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Acronyms
A( American Concrete Institute
AOR analysis « record
APDL ANSYS® parametric design language
ASA Accelerated Safety Analysis
AS( American Society of Civil Engine
ASME American Society of  >chanical Engineers
AST 1 American Society for :sting and Materials
AWS American Welding Society
BBI Best-Basis Inventory
BES best estimate soil
CTL Construction Technology Laboratory
DBE design-basis (event/carthquake)
D/C demand/capacity ratio
DF damping factor
OE U.S. Department of Energy
DOE-RL U.S. Department of Energy’s Richland Operations Office
DRS design response spectra
DST double-shell tank
DW dead weight
EDP Extended Drucker-Prager
EED Energy and Environment Directorate
EPA U.S. Environmental Protection Agency
FCC fully cracked concrete
FE finite element
FIRS foundation input response spectra
HEW Hanford ..gineering Works
HW Hanford Works
WS Hanford Works Specific n
IBC International Building C
IDMS Integrated Data Management System
kip thousand pounds
LBS lower bounc il
MP material properties
NER no external rebar
NRA not readily available
ORP DOE Office of River Protection
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8.3 un 1, Baseline Case with Best Estimate Material Pr« rerties

This run uses the best estimate mate 1pr  erties (nominal soil modulus, nomi crete odulus
near zero concrete tensile strength with creep turned on) and is considered to be eline run/
analysis. Figure 8.10 through Figure 8.13 show the demand/capacity ratios of this 1 fferent load
steps and load combinations. As requested by external reviewers in Appendix A of et al. (2011a),
e demand/capacity ratios at peak temper res are also provided . The demand/ca atios at peak

temperatures and at all load combinations are less than 1.0 for shear, meridional and circumferential
directions.
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ACI-349 Demand/Capacity Ratios
Run #2, ad Combination 9 (Factored Loads)
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Figure 8.17. Run 2, ACI D/C Ratios for LC9

More details (in addition to the D/C ratios) near critical tank locations can be useful runderstand
the  k structural response. In particular, stress contours can be used to determine if any concrete has
cru 1orany rebar has yielded. Stress co >urs are presented in Figure 8.18 to Figure 8.22 for Run 2 at
peak temperature. Peak temperature stress contours are chosen to observe the tank res  nse under
maximum thermal loading. Run 2 is chosen as it has nominal propertics w.  the exception of having no
cre  which will conservatively show higher stresses. Figure 8.20 shows the vertical stress contours in
the concrete haunch, wall and slab. The maximum stress in the concrete (2268 psi) isle  han the
compressive strength of the concrete at pe  temperature (2932 psi). Figure 8.19and F. ¢ 8.20 show
the meridional and hoop rebars stress in the haunch/wall and knuckle regions. Note that the maximum
r ar stress is less than the yield stress of 40 ksi.
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A slab removal analysis study, similar to the Type II AOR (Rinker et al., 2011a), was performed for

the Type nks. The slab removal results in Appendix E show that the ACI demand to « ity ratios
in the dor aunch, wall, and footing are not changed significantly by disconnecting the from the
foc 1g. In addition, the maximum shear o et between the slab and the footing is predic ) be less
than 0.06 in . 1is is only about one-sixth of the original nominal liner thickness of 0.375 inch. The

bottom and knuckle of the tank are also covered with a tar-based mastic material that would act to cushion
t  transition. Therefore, it is likely that the liner would bridge the small displacement offset without
being damaged.

ACI-349 remand/Capacity Ratios
Run # 3, @ Peak Temperature (Unfactored Loads)
1.0 ;
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F re 8.21. Run 3, ACI D/C Ratios at Peak Temperature. ACI load factors eequ to 1.0.
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8.10 Run 8, High Soil Mo« ilus, Nominal Cc¢ crete Modulus, Near Zero
Concrete Tensile Strength with Creep

as run uses high soil modulus, nominal concrete modulus, and near zero concrete tensile strength
with creep. In general high soil modulus :nds to decrease the concrete stresses.

The demand/capacity ratios at peak temperatures and.  load combinations [, 4 [TOLA only], and 9)
are less than 1.0 for the meridional, circumferential and shear directions (Figure 8.37 through
Figure 8.40).

ACI-349 Demand/Capacity Ratios
. Run # 8, @ Peak Temperature (Unfactored Loads) |
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Figure 8.37. Run 8, ACI D/C Ratios at Peak Temperature. ACI load ctors are equal to 1.0.
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The D/C ratios for the LBS combinec ¢ 1s 4-6) are shown in Figure 9.35, Figure 9.36, and
Figure 9.37. Again, all the D/C ratios are less one for all three runs in the dome, haunch, and w.
The hor /C ratios are greater than one in some slab sections for all ree combined runs. The
mer:  onal D/C ratios are greater than one in so1  slab sections in combine run 4.

1.0 -
0.9 1
o 08 A
=1
<
0.7 A
2
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8 06 -
1]
Q
T 05 4
c
1]
qE, 04 -
a
2
s 0.3 -
o
< 0.2 -
0.1 A
0.0 - iy
( I5 50

Tank Section Number (1 = Dome Center -> 44 = Slab Center)

E feridional Rato loop Ri ihear Ratio

Figure 9.35. LC4 Combined Run 4 ACI D/C atios
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The D/C ratios for the UBS combined runs, runs 7-9, are shown in Figure 9.38, Figure 9.39, and
Figure 9.40. Again, all the D/C ratios are less than one for all ree runs in the dome, unch,: wall.
s empty tank run, combine run 9, results in all D/C ratios less  an one in the slat  well. 2
1 onal D/C ratios only exceed one in the slab in combined run 7. The hoop D/C ratios exceed one in
vined runs 7 and 8.

the bincc

In-plane shear D/C ratios for all combined n  1-9 are shown  Figure 9.41. In-plane shear
demands are generally low with a maximum of 0.30 occurring at section 19 for combined run 4.
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Figure 9.38. LC4 Combined Run 7 ACI D/C Ratios
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Appendix A

SST AOR Guidance, March 28, 111
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AppL enance Review
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Thru-Wall Shear Force ., SST Tvpe ll} Seismic Model. Upper Bound Soil

Thru-Wall Shear Force (kip/ft)

Figure C.6. = rough-Wall Shear, SST Type III Seismic Model, Upper Bound Soil (UBS), Comparison
Between the Type III Seismic Baseline Model and the Type III Seismic Extended Backfill

Model
in-Plane Shear Force , SST Type Ill Seismic Model, Upper Bound Soil
{UBS), Backfill Comparison
Dome Wall Floor
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Figure C.7. 1-Plane Shear. SST Type III Seismic Model, Upper Bound S¢  (UBS), Comparison
Between the  pe III Seismic Baseline Model and the Type III Seismic Exter :d Backfill
fodel
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Appendix F

..ul 1, Baseline Case wi 1 Best EstimateMateria Properties:
Loz Contributions
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Alte e Load Factor Study
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Appendix

Run 6, Forces and Moments
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Pacific Northwest National Laboratory sge 4 of

A Date: 11 By K.L I
L omelud  gedlSnde® k3 o T Wy
E._Mma_._mm.mt rlover Bound Concrete Revised £___ 11 By |

Ec2eo1 15 The effective concrete modulus in the dome ac counting for creep strain and end-of |
dearaded concrete modulus. E._ ...

E = E.=275x 10°psi ECeol 5
Ceol c x P ECQEOl = (1—+é—)- = 8562 x 10 psi
U
E Rebar Size an ing fro -||| Drawing # H-2-81
= = 34.259 Bar =6 Rebar Size (in 1/8th of aninch)
C2enl Sp =12 Bar Spacing near inner and outer swfaces.

Varies from 6 to 12inch in the dome. Use
12inch for conservatism

2
Bar 1
Ag = 2(-8_) vz-—g— = (0.884 Steel Area, in2/t

p
tg As
Ag = 12— = 180 Concrete Area, in/t p:= —— = 0.00491
in Ac
¥
¥, = Cracked concrete with
¥ = 1.0 for uncracked .two opposite layers of
concrete w/0 reinforcement reinforcement
il ot
1.0 . 7

0.8 r/ B :/’ d

0.6
L |

04 .
// =+ ¥, = Cracked concrete with
02 one middle laver of reinforcement
. ' :
0 l 9
0 0.2 0.4 0.6 0.8 1.0
values of y for Effect of Concrete Cracking And Amounts and Type of
pnin!manant {Cirmim A f SC CIUE!IS 1981)
From the above plat for cracked np=0168 P =035
concrete with two opposite layers of
reinforcemert.
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Pacific Northwest Nationa pratory Page 2 of 8
Tank Kling, Type-lll u L an i Date 7/28/2011 By K. 1 Johnson
Case 2. Bounding Temperature with 6 85-%t Soil Depth, 95/95 Lower Bound Concrete Revi;’;"‘ %ﬂ@%’- Byakfirfﬂ!ﬁ
- trated Point |
D: Ec—t"a- 7.912 - 10 bf-in 28.7.D 7
’ ' e 1P, = 2= 6, .
12.(1 2) alPy, 6.065 10'-Ibf

Fitch and Budiansky (1970) present the buckling solution for a spherical ca  aded by a local pressure
distributed over a circle of radius, . They present the solution as a function of the parameter, Abar, which is in
turn a function of the loading radius, e dome radius, the dome thickness, and the Poisson's ratio.

The tank operating limits specify a maximum 434-kip concentrated load for Tank S-104 (6.85 ft of soil at 125

Ib/t3) over a circle of 10-fi radius at the dome center. The soil overburden depth further distributes the pressure
load over a larger radius, which is a function of the overburden depth and the internal friction angle of the soil.

Load Radius R,:= 10-fi Soit depth  hg := 6.85 fi Soil Friction Angle ¢g = 35-deg

Load radius atthe tank dome Ry - R, - hs‘tan(d)s) - 14.796ft

1

N

. 2

tg)? (R

Moar - 11201 V7] ?1) [f) 25 Pe - 048 See plot below
d

The buckling sensitivity parameter, p, is interpolated from the right vertical axis of the piot below (Fitch and
Budiansky, 1970).

44N
ASTHPRITE
Nl
CRITICAL e
LOAD 1'%,
405
0.43
1=.C
IMPERFECTION o ]
SENSITIVITY N ]
[ ASTPTOTE
PARAMETER _ NN\ |
=
SLOPE PARAMETER U
OF POSTBUCKLING ‘ ]
LOAD-DEFLECTION . )
CURVE . DT

) ; [ ] [ ] l‘! r =
A= 112(1—v2)1*(;/t)(t/8;§

DEPTH PARAMETER X
FOR LOADED REGION
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Pacific Northwest National Laboratory Page 4018
; Date: 722812011 By. K L Johoson
(Tzﬂllmﬁ Ll 4"‘3 lie Shel _Tgf;'_‘_S_ . 5 Chkdk 872011 By. vk

Ec2eq iS the effective concrete modulu:  the dome accounting for creep strain and end-of-life
dearaded concrete modulus. Ecan -

Eceoi = Ec =2.75x10°psi

~ tCeo :
EC2EO| ,-m = 1.017x 108p5|

Rebar Size and Spacing from SST Type-iil Drawing #H-2-813
= £ = 28914 Bar =6 Rebar Size (in 1/8th of an inch)
C2eol Sp =12 Bar Spacing near inner and outer surfaces.
Varies from 6o 12 inch in the dome. Use 12
inch for conservatism
Bar 2 m 12 )
Ag = 2(——) —_——= 083 Steel Area, in2At
8 4 Sp
Ap = 12--,tE = 180 Concrete Area, in?At p= 5 0.00431
in Ac
'
¥ = 1.0 for uncracked Vs = ked concrete with
¢ ,two opposite layers of
concrete w/o reinforcement reinforcement
/ ) ..
1.0 . (7
0.8 r/ 1
0 6 e ! |
0.4 kg | - .
/ L~ b ¥, = Cracked concrete with
02 one middle laver of reinforcement
0 l L[
0 0.2 0.4 0.6 0.8 1.0

Values of y for Effect of Concrete Cracking And Amounts and Type of
Reinfarmement ( Fimre 4 of Scordelis 1981).

From the above plotfor cracked concrete  n.p= 0.142 1 = 0.35
with two opposite layers of reinfarcemert.
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. . _gebof
Vational Laboratory Date: 7/28/2011 By: K.I. Johnso

. - Chkd: 872011 B July
rture with 6.85-ft __.. Jepth 95/95 Lower Bound Concrete Revised: 8/10/2011 By b .. ....ns

a3Ppuckie and oy for highly loaded nonlinear concrete material effects

sure, psi
Pady = @4q-0p-03q-Pqy = 62.7psi

Uniform Ultimate Pressure Load from SST Finite Element Analysis - NOTE, this pressure is the total effective
ultimate dome pressure including:

¢ Dome weight (Concrete density=145 pcf)

e Soil overburden =6.85 ft at 125 pcf

e Pressure over dome diameter at the ultimate load capacity.

pU|t_U = 45.5-psi
2
P3du
Ru(oyg) == (ag) 5 +(og-1)  ayqy = root(Ru(ay) .0y,0.01,0.99) = 0.509
ult_u
Reduced Uniform Dome Buckling Load Pdu_red = oyqy-Pagy = 31.9psi
Total Uniform Load Reduction Factor Qg = ¢ 00034 -Cyqy = 01

Concentrated Ultimate Dome Load, Ibf

Pade = @p-0aq-0lPgeone = 9.068x 10°Ibf

Concentrated Ultimate Load from SST Finite Element Analysis - NOTE, this is the total effective ultimate
concentrated dome load accounting for the effects of:

¢ Dome weight (Concrete density=145 pcf)

s Soil overburden =11 ft at 125 pcf

e Pressure over dome diameter at the ultimate load capacity.

Pu!t_c = 2845.tonf

2
Re(eq) = (o) Pado “1) e = root(Re(ay) .o ,0.01,099) - 0.461
a)= (o) | ) *(am 1) o = root(Re(og) a4,001,099) =0

Reduced Concentrated Dome BucklingLoad P, (o = 0ggc-P3gc = 418 106|bf
Total Concentrated Load Reduction Factor = g3y = 0.09
Buckling Safety Factors

From the IASS Working Group No. 5, Recommendations for Reinforced Concrete Shells and Folded Plates,
(IASS, 1979):

For shells that do not experience a reduction in load-carrying capacity in the post-buckling regime, a factor of
safety of 1.75 is recommended. For shells that do experience a reduction in the load-carrying capacity in the
post-buckling regime, a factor of safety of 3.5 is recommended.

Dome Uniform Pressure SFqy =35 Post Buckling = Reduced Load Capacity

Dome Concentrated Load SF4c = 1.75 Post Buckling = Increasing Load Capacity

1t for a distributed local Joad with An.. > 2. the buckling will be accompanied by a loss of load camying capacity
_Anar = 2.88 so the safety factor shoul(

Dome Local Distributed Center Load :35 Post Buckling = Reduced Load Capacity

1.15
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SF..
i~ =295
- Rdome
Concentrated Load Safety Factor on Dome Buckling SFan
SFat ¢ 5= R =295
- dome
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3 Co~--~*-ated Point Load at the Center
D:= i—— - 1246 10°1bf.in 287D 7
12.(1 3 atPyc:- - 955 10 Ibf

Fitch and Budiansky (1970) present the buckling solution for a spherical cap loaded by a local pressure
distrit  «d over a circle of radius, Rcl. They present the solution as a function of the parameter, Abar,

v hisin turn a function of the loading radius, the dome radius, the dome thickness, and the Poisson's
ravo.

The tank operating limits specify a 200-kip concentrated load over a circle of 10-ft radius at the dome
center. The soil overburden depth further distributes the pressure load over a larger radius, which is a
function of the overburden depth and the internal friction angle of the soil.

Load Radius R): 10-ft Soildepth hg: 11-ft Soil Friction Angle  ¢g: 35-deg

Load radius at the tank dome Rep = Ry+ hs-tan(d)s) - 17.702ft

1 1

7 2
41t R
VR PPN PIEJ ) I I i - Pe:- 0.42 See plot below
Rq ty
I The buckling sensitivity parameter, p, is interpolated from the right vertical axis of the plot below
(Fitch and Budiansky, 1970).

. CRITICAL
LOAD
N ]
IMPERFECTION -l ] !
SENSITIVITY N ]
» ASYRPTRIE
PARAMETER '"" \\*\sﬁ—"*.— 0w
'l::
SLOPE PARAMETER 3 U, ]
OF POSTBUCKLING ° ]
LOAD-DEFLECTION . ]
CURVE ' T T e
’o 2 ‘ 0 2; 1 . i %7 -
A= [12(1-v) 1% (x/t) (t/R)

DEPTH PARAMETER X
FOR LOADED REGION

I.19
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Pacific Northwest National Labor ry Page 5 of 3
Tank Wall Buckling, Tvpe-Il Singie Shell Tanks Dagfhém%lji1 ?v gy-l nson
Actua| 6 B85 ft pth with Bounding Temperature Revisodt 1w—1 B L
Py
¢ = =
1 P: l
1.0}
\\\\  Long cylinder compressed in ring
direction
N
N et
= = Short cylinder compressed ia rin
0.5 N = direction t
N
~
= Sphere under radial pressare or
. cylinder compressed in axial
firection
0 @
0 0.5 ) —;

Effect of Geometric Imperfections on Buckling Load (Figure 3 of Scordelis 1981). wyh
factors for different geometries for spe  d geometric imperfection factor, a;.

Tank Wall, Axial Load: Cylinder compressed in axial direction

*c_axi = 0.58 “ohc_axi = 01

Tank Wall, Lateral Pres: Short cylinder compressed in ring direction

Q1C_|81 =075 ""’ohc_lat = 0.2

1.39
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Tank Wall ling, Type-lll Single Shell Tank Dgfk‘]—"?%’%,ayB—mK Ljohn m
3. 114 il h with Actuat Temperatur Revieet By Y. _L_,L.&mf_| e
u‘ Y - l.o’
1.0 =

08 N IRXNR )
\

g SIS S || v =06
\ N
N
\‘
J

N
V=04
04 N
\ N
N N ¥ =02
02 : N o
0 \ . |v=00 o
0 0.1 02 03 04 05 x5

Reduction Factor a, for Concrete Crac and Amount and Type of Reinforcement
Fioure 5 of Scordelis 1981)

Tank Wall, Axial Load: cylinder compressed in axial direction (Meridional Rebar)

o9¢_axi= 058 wonc_axi= 01 P = 0.2 o3¢_axi = 0.91

Tank Wall, Lateral Pres: short cylinder compressed in ring direction (Hoop Rebar)

¢_tat= 075 wonc_at = 02 Wp =025 3c_lat = 0-78

1.49
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Appendix J

Details of ACI-349 Demand/Capacity Calci ations
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Appendix K

Seismic Soil Ove burden Modeling Technique
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External Reviewer Comments
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