in Teflon mlde and cured frr 30 d. 

11.1.2 Leach Teat Vessels 

All leach teat• were conducted in 500-aL Teflon container• and 

cleaned by the HCC-1 Teflon cleaning procedure u follow: 

. -

• Nev container• ehall be heated in a 200 Coven for one wek 

prior to cleaning. 

• Nev and used container• are eubjected to the follovtng 

cleaning procedure: 

1. Soak for 1 h in 6 ~ HN03 and 0.2 ~ RP. 

2. Rinse vith three container vol • ea of deionized water • 

3. Soak in 6 H HNoJ for 4 hat so•c. 

3a. Rinee vith three container voluae• o deionized water. 
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Table 43. Grout• teated in leach atudiea 

Para11eter 

Type I-II-LA Portland ceaent, 
wt% 

Centralia, Waah. ASTM Claaa F fly uh 
wt % 

Attagel-150, vt % 

Indian Red pottery clay, vt % 

Solid• blend-to-waate aix ratio 

Ca11e l 

44 

38 

10 

8 

7 

Ca11e 2 

38 

44 

10 

8 

1 

4. Soak for 30 min in >6o•c deionized water by full 

5. Soak for at leaat 8 h in freah deionized water at so•c 

by full 1-eraion. 

6. Boil for 30 min in freah deionized water by full 

imaeraion. 

7. llinae with 3 container voluaea of deionized water. 

7a. Attach utching container cleaning nu• ber to utching 

lid• and contain.era. 

8. Clean container• that are not to be uaed 1-ediately 

aaat be aealed and atored in plaatic baga. 

11.1.3 Leachant 

The leachant vaa deionized water with an electrical conductivity 

<2 ~aho/ca at z4•c and total organic carbon <TOC) <l ~~•• 

The leachant volume (c:113) u.aed in each leach interval vaa equal to 

10 + .02 c::11 ti• ea the aurface area of the 11peci• en (e112). 

// 

\ \ 

\.\ >·· 
-- ''- . --------- . . 

: . ·:· ~ :.\-~.: ·, -

,,.✓ -. :-- ~ .. ' \'< _., . 
,,,. / a_.;- ; C • - --

- \.. ___ 

ii3? 

_I I 
/ . / 

/-· -

·. _; 
.· .. ... .; -· 

. ' . · 1-·· 
. 1 -·, 
~ · 

. ~ -- ~// " -,./·· 



,,. ,_, i 

.. 
I 

f 

·'~ 

I 

·----

I 
--

-;- - · I 
I 

11.1.4 L~aching Procedure 

7t:, 

1. The specimen was rinsed by immersion in a volume of distilled 

water e<1ual to the leachant volume for 10 •• 

2. The sample mold wu rinsed vith a dist 11 led water volume 

equal to the volume of the 190ld. This 190ld rinse and the 

specimen rinse in step 1 were co11bined and saved for analysis of 

rinse-off materi&l. 

J. The grout s&mple was suspended fro• the top of the leach 

container• with a nylon 110nofila• ent in the leachant . This 

began the test clock. 

4. The leachants were left undisturbed for each time interval. 

Test temperature was iuintained at •bient te• perature 

5. At the end of the various t1111e intervals (aee Table 44} • the 

apeciaen waa transferred iiaediately in its support to a nev 

container vith freah leachant. 

6. The resulting leachate vas acidified vith 3 aL concentrated 

nitric acid and etored for analyaie. No particulate• were 

discernable in the leachate•• 

Table 44. Standard intervals for ANS 16.1 leach test 

Cumulative t i • e 
(h) 

2 

7 

24 

Time interval 
(h) 

2 

5 

17 
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Table 44. Standard intervals for ANS 16.1 leach te• t (contd) 

Cumulative time Time interval 
(h) (h) 

48 24 

72 24 

96 24 

120 24 

11.l.5 Leachate Analysis 

The leachate& Wll!re atored in the Teflon container• until a 

representative aliquot vaa taken for anly• is. The 137c. content vas 

determined using the IJtR Wallac CoaapuG4111114 Hodel 1282 gaaaa counter, while 

the 90sr content vaa deteI'llined using the 1JCI Wallac RackBeta Hodel 121 

liquid scintillation counter. 

11.1.6 Experimental Results 

The reaulu of this atudy are reported a• 

• plot of quantity (cumulative fraction of radioactivity 

times sample voluae-to-surface area) leached va tiae, 

• effective diffusivity, and 

• ANS 16.1 Leachability Index (Li)• 

Leach teat results reported as only the cumulative fraction leached 

are applicable only to the particular sample because this is dependent 

upon the volume-to-surf ace ratio of the sample. Thus~ a• a nor11:tlt zin~ 

factor the fraction is DaJltiplied by the volume-to-surface ratio of the 

sample. Examples of these plots for 90sr ~nd 137ca are shown in 
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Figure• 7-10. Theee include •ample• of both Ca•e 1 and Caee 2 dry •olid• 

blend•• If the leaching ta purely diffuaion controlled, a linear 

relationship exist• between CU11Ulative fraction leached and the •quare 

root of time. The data conai•tently •how that, after the initial 

vaah-off perioda, the leaching ia diffuaion controlled. In the firat few 

leach intervala, the fraction of ieotope leached waa seeaingly low due to 

the initial presence of inaoluble aalta on the surface of the aa• plea. 

Then, after •ufficient ti•, these aalta diaaolved and allowed 

diffueion-controlled leaching to occur. 

Uaing the cu• ulativ~ fraction leached in the diffuaion-coefficient 

calculation haa one ujor disadvantage: the data pointa all depend on 

i 
i-

each other. That is, any error or bias ia carried into aubaequent data 

point•• Thua, the ANS 16.1 procedure auggeat calculating the diffuaivitiea 

at each leach interval. 

If leas than 20% of a species is leached fro• a diffusion-controlled 

environment, the effective diffusivity for the nth leach interval can be 

calculated by the expression 

where 

De • • [;:~t]2 
[ ; ]2 T • 

De • effective diffusivity, c• 2/s; 

V • voluae of specimen, c• 3; 

s • aeometric surface area, cm2; 

T • [ 1h [<tn)
11'l + <tn-1>lfl]] 2 representing the aean time of the 

leaching interval, a; 

/ / 

/ 

(6) 
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Ft g. 7. Cumulative fraction 137cs leached as a function of time for a Case 1 grout. 



/ 
I 

-E 
_g 20 

"' ..... 
> 

18 a w 
~ 
0 
< w 
.J 
0 12 
Cl) 
I ... 
"' z 
Q 8 
~ 
0 
c( 

fE 
w 
~ 
~ 
c( 
.J 

~ 
0 

0 • 
0 

I 
I 

\ 

• 

• 

24 

/ 
I \ 

ORNL DWG 87-35 

• 
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• 
CASE 1 DRY SOLIDS BLEND SAMPLE 55 

VOLUME OF SPECIMEN = 22.58 cm3 

SURFACE AREA OF SPECIMEt-1 = 55.76 cm2 

48 72 96 

TIME (h) 

• 

120 

Fig. 8. Cumulative fraction SOsr leached as a function of time for a Case 1 grout. 
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• 
• 

• 
CASE 2 DRY SOLIDS BLEND SAMPLE 50 

VOLUME OF SPECIMEN= 22.58 cm3 

SURFACE AREA OF SPECIMEN= 55.76 cm2 

48 72 

TIME (h) 

36 

• 

120 

0D -

Fig. 9 . Cumulative fraction 137cs leached as a function of time for a Case 2 grout. 
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• 

• 
CASE 2 DRY SOLIDS BLEND SAMPLE 50 

VOLUME OF SPECIMEN 22.58 cm3 

SURFACE AREA OF SPECIMEN 55.76 cm2 

• 
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Fig. 10. Cumulative fraction 90sr leached as a function of time for a Case 2 grout. 
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tn • cumulative leaching time. s; 

(~t)n • duration of the nth leaching interval, a; 

an • activity of a nuclide released from the specimen during the 

nth leaching interval; 

Ao• total activity of a given radionuclide in the specimen at 

the beginning of the leach test (i.e., after the initial 30-• 

rinse). 

Table 45 shows a sample C8lculat1cn of the diffusivities at each 

leach interval for 137cs in a sample containing Case 2 dry solids blend. 

Tahle 46 su11111&rizea the average diffusivities for 137ca and 90sr in the 

grout aaaplea tested. 

Th~ ANS 16.1 procedure defines a figure-of-merit for the leachability 

of radionuclide& in aolidifi ~d waste forms. This leachability index (L1) 

is defined u 

Lt• 1/J 
J 
1 [log (B/D1)) 0 
n • 1 

(7) 

. / ' 

where Bis a defined constant (1 ca2/a), Dt 1~ the effective diffusivity of 

nuclide i cal~ulated from the test data, and J is the number of leach 

intervals. Table 47 summarizes the le~chability index calculations for 

137ca and 90sr in the ~~mplea tested. As indicated by the data, grouts 

rep~eaentative o! those prepared with the reco1111ended formula are 

characterized by a leachability index significantly 6'hove the required __ 

perforll!4nce criterion of 6 (see Sect. 3.2) for both 90sr and 137cs. 
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Table 45. Sample calculation of diffusivities of 137cs 

Sample 55 (4n/ Ao) (V /S)2 [1/(~t)n]2 T D 

2 h 

7 h 

24 h 

48 h 

72 h 

96 h 

120 h 

Sample 
No. 

55 

56 

57 

50 

51 

52 

9.83 IC 10-7 0.240 1.93 IC 10-8 1,800 2.57 IC 10-ll 

1.2) IC 10-6 0.240 ).09 IC io-9 14,835 4.24 IC 10-ll 

3.93 IC 10-6 0.240 2o67 IC 10-10 51,231 4.05 IC 10-ll 

).06 IC 10-6 0.240 lo 34 IC 10-10 125,894 3.89 IC 10-ll 

1.80 IC 10-6 0.240 lo 34 IC 10-10 213,818 3.89 IC 10-ll 

lo38 IC 10-6 0.240 lo 34 IC 10-10 300,849 "• 20 IC 
10-ll 

9.81 IC 10-7 0.240 lo 34 IC 10-10 387,596 3.84 IC 10-ll 

Table 46. Summary of average diffusivity of 137 Cs ·and 90sr 
in immobilized Hanford Facility Waste 

Dry solids Average diffusivity 
blend case No. of 137ca (aa2/s) 

1 3.81 • 10-11 

1 2.70 • 10-ll 

1 3.83 • 10-11 

2 2.81 x 10-11 

2 2.79 x 10-ll 

2 .2. 71 x 10-ll · 

Average diffusivity 
of 90sr (aa2/s) 

1.02 • 10-9 

6.15 • 10-10 

9.48 X 10-10 

8.10 • 10-10 

7.72 x 10-10 

6.6.l •- X 10-J.0 
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Table 47. Leachability index for 90sr and 137ca in immobilized 
' Hanford Facility Waste 

Saaple Dry solids Leachability Leachability 
No. blend case No. index of 137 C. index of 90sr 

55 1 10.4 9.1 

56 1 10.6 i.3 

57 1 10.4 9.3 

so 2 10.6 9.2 

51 2 10.6 9.3 

52 2 10.6 9.3 

11.2 THERMAL PiOPERTIES 

A parametric: sensitivity analysis which addressed the hypothetical 

conditions : which lead to •mu:imum grout temperature in shallow earthen 

trenches ·has , ·been. reported previously ( ORNL 111leatone 76). In this 

analysis, soil _and · grout thermal conductivity, grout specific heat, waste 

loading and disp~sal g~~triea were varied in a computer aodel. Since 

the grout specific heat and thermal conductiviy had the greatest impact on 

the calculated maximum grout temperatures, experimental values of these 

two parameters were obtained for grouts representative of those discussed 

in Section 9 and IO. The results of the thermal measurement study has 

been rernrte-:f prevfou!!! )' {')R."'!.. !".!..~~c-:on.: !~'.!). Only the highlights of 

that study are presented here. 
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11.2.1 Thenaal Conductivity 

The coaputer si11Ulation study indicated that a wide range in grout 

thenul conductivity (l) hl&d no significant deleterious effect on trench 

peak temperature (Fig. 11). Baaed on this analysis, acceptable values of 

thenul conductivity appear to be 2 0.1 Btu/hr• ft • •F. 

Experimental values of thermal conductivity were determined using 

a Dynatech Corporation model 'l'CFH-N20 comparative thenaal conductivity 

analyzer in conjunction with a Hewlett Packard a>del 3052A autoaatic data 

acquisition and control systea (Fig. 12). Data were obtained over the 

temperature range mbient to 90•c. 

The data shoved that there 1a a weak relationship between thermal 

conductivity and te• perature. For example, the relationship between 

thermal conductivity and temperature is shown in Fig. 13 for a grout 

prepared at 7 lb/gal and blend 1 (Table 13) with 33% diluted reference 

waste. Consequently, the data were averaged over the entire temperature 

range, with results shown in Fig. 14. The data show that thenaal 

conductivity decreases with increasing • ix ratio. However, the range of 

mix ratios over the operational limits of the TGF (7 and 8 lb/gal) is 

small (0.51 to 0.46 Btu/h • ft • •F, respectively). 

The average of all 317 thermal conductivity measurements obtained 

for these grouts is 0.46 Btu/h • ft • •r + 0.07. Thus, with a 99% 

confidence level, the average thermal conductivity of the grouts studied 

is 0.46 + 3%. More importantly, one can state with 95% confidenc~ ~that ...... 

the thermal conductivities of these grouts are within the range 0.29--0.60 

Btu/h • ft • •r. ~nerefore, the thermal conductivities of these grouts 

are well above the minimum acceptable value of 0.1 Btu/h • ft • •F. 
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11.2.2 Heat Capacity 

As with thermal conductivity, the computer simulation study indicated 

that a wide range in grout heat capacity has no significant deleterious 

effect on trench peak temperature (Fig. 15). Based on the analysis, 

acceptable values of heat capacity appear to be Cp 2 0.25 Btu/lb• °F. 

Experimental values of heat capacity were determined using a DuPont 

• odel 1090 Differential Scanning Calorimeter. Data were obtained over the 

temperatura range ambient to 100°C. 

As with thermal conductivity, the relationship between heat capacity 

and temperature is weak. Data for grout prepared at 7 lb/gal and blend 1 

(Table 13) with 33% diluted reference waste are shown in Pig. 16. In 

general, the relationship between heat capacity and temperature follows 

Debye's law, which states that heat capacity is a function of temperature 

cubed. Consequently, the data were averaged over the entire temperature 

range, with results shown in Pig. 17. The data show that the heat 

capacity of these grouts is well above the minimum acceptable value of 

0.25 Btu/lb• °F. Also shown is the predicted value of heat capacity 

using a weighted average of individual component heat capacities (Table 

48). The predicted values are in good agreement with measured values, but 

are consistently 10% higher. 

Table 48. Heat capacity of individual grout components 

-------~omponent 

Cement 

Heat Capacity 
(Btu/lb • °F) 

o. 186 

0.224 Clay 
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Table 48. Heat capacity of individual grout components (contd) 

Component 

Fly Ash 

Waste 

11.3 POROSITY AND LIQUID PERMEABILITY 

Heat Capacity 
(Btu/lb. °F) 

0.316 

1.0 

In evaluating the long-term behavior of the disposal trench after 

closure, two grout parameters of interest are porosity and liquid 

permeability. These two parameters are germane to predicting water 

percolation throu6h the disposal trench. 

11.3.1 Liquid Permeability 

11.3.1.1 Experimental Procedure. A schellUltic of the test apparatus 

used for measuring liquid permeability is shown in Fig. 18. A 2.5-ca-diam 

grout sample, cured for a adnimum of 28 d, was cut to length 

(approximately 0.02 C111) by a wet cutting wheel. The exact diameter and 

length of each specimen was measured with calipers. The specimen was then 

rinsed with water and loaded into the sample chamber after the heavy-wall 

rubber tube was pulled back by a vacuum exerted through the Hassler 

opening (See Fig. 18). The line and inner cell chamber were then filled 

with water from the stainless steel reservoir. A sealing pressure of 

approximately 300 psi was exerted on the sample by the heavy-wall rubber 

tubing, by filling the space between the outer walls of the Hassler cell 

with water, and by the rubber tubing. A differential water pressure of 

2-4 atms was exerted across the sample. 
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11.3.1.2 Data Reduction. The flow rate vae calculated by weighing 

the amount of water flowing through the &aal)le per unit tiae on an 

electronic balance. The balance was enclosed in a shield with a wet paper 

towel inside to saturate the surrounding air. with water. 

The permeability was calculated froa a plot iapleaenting Darcy's lav, 

expressed as: 

where 

1t -
~ 
b.PA 

1t • peraeability, darcy; 

~•viscosity of the working fluid, cP; 

Q • flow rate, c,a3/e; 

L • length of the sample, ca; 

t,.p • pressure gradient (P1 - P2), at• ; 

A• cross section of the sample, c:112. 

(8) 

The unit m>at widely used to measure peraeability is the darcy. Thia 

unit is defined as the permeability that results in a flow rate of 1 calf ,, 

of fluid with a viscosity of 1 cP through a cube having sides 1 cm in 

lengt h at a pressure different1al of 1 atm. Thus, 

1 darcy • 
1 (caj/s) x 1 (cP) 

1 (e1112) x 1 (atm/cm) 

The permeability of the grout samples was determined from a plot of 

Q/A vs b.P/L. Three points at pressure gradients of 2, 3, and 4 

' 
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atmospheres were plotted, and the slope of the resulting straight line was 

taken as the permeability. Examples of these plots are shown in 

Figs. 19-:4 for grouts prepared at 7 lb/gal with several dry solids blends 

from Table 13. The R-square value given for each plot is the square of 

the 1a1ltiple correlation coefficient, sometimes called the coefficient of 

determination. It represents the fraction of the total variation in Q/A 

explained by the linear relationship to dP/L, where a value of 1 

represents a perfect fit. The F value is also included for each plot. 

11.3.1.3 Experimental Results. Permeability measurements were made 

of grout specimens composed of blends 1-9 (Table 13) with 0 and 100% 

dilut1ons of reference waste at mix ratios of 7 and 8 lb/gal. Additional 

permeability measurements were t'lllde of grout specimens prepared with blend 

5 at a mix ratio of 6 and 9 lb/gal and 0, 25, 50, and 100% dilutions of 

reference waste. Also, two specimens containing water instead of 

reference waste were tested. 

The resulting permeability values are tabulated in Table 49. No 

correlation between permeability and mix ratio could~ ascertained. 

However, there 1a a noticeable difference between mix ratios of 6 and 

9 lb/gal for blend 5. '11lese data indicate that the more solid per volume 

of waste, the more impermeable the grout, which is to be expected. 

The greatest difference in permeabilities was noted between specimens 

made from reference waste and those made with water. The specimens made 

vich water were 1a1ch more permeable · than those ude from reference waste. 

A measurement of 1.3 x 10-3 darcy was made for the specimens containing 

water, and (3 x 10-8 for a comparable specimen was made with reference 
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Fig. 19. Plot of flux (0/A) vs preeaure differential (~P/L) 
for a grout prepared at 7 lb/gal with blend 1 and 0% diluted 
reference waste. 
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Fig. 21 . Plot of flux (0/A) vs pressure differential (AP/L) for 
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Fig. 22. Plot of flux (Q/A) vs pressure differential (AP/L) 
for a grout prepared at 7 lb/gal with blend 5 and 0% diluted 
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Fig. 23. Plot of flux (0/A) vs pressure differential (~P/L) fo r a 
grout prepared at 7 lb/gal with blend 9 and 0% diluted reference waste. 
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Table 4~. Liquid perme&bilities of grouts containing reference 

Mix Dilution of Liquid permeabilities (da~cy) of 
ratio reference grouts ~re~ared with blend 

~lb/gal) vaste (%) 1 2 3 4 5 6 

6 0 3. 2 >< 10-6 
25 8.o >< 10-7 
50 6.5 >< 10-6 

100 4.9 >< 10-6 
. ' \ 

7 0 9.3 >< 10··7 3.4 >< 10-6 · 7.7 >< 10-7 5,4 lC 10-6 1.4 >< 10-6 2.2 >< 10-7 
25 5,2 lC 10-7 
50 8.1 >< 10-7 

100 6.1 >< 10-7 6,9 lC 10-7 4,5 lC 10-8 1.7 lC 10-7 8.o >< 10-8 1.7 >< 10-7 

8 0 1,4 lC 10-6 1.3 >< 10-6 2-9r 10-7 1.0 >< 10-7 0.2 >< 10-8 4.5 >< 10-8 
25 1.2 lC 10-7 
50 <5,5 lC 10-8 

100 2.2 >< 10-7 5.8 >< 10-7 2.4 >< 10-7 1.8 >< 10-1 3,6 lC 10-6 <l. 7 >< 10-8 

9 0 <5.3 >< 10-8 
25 2.7 >< 10-7 
50 o.o )( 10-8 

100 o.o )( 10-8 

9 H208 1.3 >< 10-3 

10 H20a 1.0 >< 10-3 

•water vas substituted for reference waste. 

\ 

·- ··--•--.., . ... ,, :.,_ - -

waste 

1 8 9 

5.3 >< 10-8 6.0 >< 10-8 8.o >< 10-7 

1,5 lC 10-7 4,1 lC 10-7 1.6 >< 10-7 

0.2 >< 10-8 o.o )( 10-8 3.1 >< 10-6 

4.5 >< 10-7 5.5 >< 10-1 3.6 >< 10-5 

-0 
VI 
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waste. This is to be expected as substitution of waste results in less

viscous grcuts (Sect. 10.4). 

Although r.o correlation could be determined for predicting 

permeability, several general trends are apparent that provide useful 

information for IIOdeling. 

• Liquid permeabilities of grouts representative of those prepared 

with the recommended formula are on the order of 10-6 to 10-7 

darcy. 

• Liquid permeabilities of grouts representative of those ?repared 

with the recommended formula and flush water substituted for waste 

are on the order of 10-3 darcy. 

• Liquid permeability is inversely related to mix ratio, but the 

relationship is sufficiently weak and has little effect over the 

range 7 to 8 lb/gal. 

• Liquid permeability is inversely related to waste salt content. 

This relationship should also hold for the percolation water. 

Thus, the values presented here should be conservative. 

11 .3.2 Porosity 

11.3.2.1 Experimental Procetiure. The grout samples were cured for 

at least 28 d before measurements were started. Then, the grout specimens 

(approximately 2.5-cm-diam and 3.8-cm-long) of the various compositions 

were weighed in air and also weighed suspended under water. The apeci•e~a 

were then dried in an oven at 50 tc.- .55° <; , 9Vt=,rnight and further dried in a 

vacuum drying lven between 90 to 100°C for 9 to 14 d. The dried specimens 

were then weighed after cooling in a dessicator containing Drierite. The 
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samples were then evacuated in a dessicator for approxtmately 2.5 hand 

submerged in toluene overnight without contacting air. The samples were 

then weighed while being suspended in toluen-.. 

The porosity, saturation density, dry density, and percent water were 

calculated using the following equations: 

Volume of specimen• Weight in air - weight in water, 

Percentage 
porosity. 1 _ _ ~ry weight - weight in toluene x lOO, 

density of toluene (0.866) x volume of specimen (cm3 ) 

Saturation De i dry weight x density of toluene (0.866) • 
ns ty • dry weight - weight in toluene 

Dry density• dry weight • 
volume of specimen 

Percentage of weight in air - dry weight 
weight in air 

X 100. 

11.3.2.2 Experimental Results. 'the porosity, dry density, 

saturation density, and percentage of water were measured for grout 

specimens prepared at 6 to 9 lb/gal with bler,ds 1-9 and reference waste 

diluted at O and 100%. S0111e specimens were made with water instead of 

reference waste. The various measurements of the specimens are reported 

in Table 50. 

The porosity varied from 57.8 to 73.4% (Table 50) fn~ these samples. 

A porosity value of 52.5% was obtained for a sample containing 7 lb/gal of 

tilend J with a waste dilution factor of 100%. However, a measurement of 

ano~her specimen of the same composition gave a porosity value of 66.4%, 

indicating a iignificant variation among samples. 

\ 
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Table SO. Porosities of grouts containing reference waste 

TURCO Dry Saturation H20 
Blend solution lbs/gal dens it I eorC'siti dens Hi (%) 

3 0.50 9 0.8422 61.77 2.2030 42.10 
1 o.so 9 0.8267 61.79 2. 1630 43.54 --, 
1 1 .oo 9 0.8485 61.85 2.2240 42.75 
5 1 .oo 9 0.8826 62.38 2.3460 42.37 
5 o.oo 9 0.8735 62.59 2.3350 42.29 
2 1.00 9 0.8456 62.62 2.2620 42.74 
2 o.so 9 0.8176 62.65 2.1890 43.54 
6 1 .oo 9 0.8742 62.93 2.3582 43.75 
s 0.25 9 0.8710 63.41 2.3810 42. 18 
6 0.25 9 0.8417 63.42 2.3010 43.68 
2 o.oo 9 0.8571 63.48 2. 3470 42.38 
4 1.00 9 0.8352 63.48 2.2840 42.31 
9 1.00 8 0.8302 64.76 2.3560 42.32 
8 o.:>s 8 o. 7761 64.80 2.2050 45.88 
7 0.25 8 o. 7740 64.80 2. 1990 46.28 
9 o.oo 8 0.8339 65.12 2.3910 43.10 
7 1.00 8 o.788! 65.25 2.2678 44.99 
4 0.25 8 o. 7756 65.29 2.2350 45.57 
5 1.00 8 0.8054 65.48 2.3330 44.41 
6 1.00 8 0.7625 67.20 2.3240 46.60 
2 0.50 8 o. 7729 67.25 2.3600 46.78 
1 o.oo 8 0.7535 67.30 2.3042 46.94 
3 a.so 8 o. 7710 67.30 2.3570 47.23 
4 1 .oo 8 o. 7775 67.31 2.3781 46.90 
2 0.25 8 0.7742 67.34 2.3700 46.81 
3 o.oo 8 0.7675 67.46 2.3583 46.84 
1 1 .oo 7 0.7291 68.72 2.3308 50.02 
7 a.so 7 o.6976 68. 73 2.2310 50.04 
6 o.oo 7 0.7248 68.77 2.3210 49.30 
2 o.oo 7 o.7263 68.78 2.3265 48.94 
2 0.25 7 0.7296 68.86 2.3430 49.93 
8 0.25 7 0.7041 68.93 2.2660 49.66 
3 o.oo 7 0.7280 68.93 2.3427 49.86 
4 0.50 7 0.7200 68.99 2.3220 48.97 
9 o.oo 7 0.7501 69.02 2.4210 47.25 
1 0.50 7 0.7235 69.12 2.3430 49.81 
1 0.25 7 0.7216 69.22 2.3440 49.97 
4 o.oo 6 0.6946 70.74 2.3740 51.97 
4 1.00 6 0.7055 70.93 l.4270 51.31 
4 0.50 6 0.6786 71.71 2.3980 52.59 
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Table SO. Porosities of grouts containing reference waste 
(continued) 

TURCO Dry Saturation H20 
Blend solution lbs/gal density porosity density (%) 

s 1 .oo 6 0.6591 72.17 2.3690 52.92 
5 o.oo 6 0.6676 12.22 2.4300 52.83 
5 0.25 6 0.6535 72.88 2.4100 53.59 
5 o.so 6 0.6383 73.38 2.3980 53.91 

The poros1.ty appears to vary inversely with mix ratio (as shown in 

Table SO). No correlations could be found for porosity variations among 

the various blends or the reference waste dilution factor. 

The dry density varied fr011 0.638 to 0.885 g/mL for the samples 

containing reference waste. Those samples made with water instead of 

reference waste had a dry density as great as 0.921 g/mL. 

The dry density varied directly with the mix ratio. No correlattons 

could be found in the variations of the dry densities due to either the 

blends or the waste dilution factor. 

The saturation density of the aam~lea appeared to vary fro• 2.16 to 

2.43 g/mL. A value of 1.88 g/mL was calculated for a aample composed of 

blend 3 prepared at 7 lb/gal solids and 100% waste dilution, and a value 

of 1.99 g/mL was calculated for another sample composed of blend 3 

prepared at 9 lb/gal and 0% dilution. However, reruns of these two 

specimens gave values of 2.25 and 2.28 g/mL, respectively. No 

correlations for the variations in saturation density could be found with 

either the different blends, the weight of solids per volume of liquid, or 

the waste dilution factor. 
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The water percentage varied inveraely with aix ratio. The aaaple• 

prepared with reference waate contained 41.5 to 53.9% water. No 

correlation• for the percentage of water could be found between either the 

blend used or the va• te dilution. 

Collectively, these data illustrate an important characteri• tic of 

fluid grouts: Although the fluid grouts are highly porous, they are 

relatively illlpenieable. 

12. CONCLUSIONS 

Based on • tudies of grout development with synthetic waste, it 1• 

recoaaended that the following formula be used for the 1-obilization of 

Hanford Facility Waste in the Transportable Grout Facility: 

Dry Solids ~lend 

Material 

Type 1-11-LA Portland cement 
Centralia, Wash. ASTH Class F, fly ash 
Attapulgite-150 drilling clay 
Indian R.ed pottery clay 

Hix Ratio 

Aaount 
(wt%) 

41 
40 
11 
8 

7.5 lb dry •olids blend per gallon of Hanford Facility Waste. However, 
0.02 vol% TBP mst be added to HFW as a defoaning agent. 

The data show that grouts prepared in the TGF with the rec01111ended 

for11t1la will be characterized by: 

• Frictional pressure drop 

• lo-.in gel strength 

• 28-d wiconfined compressive strength 

<11 psi/ 100 ft 

(100 lbf/100 ft2 

>60 psi 

-
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• AMS 16.1 leachability index for 90sr 

and 137 Ca 

• Critical velocity 

• Dry solids blend coapostion 

• Theraal conductivity 

• Heat capacity 

• Permeability 

• Porosity 

)6 

<70 gal/ain 

Tolerate + 5% 
variation in 
recoaaended 
coapoaition 

-0.46 Btu/h•ft••p 

-0.59 Btu/lb••p 

10-6 to 10-7 darcy 

58 to 74% 

Data fro• the recommended operating range of aix ratio• between 7 and 

8 lb/gal indicate that grouts are a>re proceaaible at • ix ratio• 

approaching 7 lb/gal. The average propertiea of a grout prepared with the 

recomaended dry solid• blend at 7 lb/gal include a 10-.1.n gel strength of 

23 lbf/100 ft2 and a critical velocity of 40 gal/ain. Converaely. at 

8 lb/gal. the average 10-.1.n gel strength is 59 lbt/100 ft2. 

At 1aix ratios approaching 8 lb/gal. the ability of the grout to 

resorb bleed water is increased significantly. However. substitution of 

flush water for HFW in the recoaaended formula reaults in a grout with 

increased bleed water and little ability to resorb it. Consequently. in 

order to flush clean grout directly to the disposal trench. it is 

necessary to re• ove trench water. 

The Attapulgite-150 clay content appears to have the tightest 

concentration restrictions. with a minimum of 0.7 lb/gal and a maximum of 

0.96 lb/gal. The narrowness of this range is attributable directly to the 

capacity of the 'l'GF distribution pump. A larger capacity pump would 

provide greater operating flexibility and greater formula applicability to 

other waste streams. 
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M indicated in Sect. 6.1 of this report, the starting point for 

formulation development was a dry solids blend consisting of 38 wt% 

Type I Portland cement, 39 wt % ASTM Clasa F fly ash, 15 wt % 

Attapulgite-150 drilling clay, and 8 wt% Indian Red pottery clay. Thia 

blend is used routinely at ORNL for a 1 !! Na2N03 waste solution. The 

resulting grouts are characterized by a 28 d phase separation (in a closed 

system) of ~10%. Higher attapulgite concentrations may be required to 

meet the TGF criterion of 0% 28-d phase separation. Consequently, the 

blends shown in Table A.l were used in initial scouting studies with a 

5 wt% Na2HP04 solution. The resulting data are presented in Tables A.2 

through A.8. 

Data in Tables A.2 and A.3 describe a blend containing 15 wt% 

Attapulgite-150 clay aixed at 6 lb/gal. The blend (Table A.2) containing 

45 wt% cement met the 2-h phase separation (in an open system) screening 

criterion of ~3% while the blend containing 40 wt% did not. Both grouts 

were processfble (critical velocity <70 gal/min) in the TGF. Therefore, 

the former blend is in or near the range of interest for the Rockwell 

Hanford application. 

~ata in Tables A.4 and A.5 show the effects of increasing the 

attapulgite content to 20 wt%. The blend containing 35 wt% cement met 

the 2-h phase separation and processibility criteria. However, increasing 

the ceaent content to 40 wt% (Table A.5) produced a grout that was not 

proceaaible in the TGF (critical velocity was_ greater than 70 gal/• in). 

Data in Tables A.6 and A.7 indicate that at a mix ratio of 8 lb/gal, 

blends with 20 wt % A.ttapulgite-150 clay containing both 35 and 40 wt % 

cement produce grouts that are not processible in the TGF. 

/ 
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Table A.l. Dry solids blends used in initial scouting studies 
with an Na2HP04 solution 

Amount 
Component (wt %) 

I-LA Portland cement 45 40 35 40 35 

Class F fly ash, Kingston, Tenn. 40 45 45 40 40 

Attapulgite-150 drilling clay 15 15 20 20 25 
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Table A.2. Properties of grouts prepared at 6 lb/gal with a 5 wt% Na2HP04 
solution and a dry solids blend consisting of 45 wt% cement, 

40 wt% fly ash, and 15 wt% attapulgite clay 

Property 

10-1Rin gel strength, lbt/100 ft 2 

Fluid c9nsistency index (k'), 
lbt•sn /ft2 

Flow behavior index (n') 

Density, lb/gal 

2-h phase separation, vol% 

Apparent viscosity, cP 

24-h penetration resistance, psi 

7-d penetration resistance, psi 

28-d compressive strength, psi 

Reference conditions 

Reynolds number 

Frictional pressure drop per 
100 ft, psi 

Critical velocity, gal/min 

Concentration 
(vol%) 

8 + 1 

0.005 + 0.001 

0.60 + 0.02 

ll.59 + 0.03 

2.61 + 0.94 

19.75 

o.o 

1990.0 + 262.0 

1462.0 + 208.9 

4219.20 

2.35 

30.57 
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Table A.3. Properties of grouts prepared at 6 lb/gal with a S wt% Na2RP04 
solution and a dry solids blend consisting of 45 wt% cement, 

40 wt % fly ash,and 15 wt % attapulgite clay 

Property 

10-min gel strength, lbt/100 ft 2 

Fluid coosistency index (k'), 
lbf•sTl /f • 2 

Flow behavior index (n') 

Density, lb/ gal 

2-h phase separation, vol% 

Apparent viscosity, cP 

24-h penetration resistance, psi 

7-d penetration resistance, psi 

28-d cocpressive strength, psi 

Reference conditions 

Reynolds number 

Frictional pressure drop per 
100 ft, psi 

Critical velocity, gal/mi.i 

Concentration 
(wt %) 

.1 

S + 1 

0.003 + o.uo1 

0.62 + 0.05 

11.30 + o.oo 

6.63 + 3.35 

13.42 

o.o 

1510.0 + 160.4 

923.7 + 85.0 

6636.00 

1. 15 

23. 15 

I 
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Table A.4. Properties of grouts prPpared at 6 lb/gal with a 5 wt% Na2HP04 
waste solution and a dry solids blend consisting of 35 wt% 

cement, 45 wt% fly ash, and 20 wt% attapulgite clay 

Property 

10-min gel strength, lbf/100 ft2 

Fluid co9sis~ency index (k~), 
lbf•sn /ft 

Flow behavior index (n~) 

Density, lb/gal 

2-h phase separation, vol% 

Apparent viscosity, cP 

24-h penetration resistance, psi 

7-d penetration resistance, psi 

28-d compressive strength, psi 

Reference conditions 

Reynolds number 

Frictional pressure drop per 
100 ft, psi 

Critical velocity, gal/min 

Concentration 
(wt %) 

14 + 3 

0.019 + 0.006 

0.47 + 0.04 

11.53 + 0.03 

1.50 + 0.81 

33.37 

142.5 + 11.1 

1620.0 + 154.9 

1260.0 + 99.9 

2161.42 

4.09 

47.83 
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Table A.5. Properties of grouts prepared at 6 lb/gal with Na2HP04 waste 
solutions and a dry solids blend consisting of 40 wt% cement, 

40 wt% fly ash, and 20 wt% attapulgite clay 

Property 

IO-min gel strength, lbf/100 ft 2 

Fluid co9sistency index (k
1

), 

lbf°sn /ft 2 

Flow behavior index (n
1

) 

Density, lb/gal 

2-h phase separation, vol% 

Apparent viscosity, cP 

24-h penetration resistance, pai 

7-d penetration resistance, pai 

28-d compressive strength, pai 

Reference conditions 

Reynolds number 

Frictional pressure drop per 
100 ft, psi 

Critical velocity, gal/min 

Na2HP04 Concentration 
(wt %) 

5 8 

23 + 6 61 + 20 

o.378 + 0.249 o.843 + o.1s3 

0.15 + 0.01 

11. 14 + 0.04 

0.64 + o. 17 

90.26 

580.0 + 51.6 

::ooo.o + 187.6 

1578.0 + 174.1 

620.72 

14.69 

95.95 

o. 14 + 0.01 

11.58 + 0.03 

0.21 + 0.01 

189.12 

440.0 + 57.2 

1880.0 + 295.7 

1079.0 + 12.5 

307.57 

30.54 

141.90 
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Table A.6. Properties of grout prepared at 8 lb/gal with a S wt% Na2HP04 
solution and a dry solids blend consisting of 35 wt% cement, 

45 wt% fly ash, and 20 wt% attapulgite clay 

Ptoperty 

10-min gel strength, lbf/100 ft 2 

Fluid co9sistency index (k'), 
lbt•sn /ft2 

Flow behavior index (n') 

Density, lb/gal 

2-h phase separation, vol% 

Apparent viscosity, cP 

24-h penetration resistance, psi 

7-d penetration resistance, psi 

28-d compressive strength, psi 

, . . _ ... 
/ 

/ 

Concentration 
(wt %) 

Off scale 

0 

1380.0 + 76.6 

4200.0 + 477.8 

2611. 3 + 631. 3 

·- --- .. . .. 
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Table A.7. Properties of grouts prepared at 8 lb/gal with Na2HP04 
solutions and a dry solids blend consisting of 40 wt% cement, 

40 wt% fly ash, and 20 wt% attapulgite clay 

Property 

10-min gel strength, lbf/100 ft 2 

Fluid co9sistency index (k'), 
lbf•sn /ft 2 

Flow behavior index (n') 

Density, lb/gal 

2-h phase separation, vol% 

Apparent viscosity, cP 

24-h penetration resistance, psi 

7-d penetration resistance, psi 

28-d compressive strength, psi 

Concentration 
(wt %) 

Off Scale 

12.01 

0 

2340.0 + 285.7 

5310.0 + 465.8 

4668.7 + 140.6 

Off Scale 

12.25 

o.o 

2210.0 + 509.5 

3850.0 + 270.1 

2623.5 + 256.5 

/ 
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Data in Table A.8 indicate that increasing the attapulgite content to 

25 wt% results in a nonprocessible grout even at a mix ratio of 6 lb/gal 

with a blend containing 35 wt% cement. 

Based on these studies, it appears that a blend containing 15 wt% 

Attapulgite-150 clay prepared at a mix ratio of 6 lb/gal will result in 

acceptable grouts. Increasing the clay contend significantly results in 

grouts that are unprocessible in the TGF or extremely sensitive to 

variations in the other blend components. ' A 15 wt% clay at a mix ratio 

of 6 lb/gal has a clay content of 0.9 lb/gal. Table A.9 shows the clay 

content of the blend required to achieve 0.9 lb/gal at various mix ratios. 

Therefore, it appears that a reasonable range of attapulgite 

concentrations to be explored in the formulation studies is 10 to 15 wt%. 

/ .. 
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Table A.8. Properties of grouts prepared at 6 lb/gal with an 8 wt% Na2HP04 
solution and a dry solids blend consisting of 35 wt% cement, 

40 wt% fly ash, and 25 wt% attapulgite clay 

Property 

10""11lin gel strength, lbf/100 ft2 

Fluid co9sistency index (k'), 
lbt9sfl /ft2 

Flow behavior index (n') 

Density, lb/gal 

2-h phase separation, vol% 

Apparent viscosity, cP 

24-h penetration resistance, psi 

7-d penetration resistance, psi 

28-d compressive strength, psi 

. ,, 

Concentr.ation 
(wt %) 

Off Scale 

0 

440.0 + 36.5 

1200.0 + 126.5 

1093.0 + 97.9 

_, 1 ( 
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Table A.9. Weight percent of Attapulgite-150 in the dry solids blend 
required to achieve 0.9 lb/gal of waste 

Hix ratio 
(lb/gal) 

6 

7 

8 

/ 
/ 

/ 

/ 
/ 

Attapulgite-150 clay content of blend 
(wt %) 

15 

13 

11 
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1.1 INTRODUCTION 

'nle aajority of the performance criteria are measured 28 dafter 

pouring the grout. During operation of the 'l'GF, some waste component aay 

be introduced that was not in the synthetic waste but that affects the 

quality of the grout. 'nlerefore, a QA/QC test should be performed during 

operations to indicate the quality of the final product prior to 28 d. 

Predicting product quality with coaplex waste streaas based on the grouts' 

initial properties is very difficult. Once the grout has been produced, 

the main criterion of interest becomes the 28-d coapressive strength. 

Although predicting coapreasive strength development has not proved 

reliable, one point is clear: In order to obtain the desired c011preasive 

strength, the grout imst begin to set. 'nlerefore, one possible method of 

predicting rroduct quality is to measure set tiae. 

B.2 SETl'ING OF CEMEKT 

When Portland ceaent and water are mixed, there is an 1-ediate rapid 

reaction that fonua a supersaturated solution. 'nle reaction slows down 

because a fil• of llicrocrystalline or gel-like calciua sulfoalullinate 

fonua around the ceaent particles. A period of slow reaction follows, 

teraed the induction period, during which the maount of hydration pr,>ciucts 

gradually builds up with time and slowly involves the plastic viscosity of 

the paste. The process of structure formation begins 1-ediately when t~e 

cement is aixed with water. Strength development is d1.vided into two 

stages, low strength and high strength. 

During the first stage, a structure coagulates that is characterized 

by the presence of a three-dimensional network formed by disordered 

I 
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coupling of the finest particles in the disperse phase through thin layers 

of the dispersion medium. At this stage, only individual crystals form. 

The period of low strength comes to an end at a certain critical time and 

is followed by a rapid growth in strength. During this second stage, 

there is a:>re intense crystal fonution resultidg in a strong crystal 

network. 

The critical time, while not fixed, represents the point in time at 

which any further mechanical defonution of the setting mix becomes 

detrimental to its ultimate strength. This critical time phenomenon is 

used to advantage in the 0RNL process if emergency dumping of the grout is 

required. During emergency shutdown, the contents of the aix tub can be 

routed to a stirred tank. Mechanical agitation eliminates the fonution 

of a strong crystal network by stopping the second stage of strength 

development. The result is an aqueous solution containing fine particles 

that can be used subsequently as waste feed at the facility. 

B.2.1 Set Time 

At ORNL, the ACME Laboratory Penetrameter is used to measure the rate 

of set in accordance with ASTM C-403-70 Time of Setting of Concrete 

Mixtures by Penetration Resistance. Thia procedure deteraines the rate of 

set by measuring the rate of hardening. Initial set !s defined aa 

achieving a penetration resistance of 500 psi; final set is the point at 

which a penetration resistance of 4000 psi is achieved. Thus, a 

penetration resistance of 500 psi is taken to mean that the second stage 

of strength develop111ent has begun, while a penetration resistance of 

4000 psi indicates the time at which performance objectives are met (in 

this case a compressive strength >60 psi). 
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B.2.2 Hanford Facility Waste , 

Penetration resistance as a function of cure time is shown in 

Figs. B.l through B.4 for various dilutions of reference waste using 

blends 3, 5, and 8 (Sect. 7.2). In all cases, the mix ratio was 7 lb/gal. 

The data show that set is inversely related to cement content. Thus, 

these set times should be conservative and are probably slower than at a 

mix ratio of 8 lb/gal (i.e., a higher cement content). The data indicate 

that for the four dilutions of the synthetic HFW initial set occurs within 

6 d and within 3 d for the undiluted waste. Final set is achieved in all 

cases within 28 d. 

Based on the data, it appears that a penetration resistance test 

could predict in less than one week the quality (strength) of the final 

product and compare its behavior to development work using synthetic 

waste. Data based on actual waste may alter the time of initial set and 

should be the final basis for comparison. 
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APPENDIX C 

TYPICAL ANALYSIS OF TYPE I-II-LA PORTLAND CEMENT 

AND 

CENTRALIA, WASH. CLASS F FLY ASH 
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Table c.1. Typical analysis of Type I-II-LA cement 

Chemical composition 

Silicon dioxide (Si02) 

Aluminum dioxide (Al203) 

Ferric oxide (Fe203) 

Magnesium oxide (HgO) 

Sulfur trioxide (S03) 

Loss on ignition 

Insoluble residue 

Tricalcium silicate (C3S) 

Tricalcium aluminate (C3A) 

Total alkalies (As Na20) 

Physical properties 

Blaine fineness 

Concentration 
(wt %) 

22.78 

3.40 

4.96 

0.91 

2.os 

1.31 

0.30 

52.7 

0.6 

0.40 

3640 cm2 /g 

I 
I 

/ 



j . 

140 

Table c.2. Typical analysis of ASTM class F fly ash 

Chemical compositon 

Silicon dioxide (Si02) 

Aluminum dioxide (Al203) 

Ferric oxide (Fe203) 

Calcium oxide (CaO) 

Magnesium oxide (HgO) 

Phosphorus pentoxide (P205) 

Carbon (C) 

Sulfur trioxide (S03) 

Sodium oxide (Na20) 

Potassium oxide (K20) 

Lo88 on ignition 

Moisture 

Physical Properties 

Density 

Surface area 

Source 

Centralia, Waah, I Kinsston, Tenn. 

46.02 

23.2 

7.42 

10. 1 

1.72 

.75 

.057 

0.001 

3.75 

0.70 

0.52 

0.20 

Concentration 
(wt %) 

49.2 

22.1 

5.88 

8.40 

1.70 

• 77 

.028 

.005 

4.61 

0.52 

o.58 

0.13 

2.32 g/c• 3 2.17 g/cm3 

0.68 m2/g 0.49 ml/g 

48.57 

28.5 

9.00 

1.32 

1. 31 

o.99 

0.27 

o.37 

o.33 

0.09 

2.36 g/cm3 

1 .34 m2/g 

I 
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D.l INTRODUCTION 

The majority of the performance criteria applied to the grout 

formulation studies 111Jst be achieved within 28 d. Preliminary experiments 

were ;~rfot"llled to assess the use of set accelerators to achi~ve the grout 

performance objectives earlier than 28 d. To this end. two common set 

accelerators (CaCl2 and Na2Si03) were added to blends discussed in 

Sect. 7.2 of this report and then mixed with various dilutions of 

reference waste. As the accelerators were added to the ble~ds (after they 

had been prepared according to Sect. 7.2), an explanation of t~e 

nomenclature used in this section is necessary. For example, a grout 

prepared at 8 lb/gal with blend 1 and 0.5 wt% CaCl2 added would be 

interpreted as follows: The grout would be prepared at 8 lb/gal with 

blend I. However, 0.04 lb of CaCl2 (0.5 wt%) is added to the mixture. 

The following sections discuss the effects of this addition both as a 

solid and a liquid. 

D.2 EFFECTS OF CaCl2 ADDITION 

Data for grouts prepared at 8 lb/gal with blend 1 and 0.5 wt% CaCl2 

added to the blend prior to mixing with the reference waste are shown in 

Table D.1. 

'!':,ble D. 2. 

Data for a similar grout with no CaClz added are shown in 

A comparison of the two illustrates an important point: The 

results of set accelerators are sensitive to the amount added. Indeed, a 

cc:.paria.:;:. .;;f tt :, 7 J f1CllE:tration resistance shows that in this case the 

CaClz acts as a set retarder, delaying initial set beyond 7 d. The grout 
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Table D.l. Properties of grouts mixed in the ratio of 8 lb/gal with dry solids blend 1 and 
different dilutions of reference wa~tea 

Property 

10-min gel strength, lbt/100 ft 2 

Fluid co9sistency index (k'), 
lbf•sn /ft 2 

Flow behavior index (n') 

Density, lb/gal 

2-h Phase separation, vol% 

Apparent viscosity, cP 

24-h penetration resistance, psi 

7-d penet ~ation resistance, psi 

28-d com~ressive strength, pai 

Reference condi t ions 

Reynolds number 

Frictional pressure drop per 
100 ft, psi 

Critical velocity, gal/min 

0 

21 

0.012 

0.31 

12.20 

o.43 

46.63 

o.o 

o.o 

2852.5 

1484.08 

6.81 

60.86 

+ 30.4 

Waste dilutions 

20 

10 

0.010 

0.50 

12.15 

3.39 

21.18 

o.o 

o.o 

3743.5 + -

3718.29 

2.46 

34. 10 

(vol%) 

14.8 

33 

9 

0.010 

0.49 

12.15 

4.60 

19.9 

o.o 

o.o 

2010.0 + 66.~ 

3779.43 

2.46 

32.62 

ao.5 wt% CaCl2 added to dry aoli~a blend prior to mixing. 

50 

8 

0.008 

o.u 

12.15 

0.86 

20.43 

o.o 

o.o 

987.5 + 37.5 

4131. 17 

2.46 

32.30 
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Tallle D. 2. Properties of grouts mixed in the ratio of 8 lb/gal with dry solids blend 1 
and different dilutions of reference waste 

Property 

10-min gel strength, lbf/100 ft 2 

Fluid CO!~istency index (k•), 
lbt•sll /ft 2 

Flow hehbvior index en·) 

Density, lb/gal 

Phase separation, vol% 

After 10 min in a~ atmospheric 
pressure consistometer 

Density, lb/gal 

Phase aeparation, vol% 

Apparent viscos~ty, cP 

24-h penetration resistance, psi 

7-d penetration resistance, psi 

28-d compressive strength, pai 

Reference conditions 

Reynolds number 

Frictional pressure drop per 
100 ft, psi 

Critical velocity, gal/min 

0 

37 + 4 

0.064 + 0.012 

0.29 + 0.03 

11.86 + 0.05 

1.15 + o.4o 

11.98 + 0.03 

1.49 + 0.25 

36.59 

o.o 

1620.0 

441.56 + 21.06 

1788.60 

5.41 

53.56 

Waste dilutions 
(vol%) 

20 

37 + 12 

0.050 + 0.001 

0.)4 + 0.02 

11 .90 + 0.07 

0.94 + 0.20 

11 .95 + 0.01 

1.57 + 0.39 

39.05 

o.o 

1980.0 

488.56 

1741.32 

5.43 

54.89 

+ 45.71 

33 

26 + 5 

0.057 + 0.004 

0.33 + 0.02 

11 .85 + 0.04 

1.68 + 0.69 

11 .93 + 0.03 

1.91 + o.41 

41.82 

o.o 

1220.0 

452.25 + -

1674.35 

6.01 

58.17 

1.37 

50 

20 + 2 

0.038 + 0.001 -

0.42 + 0.03 

11 .86 + 0.06 

0.94 + 0.21 

11 .91 + 0.06 

2.30 + 0.27 

48.87 

o.o 

1160.0 

310.94 + -

1523.37 

6.62 

61.31 

15.65 

-,,. 
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containing CaClz is further characterized by a greater fluidity (as 

measured by critical velocity) and a higher bleed (as measured by 2-h 

phase separation). However, the addition of CaClz had a major positive 

effect because it dramatically increased the 28-d compressive strength. 

The effects of increasing the CaClz content were assessed by adding 

l wt% CaClz to a grout prepared at 8 lb/gal with blend 5. Data are shown 

in tables D.3 through D.S. Comparision between grouts prepared with 

l wt% CaClz (Table D.3) and grouts with no additives (Table D.4) shows 

that the increase in CaClz content did not have a positive effect on the 

rate of set. Indeed, the 7-d penetration resistance of the grout with no 

additives is ~2 times that of the grout containing l wt% CaClz, and 

there is no significant change in 28-d compressive strength. It appears 

that the effects of this CaClz content are primarily negative, with both 

the 10 min gel strength and critical velocity increasing sigr.ificantly. 

However, Table D.5 shows that adding l wt% CaClz as a liquid does 

not result in grouts characterized by the high viscosity and gel strengths 

exhibited in Table D.3. Therefore, addition of CaClz in liquid form is 

the preferred method. Conversely, the addition of CaClz does not appear 

to be an appropriate set accelerator. 

To assess the effects of NazSi03 as a set retarder, l wt% NazSi03 

was added (both as a solid and liquid) to grouts prepared at 8 lb/gal with 

blend 5. Data are shown in Tables D.6 and D.7. A coMparison of data in 

Tables D.6 and D.4 shows that atl / liig l wt % tiazSi03 ·in aoua · iorm has a 

negligable effect on properties of interest. The lack of an increase in 

gel strength and critical velocity in grouts containing CaClz shows that 
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Table o.3. Properties of a grout mixed in the ratio of 8 lb/gal with dry 
solids blend Sand 0% dilution of reference wastea 

Pro ert 

10-min gel strength, lbf/100 ft 2 

Fluid co9sistency index (k~), 
lbf•sn /ft 2 

Flow behavior index (n~) 

Density, lb/gal 

2-h Phase separation, vol% 

Apparent viscosity, cP 

24-h penetration resistance, psi 

7-d penetration resistance, psi 

28-d coMpressive strength, psi 

Reference conditions 

Reynolds number 

Frictional pressure drop per 
100 ft, psi 

Critical velocity, gal/min 

60 + 3S 

0.124 + 0.079 

0.32 + 0.11 

12.29 + 0.11 

0.43 + o.oo 

8S.48 

o.o 

1160.0 

S05.4 + 23.4 

820.9S 

11.84 

88.64 

a1.o wt% CaCl2 added to dry solids blend prior to mixing • 
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Table o.4. Propertie• of grout • lllixed in the ratio of 8 lb/gal with .dry •olids blend 5 
and different dilutions of reference waste 

Property 

10-ain gel strength, lbf/100 ft2 

Fl uid cogaistency index, (k~) 
lbt••n /ft2 

Flow behavior index, (n~) 

Den• ity, lb/ gal 

Phaae separation, vol% 

After 10 ain in an atmospheric 
preaaure consistometer 

Density, lb/gal 

Phase •eparation, vol% 

l 

A~parent visco• ity, cP 

24-h penetration re• i • tance, pal 

7-d penetration reaiatance, p• i 

28--d compre• aive • trength, pal 

· 'Reference condition• 

Reynold• number 
1 

Frictional pre• aure drop per 
' '100 ft, psi 

C~itical velocity, gal/min 

\ ~ 

0 

11 + 2 

0.006 + 0.001 

0.60 + 0.02 

12.14 + 0.05 

3.36 + 0.03 

12.33 + 0.03 

2.84 + o.38 

23.70 

o.o 

2360.0 

710.6 + 26.1 

3682.83 

2.46 

33.67 

Waate dilutions 
(vol%) 

20 

13 + 3 

0.030 + 0.003 

0.39 + 0.01 

11. 79 + o. 10 

2.99 + 0.50 

11.86 + 0.10 

2.99 + o.45 

32.00 

o.o 

340.0 

271.3 + 6.3 

2158.14 

4. l 9 

48.03 

33 

22 + 4 

0.035 + 0.019 

0.41 + 0.11 

12.16 + 0.14 

1.16 + 0.94 

12 . 29 + 0.15 

l.69 + 0.93 

42.30 

o.6 

1060.0 

521.8 + 36.4 

1774.35 

5.55 

55.92 

50 

30 + 9 

0.022 + 0.011 -
0.46 + 0.08 

12.09 + 0.05 

l.67 + 1.02 

12. 16 + 0.03 

2,75 + 1.46 

36.31 

o.o 

400.0 

270. l + 17.8 -

2126.46 

4.91 

49.75 
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Table D. 5. Properties of grouts mixed in the ratio of 8 lb/gal with dry solids blend 5 
and different concentrations of reference waste 8 

Property 

IO-min gel strength, lbf/100 ft 2 

Fl uid copsistency index (k'), 
lbf•sn /ft 2 

Flow behavior index (n') 

Density . lb/gal 

2-h Pha,1e separation, vol % 

Apparen:: viscosity, cP 

24-h peuetration resistance, psi 

7-d pen~tration resistance, psi 

28-d compressive strength, psi 

Reference conditions 

Reynolds number 

Frictional pressure drop per 
100 ft, psi 

Critical velocity, gal/min 

0 

30 + 6 

0.121 + 0.059 

0.22 + 0.05 

11 .85 + 0.07 

1.46 + 0.24 

44.71 

o.o 

1430. 71 

6.61 

62.03 

Waste dilutions 
(vol %) 

20 

13 + 3 

0.030 + 0.003 

0.39 + 0.01 

11.79 + 0.10 

2.99 + 0. 50 

32.00 

o.o 

340.0 

271.3 + 6.3 

2158. 14 

4.19 

48.03 

33 

14 + 1 

0.025 + 0.010 

0.41 + 0.03 

11 .10 + o.oe 

2.65 + 0.23 

30.21 

o.o 

232.0 

258.4 + 14.9 

2418.58 

4. 15 

46.35 

a1.o wt% CaCl2 (dissolved in 20 mL of H20) added to waste prior to mixing. 

•·.t. .!- ~ 

50 

14 + 3 

0.025 + 0.005 -

o.41 + 0.02 

12.02 + 0.02 

3.05 + 0.19 

30.21 

o.o 

316.0 

195.8 + -

2484.69 

3.66 

45.57 

10.9 
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Table o.6. Properties of a grout mixed in the ratio of 8 lh/gal with dry 
solids blend 5 and 0% diluted reference wastea 

10-min gel strength, lbf/100 ft 2 

Fluid co9sistency index (k~), 
lbf•sn /ft 2 

Flow behavior index (n~) 

Density, lb/gal 

2-h Phase separation, vol% 

Apparent viscosity, cP 

24-h penetration resistance, psi 

7-d penetration resistance, psi 

28-d compressive strength, psi 

Reference conditions 

Reynolds number 

Frictional pressure rlrop per 
100 ft, psi 

Critical velocity, gal/min 

15 + 1 

0.015 + 0.004 

o.46 + 0.03 

11.86 + o.rn 

2.22 + 0.40 

24.76 

o.o 

2520.0 

625.4 + 21.4 

3013. 11 

3.01 

39.28 

8 1 wt% Na2Si03 added to dry solids blend prior to mixing • 
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Table D.7. Properties of grouts mixed ln the ratio of 8 lb/gal with dry solids blend 5 
and different dilutions of refere nce waste 8 

Pcop~rty 

ll)-min gel strength, lbt/100 ft 2 

Fluid co9sistency index (k'), 
lbt•ari /ft 2 

Flow behavior index (n') 

Dens tty, lb/gal 

2-h Phas ~ separati on, vol% 

Apparent viscosity, cP 

24-h pen~tration resistance, psi 

7-d penetration resistance, psi 

28-d comuress ive strength, psi 

Refer!nce conditions 

Reynolds number 

Frictional pressure drop per 
100 ft, psi 

Critical velocity, gal/min 

0 

51 + 9 

0.064 + 0.034 

o. 32 + 0.05 

12.08 + 0.09 

1.ss + 0.2 1 

44 . 12 

o.o 

1577 . 14 

6 . 13 

60 . 22 

Waste dilutions 

20 

33 + 7 

0.0)5 + 0.0 15 

0.37 + 0.06 

11. 90 + o.oo 

1. 27 + 0.3) 

32 . 96 

o.o 

2200.0 

567 . 0 + 21.7 

2100 . 43 

48 . 78 

( vol %) 
11 

21 + 4 

0.045 + 0.043 -

0.36 + 0.08 

11 . 84 + 0 . 07 

1.69 + 0.01 

.,9.s1 

o.o 

1600.0 

529 .1 + -

1770 . ll 

5.40 

55 . 71 

21.5 

8 1. 0 wt% NazSi03 (dissolved in 20 ML of Hz0) added to waste prior to mixing. 

• '· '. 

: ! 

50 

32 + 5 

0. 064 + o.nn5 -

0.38 + 0 . 03 

12.01 + 0.05 

0.84 + 0.02 

64.11 

o.o 

1840 . 0 

473 . 4 + -

1119.14 

8.54 

74.08 

10. 5 
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Na2Si03 may be a more viable candidate. Indeed, adding Na2Si03 as a 

liquid (Table D.7) results in a significant increase in rate of set (as 

measured by the 7-d penetration resistance), causing no major deleterious 

effects on grout flow properties. The critical velocity at 50 wt% 

dilution (74 gal/min) indicates that additional work is needed to optimize 

the Na2Si03 concentration. However, the data are sufficient to indicate 

that (1) Na2Si03 is a viable candidate for use as an accelerator and (2) 

addition as a liquid is the preferred_ method (the TGF is designed to have 

liquid addition capabilities). 
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FORMULATION SCOUTING STUDIES WITHOUT INDIAN RED POTI'ERY CLAY 
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Indian Red pottery clay (IRPC) is added to the dry solids blend as a 

cost effective ion exchange medium to reduce the leachability of 137cs. 

Based on 0RNL experience, the IRPC blend content was fixed at 8 wt %. 

However, as discussed in Sect. 4.2 of this report, the TGF may be capable 

of operating with a reduced IRPC content. To assess the effects of this 

reduction, experiments were performed with a dry solids blend containing 

40 wt% Type I-II-LA Portland cement, 48 wt% Centralia, Wash. ASTM Class 

F fly ash, and 12 wt% Attagel-150 (Tables E.1 through E.3) and compared 

with grouts prepared with a blend consisting of 40 wt% Type I-II-LA 

Portland cement, 40 wt% Centralia, Wash. ASTM Class F fly ash, 12 wt% 

Attagel-150, and 8 % IRPC (Tables E.4 through E.6). Fly ash was 

substituted for IRPC due to its low cost. The trends identified in Tables 

E.l through E.6 are consistant wi~h those identified in thE main body of 

this report and are as follows: Increasing fly ash content tends to (1) 

increase 28-d compressive strength, (2) increase rate of set (7-d 

penetration resistance), (3) increase 10-min gel strength, and (4) 

decrease fluidity as illustrated by the critical velocity and frictional 

pressure drop. Therefore, decreasing the IRPC content appears to be a 

viable option, with the performance criterion of greatest concern being 

the critical velocity. This concern indicates that more extensive 

formulation scouting studies should be performed prior to lowering the 

IRPC content in the TGF. 
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Table E.l. Properties of grouts prepared with different dilutions of reference waste at 6 lb/gal 
and a dry solids blend consisting of 40 wt% Type I-II-LA Portland cement, 48 wt% 

Centralia, Wash. ASTH Class F fly ash, and 12 wt% Attagel-150 

Property 0 20 

15 + 2.94 14 + 2.16 

Waste dilutions 
(vol%) 

33 

18 + 0.96 

50 

16 + 0.82 10-min gel strength, lbf/100 ft 2 

Fluid cogsistency index (k'), 0.010 + 0.0006 0.008 + 0.0006 0.0148 + 0.0020 0 . 0178 + 0.0029 
lbf•aTl /ft2 

Flow behavior index (n') 

Density, lb/gal 

28-d Phase separation, vol% 

Apparent viscosity, cP 

24-h pei,etration resistance, psi 

7-d pen•!tration resistance, psi 

28-d conpressive strength, psi 

Refei~ence conditions 

Reynold1.1 number 

Frictio1:1al pressure drop per 
100 ft:• psi 

Critical velocity, gal/•in 

0.463 + 0.004 

11.43 + 0.029 

0 

17 

0 

2000 

362.+ 

4332 

2. 14 

31.14 

1.97 

0.484 + 0.010 

11 .41 + 0.048 

0 

15.50 

0 

1400 

285.0 + 22.38 

4816 

1.92 

28.89 

11.31 + 0.025 

11.31 + 0.025 

0 

19.25 

0 

960 

344.07 

3730 

2.46 

34.57 

+ 17 .64 -

11 .23 + 0.029 

11.23 + 0.029 

0 

19.50 

0 

328 

266.78 

32672 

2.48 

35.35 

+ 9.29 
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Table E.2. Properties of grouts prepared with different dilutions of reference waste at 7 lb/gal 
and a dry solids blend consisting of 40 wt% Type I-II-LA Portland cement, 48 wt% 

Cent~alia, Wcsh. ASTM Class F fly ash, and 12 wt% Attagel-150 

Par:1meter 

10-min gel strength, lbf/100 ft 2 

Fluid cogsistency index (k~), 
lbf"s" /ft 2 

Flow behavior index (n~) 

Density, lb/gal 

28-d Phase separation, vol% 

Apparent viscosity, cP 

0 

31.50 + 1.01 -
0.027 + 0.008 

0.393 + 0.029 

11.68 + 0.23 

0 

30.25 

0 

2800 

Waste d.!.lutions 
(vol%) 

20 33 50 

20.75 + 2.86 21.75 + 4.35 17.25 + 2.99 

0.0165 + 0.008 0.014 + 0.0005 0.054 + 0.011 

0.456 + 0.039 0.460 + 0.010 0.297 + 0.026 

11 .69 + 0.09 11.74 + 0.05 11 .69 + 0.025 

0 0 0 

26.5 24.75 34.5 

0 0 0 

2320 1470 690 

\ 

24-h penetration resistance, psi 

7-d penetration resistance, psi 

28-d compressive strength, psi 546. 13 + 17.24 492.31 + 38.86 456.44 + 5.99 353.69 + 13.14 

Reference conditions 

Reynolds number 

Frictional pressure drop per 
100 ft, psi 

Critical velocity, gal/min 

2409.51 

3.93 

45.83 

-

42790.53 

3.40 

31.35 

3231.02 

2.95 

37.75 

. ' . i . / . 
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2044.55 

4.64 
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Table E.3. Properties of grouts prepared with different dilutions of reference waste at 8 lb/gal 
and a dry solids blend consisting of 40 wt% Type I-Ii-LA Portland cement, 48 wt% 

Centralia, Wash. ASTH Class F fly ash, and 12 wt% Attagel-150 

Property 

10-min gel st~ength, lbt/100 ft2 

Fluid coosistency index (k'), 
lbf"sn /ft 2 

Flow behavior index (n') 

Density, lb/gal 

Apparent viscosity, cP 

24-h penetration resistance, psi 

Refecence conditions 

Reynold3 number 

Frictioqal pressure drop per 
li)O ft (psi) 

Critical velocity, gal/min 

• 

0 

23.25 + 0.96 

20 

Waste dilutions 
(vol%) 

33 

21.25 + 0.96 20.25 + 0.96 

50 

18.50 + 1.29 

0.0032 + 0.0904 0.044 + 0.008 0.030 + 0.003 0.0195 + 0.004 

1.0 + 0.02 

12.05 + 0.04 

253 

0 

744.18 

13.14 

140.92 

0.468 + 0.026 

11 .93 + 0.03 

84.75 

0 

999.72 

9.68 

81.07 

o.499 + 0.014 o.562 + 0.028 

11.86 + 0.048 12.05 + 0.04 

86.75 72.75 

0 0 

1229.14 1358.61 

7.83 1.20 

71.35 67. 6U 
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Table E.4. Properties of grouts mixed in the ratio of 6 lb/gal with dry solids bl e nd 5 
and different dilutions of reference waste 

_____ P_r_o.._pe_r~ty.__ ___________ 0 

IO-min gel strength, lbr/100 ft 2 

Fluid co9sistency index (k~), 
lht•sll /ft 2 

Flow behavior index (n~) 

Density, lb/gal 

Phase separation, vol% 

After 10 min in an atmospheric 
pressure consistometer 

Density, lb/gal 

Phase separation, vol% 

Apparent viscosity, cP 

24-h penetration resistance, psi 

7-d penetration resistance, psi 

28-d compressive strenr.th, pei 

Reference conditions 

Reynolds number 

Frictional pressure drop per 
}OQ ft I psi 

Critical velocity, gal/min 

\ -. ~ . ~-:i.._ ' ..... ~-., ,. 
, l t. - '• 7- ~ . ... 

5 + 

0.00) + 0.001 

0.6) + 0.02 

11 .60 + 0.09 

5.70 + 0.56 

11 .86 + 0.03 

9.89 + 5.38 

14.29 

o.o 

980.0 

249.63 + 18.07 -

6702.33 

1.18 

23.65 

\. . 

Waste dilutions 
(vol%) 

20 

7 + 

0.004 + 0.002 

0.58 + 0.07 

11.48 + 0.03 

9.47 + 6.41 

11 .53 + o.36 

11.16+6.97 

13.95 

o.o 

560.0 

242.02 + 12.65 -

5397.00 

1.75 

24.54 

33 

6 + 2 

0.002 + 0. 001 

0.66 + 0.0) 

ll.46 + 0.13 

10.95 + 4.48 

11 .63 + 0.26 

10.33 + 7.91 

11.50 

o.o 

336.0 

249.75 + 23.08 

6305.67 

1.74 

19.6R 

so 

8 + 3 

0.003 + 0 . 00 1 

0.61 + 0. 04 

11.40 + 0.11 

9.72+4.19 

11.(,3+0.12 

12.68 + 6.78 

12.62 

o.o 

176.0 

198.63 + 3.51 -

6805.00 

1.16 

22.38 

..,, 

.c, 

•. 

, . 

\ 
\ 
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Table E.5. Propertie1 of grout• aixed in th~ ratio of 7 lb/gal with dry 1olid1 blend 5 
and different dilutions of reference -•te 

Property 

10-• in gel strength, lbf/100 ft2 

Pluid cogaiatency index (k'), 
lbf••r1 /ft2 

i~ov behavior index (n') 

0t,naity, lb/gal 

Phase separ ation, vol% 

After 10 ain in an at•o1pheric 
preaaure conaiatometer 

Denlity, lb/gal 

Phase separation, vol% 

Apparent viacoaity, cP 

24-h penet~ation reaiatance, pet 

7-d penetration re1iatance, pei 

28·-d co11preuive 1trength, pet 

Ref~rence condition• 

Reynold• number 

Frictional preeaure drop per 
100 ft. pai 

Crltical velocity, gal/min 

I ,-
- -L. ___ _ 

I 
} 

0 

21 + 7 

0.019 + 0.016 

0.44 + 0.08 

11. 75 + o.oo 

2.32 + o.88 

ll .80 + 0.00 

2.63 + 0.69 

27.68 

o.o 

1360.0 

430.7 + 21.1 

2775.6 

3.58 

42.82 

. / ,---.\ 
,. ::_,! . 

Waste dilutions 
(vol%) 

20 

39 + 8 

0.068 + 0.038 

0.29 .:!:, 0.06 

11 .69 + 0.06 

1.28 + 0.62 

11 .79 + 0.07 

1.48 + o.43 

38.88 

o.o 

960.0 

379.9 + 27.2 

1679.00 

5.93 

55.94 

' I 

',' 

33 

35 + 16 

0.039 + 0.011 

0.33 + 0.03 

11. 71 + 0.03 

1.48 + 0.22 

11 .78 + 0.03 

2.12 + o.4o 

211.61 

o.o 

340.0 

291.2 + 6.0 

2363.64 

4 .16 

46.65 

.. ,. 

50 

35 + 10 

0.051 + 0.023 

0.29 + 0.05 

11 .73 + 0.03 

1.59 + 0.22 

11 .80 + 0.04 

2.76+0.23 

29.16 

o.o 

136.0 

162.3 + 17 . 6 

2211.25 

4 .16 

47.25 

' ) 
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Table E.6. Propertie• of grout• ,dxed in the ratio of 8 lb/gal with dry • olid• blend 5 
and different dilution• of reference wa• te 

Property 

10-min gel strength, lbf/100 ft 2 

Fluid cogsistency index (k'), 
lbf•sn /ft2 

Flow behavior index (n') 

Density, lb/gal 

Phase separation, vol% 

After 10 min in an at110• pheric 
preasure conaiatometer 

Density, lb/gal 

Phase separation, vol% 

Apparent vi • co• ity, cP 

24-h penetration re• iatance. pai 

7-d penetration re• iatance. pai 

28-d compre •• ive • trength, p• i 

Reference condition& 

Reynolds number 

Frictional prea• ure drop per 
100 ft, psi 

Critical velocity, gal/min 

l . 
I. 

/ >. .. , \' 

0 

11 + 2 

0.006 + 0.001 

0.60 + 0.02 

12.14 + 0.05 

3.36 + 0.03 

12.33 + 0.03 

2.84 + 0.38 

23.70 

o.o 

2360.0 

710.6 + 26.l 

3682.83 

2.46 

33.67 

'' \ ' \ ----

Waste dilution• 
(vol%) 

20 33 50 

13 + 3 22 + 4 30 + 9 

0.030 .!. 0.003 0.035 + 0.019 0.022 + 0.011 

o.39 + 0.01 o.41 + 0.11 o.46 + 0.08 

11.79 + 0.10 12.16 + 0.14 12.09 + 0.05 

2.99 .:t o.5o 

11 .86 + 0.10 

2.99 + 0.45 

32.00 

o.o 

340.0 

271.3 + 6.3 

2158.14 

4.19 

48.03 

/ . ., 

1.16 + 0.94 

12.29 + 0.15 

1.69 + 0.93 

42.30 

o.o 

1060.0 

521.8 + 36.4 

1774.35 

5.55 

55.92 

1.67 + 1.02 

12.16 + 0.03 

2.75 + 1.46 

36.31 

o.o 

400.0 

210.1 + 17.8 

2126.46 

4.91 

49.75 

\ 
\\ 
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