Probability of Liquefaction for H-Area Savannah River Site WSRC-TR-2000-00039, Rev. 0, 8/31/00

Probability of Liquefaction for
H-Area Savannah River Site

By

R.C. Lee, M.D. McHood, and M.R. Lewis

Approved by: W & SKaborrerio—

Lawrence A. Salomone
SRS Chief Geotechnical Engineer

UNCLASSIFIED

DOES NOT CONTAIN

UNCLASSIFIED CONTROLLED
ADC &NUCLEAR INFORMATION

Reviewing

o —@ﬁ%@%’;ﬁ@ 44
] . (

Date: q' T*%

Westinghouse Savannah River, Inc. Site Geotechnical Services
Savannah River Site Geotechnical Engineering Group
Aiken, SC 29808

Hpol-tr.doc



This document was prepared in conjunction with work accomplished under Contract No.
DE-AC09-96SR18500 with the U.S. Department of Energy.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States Government.
Neither the United States Government nor any agency thereof, nor any of their employees, makes any
warranty, express or implied, or assumes any legal liability or responshbility for the accuracy,
completeness, or usefulness of any information, apparatus, product or process disclosed, or represents that
its use would not infringe privately owned rights. Reference herein to any specific commercial product,
process or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States Government or any agency
thereof. The views and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

This report has been reproduced directly from the best avail able copy.

Available for sale to the public, in paper, from: U.S. Department of Commerce, National Technical
Information Service, 5285 Port Royal Road, Springfield, VA 22161, phone: (800)

553-6847, fax: (703)  605-6900, email: orders@ntis.fedworld.gov  online  ordering:
http://www.ntis.gov/ordering.htm

Available electronically at http://www.doe.gov/bridge

Available for a processing fee to U.S. Department of Energy and its contractors, in paper, from: U.S.
Department of Energy, Office of Scientific and Technical Information, P.O. Box 62, Oak Ridge, TN
37831-0062, phone: (865 ) 576-8401, fax: (865) 576-5728, email: reports@adonis.osti.gov



Probability of Liquefaction for H-Area Savannah River Site

WSRC-TR-2000-00039, Rev. 0, 8/31/00

LIST OF ACRONYMS

Advanced Seismic Hazard Liquefaction Evaluation
cone penetrometer testing

piezocone penetrometer test soundings

cyclic stress ratio (t,,./ ©',)

cyclic stress ratio normalized to magnitude 7.5
cyclic resistance ratio

United States Department of Energy

Electric Power Research Institute

effective shear stress

effective overburden pressure

General Separations Area

H-Tank Farm

In-Tank Precipitation Facility

Lawrence Livermore National Laboratory
average earthquake magnitude

high magnitude

low magnitude

median magnitude

standard penetration blowcount normalized to 60% energy
standard penetration blowcount normalized for overburden pressure and 60%

energy
United States Nuclear Regulatory Commission
overconsolidation ratio

performance category 3

performance category 4

peak ground acceleration

probability of liquefaction

probability of occurrence

probabilistic seismic hazard assessment
Replacement Tritium Facility

soil amplification factor/function

Site Geotechnical Services

standard penetration test

Savannah River Site

United States Geological Survey
Westinghouse Savannah River Company



Probability of Liquefaction for H-Area Savannah River Site WSRC-TR-2000-00039, Rev. 0, 8/31/00

1.0 INTRODUCTION
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(ITP) and the H-Tank Farm at the Savannah River Site (SRS). As part of that assessment, a
probabilistic liquefaction evaluation for the Tobacco Road soils was completed. The ITP
evaluation of capacity was based on site-specific soil properties as determined from normalized

standard penetration test (SPT) blowcount ((N,)), and cone penetrometer testing (CPT). A SRS
hadrack nraohahilictie ceiemic hazard accacement (PCH AN I‘IP‘TPII\I‘\PI‘ l-\\l the Flactric Pawer
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Research Institute (EPRI) was used together with a site-specific convolutlon analysis to develop
seismic demand. At the time of the original ITP evaluation this was the only hazard study
available with deaggregated results. The DOE and WSRC jointly agreed to proceed using this

single hazard study. The results showed that the annual liquefaction hazard was less than 107,
which met the performance goal for ITP and performance category 4 (PC-4). Since that
evaluation a significant amount of work has been done at the SRS related to site-wide soil
properties and site-wide ground motion. In addition, the Lawrence Livermore National
Laboratory (LLNL) SRS bedrock PSHA (Bernreuter, 1997) was revised in 1996, new SRS soil
amplification functions (SAFs) were developed in 1997 (WSRC, 1997), and the United States
Geological Survey (USGS) developed a SRS hard-rock site PSHA (Frankel, 1999) consistent

with the National Map With the possibility of new missions being sited at SRS and the need to
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probability of liquefaction needed re-evaluation. This assessment re-evaluates the probability of
liquefaction building upon work performed to date including:

¢ In Tank Precipitation Facility (ITP) and H-Tank Farm (HTF) Geotechnical Report

AR 10080
AYWOINC, 1757,

e Savannah River Site Replacement Tritium Facility (233H) Geotechnical Investigation
(WSRC, 1993),
e SRS Seismic Response Ana Basis Guidelines (WSRC, 1997),

1
e Soil Surface Seismic Hazard and Design Basis Guidelines for Performance Category 1 &

PR s ok ol S e 2ol s

2 SRS Facilities (WSRC, 1998),
e EPRI Seismic Siting Decision Process (NEI, 1994),
e LLNL Fission Energy and Systems Safety Program (Bernreuter, 1997), and
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e Results of USGS calculation of SRS PSHA (I'I'aIIKCl 1997).

alysis and Design
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1. Implement probability of liquefaction methodology and check the computation against the
results from the 1995 ITP evaluation, and
2. Utilizing the results of the existing cone penetration test soundings in H-Area, compute the

annual probability nfhmmfm‘hnq
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The original scope for this task was to evaluate the liquefaction potential for both H- and F-
Areas. However, it was concluded that, since the subsurface conditions in H-Area are less
favorable than F-Area (in terms of depth to the water table and shear wave velocity), the results
from H-Area would be a bounding (lower bound or highest probability) case. Consequently, this
study focuses on the annual probability of liquefaction for H-Area. The study was not performed
for any particular project nor will the result be used in any other facility-specific analysis. If a
facility requires the annual liquefaction hazard to be determined, this study will serve as the basis
for that effort. :

3.0 METHODOLOGY

3.1 Evaluation of Probability of Liquefaction

The basic methodology used for this assessment was derived from the previously completed ITP
geotechnical evaluation (WSRC, 1995). In the ITP geotechnical evaluation, a methodology was
developed to evaluate the probability of liquefaction (POL) of a subsurface soil layer or
formation. That methodology uses a PSHA evaluated for bedrock outcrop, a determination of
seismically induced cyclic stress ratios (CSR) for the soil profile using a suite of convolution
analyses from bedrock, an evaluation of the distribution of normalized SPT blowcount (i.e.,
(N,)o) for the soil section, and the POL given seismically induced CSR and normalized
blowcount available in the literature.

In this study and the 1995 ITP evaluation, the probability of liquefaction is obtained by
evaluating the probability of occurrence of specific earthquakes and the probability of
liquefaction given the occurrence of a specific earthquake. Given those evaluations, the
probability of liquefaction for a specific earthquake is:

P.(L) = P[L | E] P[E]

Where P¢(L) is the probability of liquefaction as a result of an earthquake; P[L | E] is the
conditional probability of liquefaction given that the earthquake occurs; and P[E] is the
probability that the earthquake occurs. The total overall probability of liquefaction is obtained
by summing over all possible earthquakes, as follows:

P[L]= Y P[L|E]P[E]

E

The methodology presented herein uses the model for conditional probability of liquefaction
developed by Liao, et al, (1988). The model was developed based on statistical analyses of a
data catalog consisting of 278 observed cases of liquefaction/no liquefaction in Holocene
deposits, for 40 earthquakes. The Liao et al. models for clean and silty sand are shown in
Figures 1a and 1b.
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From the Liao et al. model, the probability of liquefaction can be obtained once the normalized
standard penetration test blowcount (N, ), and the normalized cyclic stress ratio (CSRN) are
known. For this assessment the (N,),, is determined from site-specific correlations with the tip
resistance (q,), sleeve friction (f,) and pore pressure (u) results from piezocone penetrometer test
soundings (CPTU) (see Section 3.5). The seismically induced CSRs were determined from
convolution analysis using SRS soil profiles from WSRC (1997) (see Section 3.6).

The probabilities discussed above combine to form the following liquefaction hazard formulation
(WSRC, 1995):

P[L]= ZZZZP[L | CSRNk(Vnmj)a((NJm)I]*P[V = ‘Z’nj]*[WCSRN]k *Wyiel: (Eq. 1)
(1) (2) (3) C)

Term (1) is computed directly from the results of Liao et al., (1988). Term (2) is derived from
the hard-rock PSHA by computing differences of the PSHA disaggregation matrices at each level
of motion v; corresponding to magnitude m;. Terms (3) and (4) are weights dependent on the
distributions of cyclic stress ratio and (N, ).

3.2 SRS Hard-Rock PSHAs for Liquefaction Analysis

Three hard-rock PSHAs were used to evaluate the probability of liquefaction in this study. The
EPRI PSHA (NEI, 1994), used in the ITP evaluation (WSRC, 1995), is used for a direct
comparison to prior probabilistic assessments. The other hard-rock PSHAs completed for the
SRS by LLNL (Bernreuter, 1997) and the USGS (Frankel, 1999) were also used in the
liquefaction assessments. Note that although the LLNL PSHA was available in 1995, the PSHA
disaggregation was not available and consequently, the LLNL probability of liquefaction was not
evaluated in 1995. The USGS PSHA was also not available in 1995. Site-wide SRS surface
design basis spectra have been developed using evaluations of the hard-rock EPRI and LLNL
PSHAs (WSRC, 1997; WSRC, 1998). The PSHA oscillator frequency used was 2.5 Hz, the
same frequency used for the ITP evaluation.

3.3  H-Area Geology

Existing cone penetrometer soundings and borings were used to examine the lithology and
geology and to layer the subsurface for the entire H-Area. Examining small subsets within
H-Area (e.g. ITP or RTF) allows identification of laterally continuous layers having similar
engineering properties. In contrast, across the entire H-Area, laterally continuous layers having
the same engineering properties are difficult to identify. This leads to the conclusion that a
single laterally continuous weak layer may not be present across H-Area. However, common
markers such as the Tan Clay Unit can be identified at many of the CPT and boring locations,
and it was possible to layer H-Area by geologic formation. For this effort, the Upland, Tobacco
Road, Dry Branch, and the top of the Santee Formations were identified (WSRC, 2000a).
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3.4  Determination of Critical Layer for Liquefaction

The relationship between (N, ), fines, and cyclic resistance ratio (CRR) developed by Seed et al.
(1984) was used to determine layers most susceptible to liquefaction (see Figure 2). The

“Tae / O, shown in Figure 2, termed CRR, should not be confused with seismically induced
cyclic stress ratio (i.e., CSR). The CRR represents the soil capacity while the CSR represents
seismic demand. The ratio of CRR to CSR would be the factor of safety against liquefaction.
Since the Seed et al. relationship does not account for age or magnitude, the CRR is only a
relative measure of resistance to liquefaction, and therefore was only used to help identify critical
layers.

The (N,),, and corresponding fines content are necessary to use the Seed et al. relationship.
Similar to the evaluation performed for the ITP project, CPTU results were used to estimate
(Ny)so- The (N,)¢ was estimated using relationships developed specifically for SRS soils, as
opposed to the methodology developed specifically for ITP. N, was computed using Equations
2 and 3. These equations were developed by correlating SPT results with nearby CPTU results
(WSRC, 2000b).

q
N, = ¢ Eq. 2
“  8.85-1.85], (Eq-2)

L= /325~ loglQ,(1- B,)IJ +(1.5( + log Fr))** (Eq. 3)

Where: Q, is normalized tip resistance Q, = (q,-6,)/c’,
B, is pore pressure ratio B, = (u-u,) / (q,-0,)
Fr is stress normalized friction ratio Fr = [(f/q,-c,) X 100]
q. is uncorrected CPTU tip stress
q, is CPTU tip stress corrected for unequal area effects
f, is CPTU sleeve friction

The Ny, values were normalized to (N,)4, values using Equation 4 (Liao and Whitman, 1986).

(NDeo =N x [1/(c,)] (Eq. 4)
In order to account for the increase in liquefaction resistance due to increase in fines content, as
proposed in the Seed et al. relationship, it is also necessary to determine fines content
corresponding to the (N,),, values. Fines content was also estimated using CPTU data as
follows:

Fines = 0.3(I,>%) + 2 (Eq. 5)

I, = 1.1 +[(1.5-10gQ)* + (logFr + 1.7)*]** (Eq. 6)
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Where Q, and Fr are the same as those provided for Equation 3. Equations 5 and 6 were
developed by correlating laboratory determined fines content from borings with nearby CPTU

results.

The estimated (N, ),, and fines content were used to determine CRR using the Seed et al.
relationship. Three dimensional images of CRR were developed without regard to geologic or
engineering layer to identify layers most susceptible to liquefaction. Data collected at greater
depths (i.e., within the Santee Unit or deeper) and above the water table were not considered. As

with the attempt to identify laterally continuous layers having similar engineering properties

across H-Area (Section 3.3), the CRR results showed no discernible layers that were laterally
continuous across H-Area. Within the H-Area geologic units, the CRR varies both vertically and
laterally. However, as a whole, the Tobacco Road Formation appears to have more “zones” of
lower CRR than the Dry Branch. Thus, the critical layer selected to represent H-Area was the

saturated nnrhnn of the Tobacco Road. In instances where the top of the Tobacco Road was

above the water table, the water table was taken as the top of the cntlcal layer. On average, the
H-Area CI'l[lCdl ldyCI' was about 25 feet thick I navmg an average elevation OI between
approximately 255 ft msl and 230 ft msl (see Figure 3). This corresponds roughly to the layer

analyzed at ITP having an average elevation of between approximately 247 ft msl and 224 ft msl.
3.5  Determination of Soil Capacity (N, ),

In order to utilize published probabilistic liquefaction curves (Liao et al., 1988) the CPTU results
were converted to equivalent (N, ), values using equations 2, 3 and 4 in Section 3.4. The (N,)4,
mean and standard deviation were determined for the critical layer (WSRC, 2000c) along with
histograms of the data and log transformed data (Figures 4 and 5).

The conditional probability of liquefaction model developed by Liao et al. was based on data
entirely from the Holocene (recent) period. The soiis in question at the SRS are of the Miocene
period and as such, have significantly higher cyclic strength than Holocene soils. Thus,
modifications to the Liao model were required. Specifically, corrections are required to account

for aging, overconsolidation and sample disturbance. Each is discussed below.

(P8
Ch
—

Aging

Aging has been addressed at the SRS through extensive laboratory testing of recovered samples
from the Tobacco Road, Dry Branch and Santee Formations. The results show that the soils at
the SRS have significantly higher cyclic shear strengths than similar soils of the Holocene

period. The results have been used to develop SRS site-specific curves accounting for aging of

the soils at the SRS. The resulting average increase in strength for the SRS soils over the

Holocene soils is 1.35 (WSRC, 1995).
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3.5.2 Overconsolidation

The site-specific cyclic shear strength curves are based on a conservative overconsolidation ratio
(OCR) estimate of 2. A best estimate of the OCR for the Tobacco Road Formation in H-Area is
3. Thus, the actual strength of the material is greater. For a “best estimate” of cyclic shear
strength, the strength increase would be 1.09 times greater (WSRC, 1995).

3.5.3 Sample Disturbance

The SRS curves do not account for potential loss of strength due to sampling disturbance. It is
well known that even the most carefully planned and implemented sampling and testing program
will result in disturbance to the recovered samples. It is also well known that sample disturbance
reduces the laboratory-derived strength determinations. For site-specific deterministic
liquefaction potential determinations, these effects are conservatively ignored. For this study
however, the affects are considered in an effort to obtain a “best estimate” resuit.

Strength losses of up to 30% can be realized due to sample disturbance (Singh, et al., 1979).
Thus, to account for these potential losses, a correction factor of 1.3 is recommended (WSRC,
1995).

Combining the factors from aging, overconsolidation and sample disturbance results in an overall
factor of 1.9. This factor was applied to the Liao model for the probabilistic assessment.

3.6  Seismic Demand (CSRN)

Earthquake demand or Cyclic Stress Ratio (CSR) is defined as effective shear stress (t,,.) divided

by effective overburden pressure (6°,). A soil unit weight of 120 pcf was used to compute ¢,
with a water table depth of 25 feet. This is a conservative assumption as the water table is

generally 25 feet or deeper in H-Area. A shallow water table results in lower o’,.

The CSRs were computed using previously developed bedrock motions and soil models
representative of the General Separations Area (GSA) at SRS (WSRC, 1997). The bedrock
control motions cover a range of magnitudes, distances and peak ground accelerations. The
control motions are convolved through the soil to compute the average distribution of CSR for
each layer in the soil model. As the critical layer is thicker (about 25 ft thick) than the
convolution model layers (each about 10 ft thick), the CSR for the critical layer is determined by
averaging the appropriate CSRs over the critical layer depth range. The control motion spectra
are computed for a large range of hypothetical earthquakes so tables of CSR distributions can be
interpolated. Thus, by differencing the PSHA disaggregation, the probability of occurrence of a
specific level of bedrock motion is obtained corresponding to a range of earthquake magnitude
and distance. The corresponding CSR distribution is then determined from the interpolated
tables.
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Convolution analysis used to compute CSRs is consistent with the 1997 SRS seismic design
spectra (WSRC, 1997). Bedrock spectra and CSRs were computed for three magnitude levels
(ML, MM, MH) and eight levels of peak ground acceleration (PGA) covering the range 0.05-

N7 n 1l a1t s QD 15 A flaad 1- 44 tha QD
U.73g. pilausc tiie site-speciiic CSRs cover a limited range 61 oCarocK mouomns, uic Lon

distributions were extrapolated to lower and higher control motions. The lower control motion
extrapolations (for PGA < 0.05) are not critical to the final result. The higher control motion
extrapolations (for PGA > 0.75g) could impact the final results by underestimating or
overestimating the CSR demand. For the EPRI, LLNL, and USGS PSHAs, less than about 10%

of the POL. contributions are made from control motion ranges that use pyfrann]afpﬂ rances of
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CSR. We recommend that if facility-specific POL is to be estimated that the site-specific

database be expanded to larger ranges of controi motions to eliminate or reduce the CSR
extrapolation.

Before the CSR distributions can be used in conjunction with the Liao model they must be

normalized for earthquake magnitude. Table 1 presents the Arango (1994; 1996) magnitude
scaling factors (MSFs) used to normalize the CSRs to CSRNs. Figure 6 presents several MSFs
that have been proposed by various investigators (NCEER, 1997). Also presented in Figure 6 is
the range of MSFs recommended from the NCEER workshop. The Arango MSFs used for this
assessment (denoted in Figure 6 by an open diamond) fall in the middle of the recommended

range for most of the magnitudes and overall the Arango MSFs approximate a mean or “best

afirmata’
cstimaic .

4.0 RESULTS

4.1 Validation of Liquefaction Hazar
Computer code LIQHAZ was developed specifically for the methodology used in this study.
Advanced Seismic Hazard Liquefaction Evaluation (ASHLE) was the computer code used to
compute probability of liquefaction for ITP evaluation (WSRC, 1995). There are computational
differences in application of the probability of liquefaction methodology between LIQHAZ and
ASHLE. LIQHAZ uses the full magnitude and distance disaggregation to evaluate the POL

258 ACLIT D LV IR ATy kL tha il 1- onitnnd A Aiat
WiICI€as Adnir USEs ivi-oar and v/-oar, Ul mdan Cariunquaxke masuhuues anda aistances

controlling the hazard for a given level of ground motion. In addition, LIQHAZ uses an
interpolation scheme to compute smoother values of the probability of occurrence disaggregation
matrix.

l

in np nlementation. the nrnhahﬂlfv Qfl-
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n order to validate the hmlefaohnp 1azard

ITP site was calculated using LIQHAZ for comparison to values obtained in WSRC (1995).

T TNTYY A ¥ (3> Yals nr\5

Seismic demand and capacity input for LIQHAZ, was similar to the data used by WSRC
The EPRI PSHA for 2.5 Hz spectral acceleration was used to define motions at bedrock.
Statistical distributions on CSRs were taken from WSRC (1995) where convolution analyses
were used to compute suites of distributions of CSRs for the ITP Tobacco Road formation.
Thus, for each level of bedrock motion, there were corresponding CSR distributions. The soil

atvn otl fontns serne taolrne no [ SUppp. nopa v sotrrmbeniana £aondana) ‘lTOT)f“ £100&\
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The Arango (1994; 1996) earthquake magnitude scaling factors were used (Table 1). The

Tohaceco Raad enil canacity waeg taken ac the comhbined cimulated and meaenrad (N )
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distributions. The Liao et al. (1988) probability of liquefaction model for silty sand was used.
Input for the validation (i.e., case 1) is summarized in Tabie 2.

The table below compares the probability of liquefaction results using LIQHAZ, in conjunction
with the mnnr data described above, to the ITP evaluation (WSRC, 1995).

Soil Magnitude Liao POL POL
Strength | Geologic Scaling P[L] LIQHAZ ASHLE
PSHA | Factor Formation Factor Model ’95 ITP data ’95 ITP data
EPRI 1.9 Tobacco Rd. | Arango | Silty Sand 4.90e-6 2.25e-6
LLNL 1.9 Tobacco Rd. | Arango | Silty Sand 3.57e-5 -

The EPRI POL results using LIQHAZ are approximately double the results using ASHLE. In
light of the differences in program approach, these results are considered to be in general
agreement. The results suggest that not accounting for the complete hazard disaggregation can

result in an underestimate of the probablhty of llquefactlon The LLNL result was unavailable in

4l 1TO0E AQITIT T s a2 T TNITAZ DT =18 ol o 4l TAIT DOITA /3 &7~ &N 2
WIC 1770 ADIILL cvaxuauuu lllC LAYIIAL TJL l.Cbull. ubllls uic J.zLJLVLa rarn\J.J/v=J) lb

nearly an order of magnitude higher than the EPRI POL (4.90e-6).

4.2  Evaluation of ITP Probability of Liquefaction Using Site-Wide CSRs

a the nT for ITP wac alcn avaluated necino cnil
A VU 22

a
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capacity (i.e., (N,)¢) and seismic demand (e, CSRN) developed for this study. In this instance,

the seismic demand is consistent with the site-wide spectra development (WbKL 199° )

For the ITP evaluation using site-wide seismic demand, the input was as follows: (1) the EPRI
2.5 Hz PSHA was used to define motions at bedrock; (2) the suite of CSR distributions were

computed for Tobacco Road formation using a depth to water table of 25 ft; (3) soil strength
factor was taken as 1.9; (4) the earthquake magnitude scaling factor used was Arango (1994;
1996); 5) Tobacco Road soil capacity was the CPT estimated (N, ),, distribution; and (6) the Liao
et al. (1988) probability of liquefaction model for a silty sand. Table 2 summarizes the changes
between this run (case 3) and the validation runs (case 1) discussed in Section 4.1.

litv af linnafantian
1943 Vi L 1aviivll

Fal
l\i uw

in Section 4.1.

Soil Magnitude Liao POL POL
Qtrenoth Geolagice Qealing PIT 1 TLIQHAZ LIOHAZ

Sirengin COI0g8IC Scaing b 9% 110} o Vs V4 LAQQHALZ

PSHA | Factor Formation Factor Model Current ITP data | ’95 ITP data

EPRI 1.9 Tobacco Rd. | Arango | Siity Sand 4.98e-6 4.90e-6

11
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The EPRI POL for the ITP using seismic demand and soil capacity developed for this study is

only slightly higher than the evaluation using the 1995 input. An evaluation of the input shows

that both the seismic demand and the soil capacity have increased somewhat. These differences
coinpeiisaie and ‘pi‘OuuCc‘: a result similar to the result usmg the ITP ’95 demand and bdpdblly

The seismic demand has increased due to three primary differences: (1) dynamic properties (i.e.,
strain dependent shear modulus and damping), (2) bedrock shear wave velocity, and (3) depth to
water table. GEI, Inc. dynamic properties were used in the WSRC (1995) convolution analyses,

and dynamic properties derived by the University of Texas (WSRC, 1996) were used in the SRS

1 hioh
site-wide convolution analyses used herein. The GEI, Inc. dynamic properties have higher

damping at low strain levels and consequently result in a lower predicted CSR than those
developed using the University of Texas derived dynamic properties (see Figure 7). The WSRC
(1995) convolution analyses used a bedrock shear-wave velocity of 8,000 ft/sec, significantly
lower than the median value of 11,500 ft/sec used for this study. This bias would tend to reduce

spectral amplification and also reduce CSR. The depth to water table used in the WSRC (1995)

analy51s was greater than that used herein, creating an additional bias that would tend to reduce

O

the CSR.

In examining the differences between the ITP seismic demand (WSRC, 1995) and the WSRC
(1997) seismic demand, convolution analyses were re-calculated for one of the twenty 1995 ITP
soil models. The ITP soil model used was C18CFE. Calculations were rerun using: bedrock
chnne sxrnvra sralanitsr A8 11 &NN Filonn nomd thha TTemiernsasds Tawvne Aawisrad AATAD M 1000
Snicar-wave VClUblt_)’ Ul 11,JVVU 1UDdOL, allu uic Ull.lVClbll_)’ Ul 1€Xas acrivea LYWOIRNL, 1T770)
dynamic soil properties (i.e., strain dependent shear modulus and damping). Figure 8 shows how
increasing the bedrock shear wave velocity to 11,500 ft/sec in the ITP convolution analyses
generally increases the CSR. Figure 9 shows how using the WSRC (1996) dynamic shear

modulus and damping generally increases the CSR. Figure 10 presents the combined effect of

both increasing the bedrock shear wave velocity and using the WSRC (1996) dynamic properties.

Figure 11 shows how depth to water table affects the CSR. The two CSR (i.e., t,,. / ¢’,) results

shown in Figure 11 were calculated using the same shear stress (1,,.) in the numerator, but
calculating the effective overburden pressure using a water table depth of 25 and 50 feet. The
shallow water table has the higher CSR.

Figure 12 shows the 1995 ITP soil capacity (i.e., measured and simulated (N,),, values). Figure
13 shows the ITP soil capacity based on the current methodology, which uses data from 20 ITP
CPTU in conjunction with Equations 2 through 4. Comparing Figures 12 and 13 shows an

increase in (N, )¢ This increase is likely due to the change in methodology for determining
(N,)s;, as well as differences in the top and bottom of the layer analyzed and an increase in the

NNz B2 YYRA oo 2222 ANV 220 A% LQasfe URANIVALL ML ALV A 2 GaaRiYLUAR [al

size of the data set, (7114 (N,)4, Values with the current methodology as opposed to 71 (N,),,
values used in 1995). The new increased earthquake demand and new increased soil capacity are
compensating differences that produce a result (POL of 4.98¢-6) similar to that obtained when

using the 1995 earthquake demand and soil capacity (POL of 4.90e-6).
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Evaluation of H-Area Probability of Liquefaction Using LIQHAZ

For the H-Area POL assessment, the seismic demand, soil capacity, and correction factors were
the same as those used in the ITP analysis described in Section 4.2. The only differences were:
(1) additional hard-rock PSHAs conducted by LLNL and USGS were used; (2) the larger H-Area
wide set of Tobacco Road soil capacity data were used; and (3) additional Liao et al. (1988)
probability models representing clean and undifferentiated sands were used. Table 2 summarizes
the changes between these runs and the other runs discussed previously in Sections 4.1 and 4.2.

The Table below shows the POL results.

Soil Magnitude POL LIQHAZ
Strength | Geologic Scaling | P[L] Model P[L] Model P[L] Model
PSHA | Factor Formation Factor Silty Sand | Undifferentiated | Clean Sand
EPRI 1.9 Tobacco Rd. | Arango 6.63¢-6 4.36e-6 3.59¢-6
LLNL 1.9 Tobacco Rd. | Arango 4.72e-5 3.50e-5 2.97e-5
USGS 1.9 Tobacco Rd. | Arango 1.07¢-4 891e-5 7.81e-5

POL is computed using each of three Liao et al. (1988) probability models: silty sand, clean sand
and undifferentiated. From the Table above we note that the computed probability of
liquefaction increases going from clean to silty sands and is contrary to engineering experience:
increased fines content generally decreases the probability of liquefaction. However, according
to the Liao et al. (1988) contours of equal probability of liquefaction, lower CSRs (< 0.1) are
associated with higher POL for silty sands as compared to clean sands (see Figures 1a and 1b).
Because a majority of the POL contributions in LIQHAZ come from relatively low induced
CSRs, the total POL computed for silty sands is less than that computed for clean sands. This
result decreases our confidence in the partitioning of silty and clean sand. Consequently, the
Liao et al. undifferentiated probability model is preferred. However, the results for each of the
three POL assessments, (EPRI, LLNL and USGS) for any of the three Liao et al. models suggest
that the PC-3 performance goal of 1e-4 is met for H-Area.

The H-Area POL disaggregation by earthquake magnitude is given in the Table below. The POL
by magnitude (Mw) is given as a percentage of the total. The indicated magnitude is the centroid
of the magnitude bin.

EPRI LLNL USGS

Mw POL % Mw POL % Mw POL %

4.75 0.08 5.25 1.27 4.75 0.01

5.25 1.11 5.75 5.07 5.25 0.08

5.9 15.3 6.25 15.1 5.75 0.49

6.7 51.8 6.75 425 6.25 2.21

7.8 31.8 7.5 36.1 6.75 2.18
7.5 95.0

Note: magnitude disaggregation is for “undifferentiated” Liao et al. (1988) model. The percentages do not add to
100% because of round-off.

13
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Note the substantial difference in the USGS magnitude composition as compared to EPRI and
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characteristic earthquake source (Mw 7.3). The EPRI and LLNL PSHAs used a distribution of
earthquake magnitudes to describe the Charleston seismic source. We believe that a preferred
hazard model would contain a weighted combination of magnitude distributions.

The ribution to the POL by various terms in Equation 1 is illustrated in Figures 14a-d for the
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EPRI PSHA. The cumulative POL should have small contributions at low control motion
because although the probability of occurrence of motion is high, the liquefaction potential is
very low. The cumulative POL should have small contributions at high control motions because
although the liquefaction potential may be relatively high, the probability of ground motion
occurrence is very low. Thus, the contributions to the POL should be small at the high and low

ends of control motion used in the analysis, otherwise, the POL could be significantly
underestimated. Figure 14a shows the probability of occurrence (POO) by loop index number
(term (2) of Equation 1). The sum index runs from 1 to 31 for increasing levels of bedrock
motion, 1 to 5 for increasing magnitude bins, and 1 to 6 for increasing distance bins. Thus the
total number of POL bins are 31 x 5 x 6 = 930 (Note that the summations on CSR and (N, ), are

not expressed in these figures). Figure 14a illustrates that the POO decreases as a function of

increasineg bedrock motion and that there is a strone denendence on the magnitude/distance
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disaggregation (which is why the bin contributions are not smoothly decreasing). Figure 14b
illustrates the POL given the CSRN and soil capacity by loop index (term (1) of Equation 1).
The increasing POL for increasing bedrock motion and magnitude are clearly illustrated. The
contribution to the POL by loop index number (product of terms (1), (2), (3), and (4) of Equation
1) is illustrated in Figure 14c. This figure shows that a proper range in bedrock motions were
considered for the problem as the distribution is complete in its symmetry. The cumulative POL

atentad en 144 B P i yiiea oata amAd 14 i1lotrnta tha DT and Arseiilatioa
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POL for the LLNL and USGS PSHAs. The LLNL and USGS cumulative POL plots also
suggest that a complete range of bedrock motions were considered for the problem.
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Program LIQHAZ was developed to evaluate POL and to make an independent evaluation for
comparison to an earlier ITP POL evaluation (WSRC, 1995). The LIQHAZ POL evaluations
used input data similar to that used for the 1995 evaluation. The LIQHAZ-ITP results were
somewhat conservative suggesting that although there was general overall agreement with the
1995 ITP POL evaluation, the full hazard disaggregation should always be used for computation

aftha DNT
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Computations of annual POL for H-Area were also completed using existing cone penetration
test soundings. The H-Area POL assessments were made using seismic demand consistent with
the recent site response evaluation (WSRC, 1997) and three hard-rock PSHAs: EPRI, LLNL and
USGS. The three POL evaluations indicate the PC-3 performance goals are met. Since the

subsurface conditions in H-Area are generally less favorable than F-Area (in terms of depth to

14
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the water table and shear wave velocity), the results from H-Area would be a bounding (lower
bound or highest probability) case.

From these results, we conclude:

1. The PC-3 performance goal of 10* is met with respect to liquefaction potential in H-Area.

2. The independent liquefaction evaluation for the ITP using the original soil capacity and
seismic demand (WSRC, 1995) results in approximately factor of two increase in the POL.
This result provides a level of confidence in the implementation of the liquefaction
methodology and an indication that the full hazard dissaggregation should always be used to
avoid underestimating the POL.

3. A new POL assessment for the ITP using seismic demand consistent with the SRS site-wide
spectra (WSRC, 1997) is consistent with the 1995 estimate of POL using the same EPRI
PSHA (WSRC, 1995).

4. Future facility-specific POL evaluations should include an assessment of the applicability of
the seismic demand and soil capacity. These soil properties include those used to calculate
CSR: shear wave velocities, geologic layering, dynamic properties, and those used to
determine soil capacity.

Results are documented in calculation K-CLC-H-00156 (WSRC, 2000d), as required by the
WSRC E7 Conduct of Engineering and Technical Support Manual. The study was not
performed for any particular project and the results should not be used in any facility-specific
analysis. However, if a facility requires the annual liquefaction hazard to be determined, this
study demonstrates the methodology for determining POL.

6.0 FUTURE CONSIDERATIONS

1. Because some proposed SRS facilities are to meet Nuclear Regulatory Commission (NRC)
design criteria, it would be prudent to re-evaluate the POL for H-Area using NRC seismic
criteria. This evaluation would incorporate the median rather than the mean PSHA. Both the
EPRI and LLNL median PSHAs are available and could be incorporated in the analysis.

2. An alternative to the magnitude-scaling factor should be explored. The hazard
disaggregation is by magnitude and distance bins and as such, ground motion duration and
number of cycles of motion may be used directly.

3. Probabilistic models utilizing CPTU data directly, as opposed to converting CPTU data to
(N,)ep» should be developed.

4. Other methodologies that evaluate probability of liquefaction based on accepted criteria (e.g.,
shear wave velocity or energy-based methods) should be compared to the Liao et al. models
used herein.

5. Important assumptions were made in the computation of liquefaction. The available database
of site-specific CSR distributions was derived using a limited range of control motions. The
control motion range is exceeded in the PSHASs used in this analysis. For the H-Area
computations, extrapolations were made of the CSR distributions, however, an estimated
10% of the POL contributions are from extrapolated ranges of the CSRs. For future site-
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specific work, we recommend that the site-specific CSR distributions be complemented with
higher ranges of bedrock control motions to avoid extrapolation.

6. POL maps could be generated that can assist mitigation efforts by providing a greater
understanding of an earthquake’s impact on emergency services and lifelines in and around
the SRS.
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Magnitude
Earthquake| Scaling
Magnitude Factor
8.25 0.63
8 0.75
7.5 1.00
7 1.25
6 2.00
55 3.00

(Arango, 1994; 1996)

Table 1. Magnitude Scaling Factors

Table 2. Input Matrix for Various POL Computations

Seismic Soil Seil
Computer Demand | Capacity |[Strength Geologic | Water | P[L]
Program/Code (Case| CSR (N)De | Factor | MSF | PSHA | Formation | Table | Model | POL

ASHLE ITP ITP ITP ITP Silty
(see Section 4.1) 1 original | original 1.9 |Arango| EPRI |Tobacco Rd. | Original | Sand [2.25¢-6
LIQHAZ ITP ITP ITP ITP Silty
(see Section 4.1) 1 | original | original 1.9 |Arango| EPRI | Tobacco Rd. | Original | Sand [4.90e-6
LIQHAZ ITP ITP ITP ITP Silty
(see Section 4.1) 2 | original | original 1.9 |Arango| LLNL | Tobacco Rd. | Original | Sand {3.57¢-5
LIQHAZ ITP SRS ITP Silty
(see Section 4.2) 3 1997 CPTU 1.9 |Arango| EPRI |TobaccoRd.; 25ft Sand |4.98e-6
LIQHAZ H-Area SRS H-Area Silty
(see Section 4.3) 4 1997 CPTU 1.9 {Arango] EPRI |TobaccoRd.| 25ft Sand |6.63e-6
LIQHAZ H-Area SRS H-Area Silty
(see Section 4.3) 4 1997 CPTU 1.9 |JArango| LLNL | TobaccoRd.| 25ft Sand [4.72e-5
LIQHAZ H-Area SRS H-Area Silty
(see Section 4.3) 4 1997 CPTU 1.9 |Arango} USGS | TobaccoRd.| 25ft Sand |1.07e-4
LIQHAZ H-Area SRS H-Area
(see Section 4.3) 5 1997 CPTU 1.9 |Arango| EPRI |TobaccoRd.| 25ft |Undiff. |4.36e-6
LIQHAZ H-Area SRS H-Area
(see Section 4.3) 5 1997 CPTU 1.9 |Arango| LLNL | TobaccoRd.| 25ft [Undiff. |3.50e-5
LIQHAZ H-Area SRS H-Area
(see Section 4.3) 5 1997 CPTU 1.9 |Arango| USGS | TobaccoRd.| 25ft |Undiff.|8.91e-5
LIQHAZ H-Area SRS H-Area Clean
(see Section 4.3) 6 1997 CPTU 1.9 |Arango]| EPRI | TobaccoRd.| 25ft Sand |3.59e-6
LIQHAZ H-Area SRS H-Area Clean
(see Section 4.3) 6 1997 CPTU 1.9 |Arango| LLNL | TobaccoRd.| 25 ft Sand [2.97e-5
LIQHAZ H-Area SRS H-Area Clean
(see Section 4.3) 6 1997 CPTU 19 |Arango] USGS | TobaccoRd.| 25ft Sand {7.81e-5
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CPT Cyclic
GENERALIZED PROFILE Bottom Calculated Tip Stress Resistance
FOR H-AREA Elevation (N1)eo Gt Ratio
(feet MSL) | (blows per ft) (tsf) CRR
SURFACE 303.7 (£14.9)
UNSATURATED ZONE 19.8 (£12.0) | 82.2 (£68.7) | 0.44 (10.35)
255.4 (8.0)
" SATURATED TOBACCO ROAD 13.1 (¢5.7) | 90.8 (£67.4) | 0.22 (0.17)
228.5 (£8.1)
DRY BRANCH 14.5 (£7.2) | 140.4 (£96.8) | 0.24 (20.21)
177.7 (£13.9)
SANTEE 13.9 (7.7) |134.4 (x103.9)| 0.25 (£0.23)

Numbers shown are average values, numbers in parentheses are standard deviations.

Figure 3. Generalized Cross Section for H-Area

crossect.xls
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Histogram of N160 from sat_tobacco_rd.pdat

Frequency
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Figure 4. Histogram of CPTU Estimated (N,),, Values
for the H-Area Saturated Tobacco Road Formation
(WSRC, 2000c)
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Histogram of logeN160 from sat_tobacco_rd.pdat
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Figure 5. Histogram of CPTU Estimated In [(N,)¢] Values
for the H-Area Saturated Tobacco Road Formation
(WSRC, 2000c)
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Magnitude Scaling Factor, MSF
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Comparison of SRS and GEI Damping
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ITP Soil Model C18CFE Rock Shear Wave Velocity Varied
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Figure 8. Comparison of ITP Convolution Analyses Using Rock Shear Wave Velocity

of 8,000 ft/sec and 11,500 ft/sec
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ITP Soil Mode! C18CFE Dynamic Soil Properties Varied

Cyclic Stress Ratio
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ITP Soil Model C18CFE Dynamic Soil Properties and Rock Shear Wave Velocity Varied

Cyclic Stress Ratio
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Figure 10. Comparison of Original ITP Convolution Analyses With Revised Analysis
Using Shear Wave Velocity of 11,500 ft/sec and SRS “Best Estimate” Dynamic Properties
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Effective Overburden Pressure (¢",) Changed Due to Water Table Variation
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Figure 11. Comparison of Cyclic Stress Ratio for Water Table at 25 and 50 feet
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Probability of Liquefaction for H-Area Savannah River Site WSRC-TR-2000-00039, Rev. 0, 8/31/00
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Probability of Liquefaction for H-Area Savannah River Site WSRC-TR-2000-00039, Rev. 0, 8/31/00

Histogram of N160 from itp_cones.pdat
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Figure 13. Histogram of (N,), Values for Elevations 220 to 250 ft-msl
Estimated Using 20 ITP CPTUs and Equations 2 through 4
(WSRC, 2000c)
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1.60E-03

1.40E-03

1.20E-03

1.00E-03

8.00E-04

6.00E-04 -

4.00E-04 1

NS 10ATY YEBUUEBAES BoIy-[] 10 Uondejonbry Jo A1j1qeqolgd

2.00E-04

0.00E+00

121
151
181

o o N > 00— =
e S SR TS

Loop No. (Sv, Mw, R)

41
2N
301
331
571
601
631
661
691
N

211

Figure 14a. EPRI H-Area Probability of Earthquake Occurrence by Loop
(see Term 2 Equation 1, page 6)
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Probability of Liquefaction for H-Area Savannah River Site

WSRC-TR-2000-00039, Rev. 0, 8/31/00

EPRI H-Area POL Given Demand and Capacity by Loop
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Figure 14b, EPRI H-Area Probability of Liquefaction Given CSRN and (N)s0 by Loop
(see Term 1 Equation 1, page 6)
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Figure 14c. EPRI H-Area Probability of Liquefaction by Loop
(Product of Terms (1), (2), (3), and (4) Equation 1, see page 6)
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EPRI H-Area Cumulative Probability of Liquefaction Summed by Loop
(Equation 1, see page 6)
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Figure 15a. LLNL H-Area Probability of Liquefaction by Loop
(Product of Terms (1), (2), (3), and (4) Equation 1, see page 6)
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Figure 15b. LLNL H-Area Cumulative Probability of Liquefaction Summed by Loop
(Equation 1, see page 6)
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Figure 16a. USGS H-Area Probability of Liquefaction by Loop
(Product of Terms (1), (2), (3), and (4) Equation 1, see page 6)
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Figure 16b. USGS H-Area Cumulative Probability of Liquefaction Summed by Loop
(Equation 1, see page 6)
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