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The Earthquake Hazards Program of the U.S. Geological Survey is developing
seismic hazard maps for several urban areas in the United States including
Memphis and Shelby County, Tennessee. In this study, liquefaction hazard maps
are developed for six, 7.5-minute quadrangles in the Memphis and Shelby County
area using available standard penetration test (SPT) and cone penetration test
(CPT) data. For each SPT and CPT profile, the liquefaction potential index (LPI)
is calculated as a function of seismic demand, and the results are aggregated based
on surface geology. This yields the probability of moderate (LPI > 5) and major
(LPI > 15) liquefaction in each geological unit as a function of seismic demand.
Subsequently, liquefaction hazard maps are prepared for a M,, = 7.7 scenario
earthquake and expected ground motions in the study area. The maps indicate that
Holocene alluvial deposits associated with floodplains of major rivers in the area
have the greatest potential for liquefaction.

INTRODUCTION

The City of Memphis, Tennessee and surrounding Shelby County constitute a large,
urban area that is prone to damage from earthquakes in the New Madrid Seismic Zone
(NMSZ), which extends from southeastern Missouri to northwestern Tennessee and
northeastern Arkansas and generated three large events in 1811-1812. Best estimates of the
moment magnitudes for the three events range from 7.5 to 7.8 (Bakun and Hopper, 2004).
The recurrence interval for events of this size is estimated to be 500 years £300 years based

on geologic data from the 1811-1812 and previous earthquake sequences (Tuttle et al., 2002).

Memphis and Shelby County are located within the Upper Mississippi Embayment, a
southward plunging trough that extends from southern Illinois to the Gulf of Mexico.
Embayment deposits are composed of unconsolidated sediments from the post-Paleozoic
period ranging in thickness from a few meters along the edges of the embayment to more
than 1000 m along the axis of the embayment. Surficial deposits in the Memphis and Shelby
County area (see Figure 1) include Holocene artificial fill, Holocene alluvial deposits along

river channels, Pleistocene loess and terrace deposits in interfluve regions, and Pliocene-
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Pleistocene Upland deposits known as the Lafayette gravel (Broughton et al., 2001). Table 1
provides more detailed information on the composition of each unit. The Mississippi River
borders Memphis and Shelby County along the west. The Wolf River runs east to west
through the northern half of the study area and flows into the Mississippi River near Mud
Island, which originated as a sand bar in the Mississippi River (Clay, 1986) and has been
developed in recent years. The alluvial floodplains of the Wolf River and the Mississippi
River are composed of Holocene-age deposits. Nonconnah Creek runs east to west through
the southern half of the study area, and its floodplain is composed of reworked loess.
Artificial fill is subjectively defined and mapped in the region (Gomberg, 2004) and includes

both engineered fills and non-engineered fills. The map does not distinguish between the two

types.

Many of these deposits are susceptible to liquefaction. Liquefaction features caused by
the 1811-1812 earthquakes as well as earthquakes in approximately 900 A.D. and 1450 A.D.
have been mapped throughout the Upper Mississippi Embayment (Obermeier, 1989; Tuttle et
al., 2002) and as yet undated features along the Wolf and Loosahatchie Rivers in Memphis
and Shelby County (Broughton et al., 2001). Liquefaction susceptibility maps have
previously been developed for the Memphis and Shelby County region based on the type and
age of geologic deposits (Broughton et al., 2001; Van Arsdale and Cox, 2003) using the
methodology proposed by Youd and Perkins (1978). Liquefaction susceptibility maps have
also been developed using a simple classification scheme based on standard penetration tests
(SPT) (Lin et al., 1996; Hwang et al., 1999). The effect of human activities on liquefaction
hazards has been considered by Yates et al. (2003) who documented aggradation and
denudation along the Wolf River floodplain since the 1940s and suggest that these changes

may increase the susceptibility to liquefaction and severity of lateral spreading.

These previous studies focused on the susceptibility of geologic deposits to liquefaction
and did not consider the seismic demand required to initiate liquefaction or the severity of
liquefaction. In this study, liquefaction potential maps are developed for six, 7.5-minute
quadrangles (Northwest Memphis, Northeast Memphis, Southwest Memphis, Southeast
Memphis, Ellendale, and Germantown) in the Memphis and Shelby County area (see Figure
1). Seismic demand is obtained from a complementary study by Cramer et al. (2004) that
estimated ground motions in the study area. Liquefaction resistance is derived from available

standard penetration test (SPT) and cone penetration test (CPT) profiles. For each profile, the



factor of safety against liquefaction is determined using the “simplified procedure” (Seed and
Idriss, 1971; Youd et al., 2001). The liquefaction potential index (LPI) (Iwasaki et al., 1978;
1982) is calculated for each profile based on the factor of safety against liquefaction. The LPI
results are then aggregated according to the surficial geology. The liquefaction potential
maps show the probability of “moderate” and “major” liquefaction as defined by Iwasaki et
al. (1982) within each geologic unit for a given earthquake scenario. Because of the
uncertainties regarding artificial fill noted above, fills are shown as areas that require site-
specific studies. The methodology employed in this study is similar to that used by Holzer et
al. (2002; 2006a) to develop liquefaction potential maps for the Oakland, CA area for
scenario earthquakes on the Hayward Fault and by Holzer et al. (2006b) to predict the extent
of liquefaction in East Bay fills due to a repeat of the 1906 San Francisco earthquake.

SIMPLIFIED PROCEDURE AND LIQUEFACTION POTENTIAL INDEX

The simplified procedure (Seed and Idriss, 1971) compares the seismic demand expressed in
terms of the cyclic stress ratio to the liquefaction resistance of the soil represented by the
cyclic resistance ratio. The cyclic stress ratio is proportional to the peak ground acceleration

amax- The cyclic resistance ratio for a My, = 7.5 earthquake (CRR;s) may be determined from

the equivalent clean sand standard penetration resistance(N 1) or from the equivalent

60cs

clean sand normalized cone tip resistance(qcl N)cs (Youd et al., 2001). A magnitude scaling

factor (also called a magnitude-correlated duration weighting factor) is used to adjust CRR7 s
for other magnitudes (Youd et al., 2001). The factor of safety against triggering of free-field,

level ground liquefaction is defined as

Fs = LR o (1)
CSR

where MSF is the magnitude scaling factor.

For subsequent analyses, it is convenient to represent the seismic demand with a single
expression that captures the combined effects of peak ground acceleration and duration (via
the magnitude scaling factor). Inspection of Equation 1 indicates that an appropriate

expression is

Demand = CSR dmax.

2)
MSF ~ MSF



which may be viewed as a duration-adjusted peak ground acceleration.
The liquefaction potential maps developed herein are based on the liquefaction potential

index (LPI) proposed by Iwasaki et al. (1978; 1982) and given by

n
LPI = Sw;S;H, (4)
i=1

where n is the number of layers in the upper 20 m of the deposit, w is a depth-dependent

weighting function, H is the thickness of each layer, and S is defined as

0 for FS>1
S = (5)
1-FS for FS<1

Iwasaki et al. (1982) identified LPI values of 5 and 15 as the lower bounds of “moderate”
and “major” liquefaction, respectively, from SPT measurements at 85 Japanese sites
subjected to six earthquakes. Toprak and Holzer (2003) found similar results using 50 CPT
soundings at 20 sites affected by the 1989 Loma Prieta (My, = 6.9) earthquake to correlate
LPI with surface manifestations of liquefaction. Specifically, they found that median values
of LPI equal to 5 and 12 corresponded to the occurrence of sand boils and lateral spreading,
respectively. Analyses of liquefaction features from the 2003 M,, = 6.5 San Simeon
earthquake also support the use of LPI=5 as the threshold for surface manifestations of
liquefaction (Holzer et al., 2005). LPI is potentially of great use for spatial analysis of
liquefaction hazards because it allows one to develop a two-dimensional representation of a
three-dimensional phenomenon (i.e., FS vs. depth), which is ideal for mapping (Luna and

Frost, 1998), and it correlates well with liquefaction effects (Toprak and Holzer, 2003).

PENETRATION TEST AND GROUNDWATER DATA

Liquefaction analyses were performed using 623 SPT profiles obtained from databases
compiled by Ng et al. (1989) and Hwang et al. (1999). Figure 2a shows the location of the
SPT data within the six quadrangles, and Table 2 summarizes the number of SPT profiles in
each geologic unit. Although the SPT data are plentiful, they are often incomplete (i.e.,
profiles are less than 20 m deep and/or soil classification information is absent), and limited
information is available regarding the hammer energy, fines content, and other parameters

needed for liquefaction analysis.



Eighteen CPT profiles were obtained from five sites in the study area (Liao et al., 2001;
2002). Because of the small number of profiles, data from the adjacent Collierville
quadrangle were also included. The locations of the CPT profiles are shown in Figure 2b, and
Table 2 summarizes the number of profiles in each geologic unit. The CPT data are limited in
number but high in quality. The Qal unit was not mapped using CPT data because of the

absence of profiles in the unit.

The position of the groundwater table is an important parameter for liquefaction analysis.
Hwang et al. (1999) provide the depth to groundwater for 464 wells in the Memphis area.
The values range from 2 m to 13 m. For our analyses, we assumed a constant, median depth
to the groundwater table of 6 m for the entire study area. We discuss the effect of this

assumption on the calculated values of LPI subsequently.

LIQUEFACTION ANALYSIS USING SPT DATA

Liquefaction analyses using SPT data require information on the fines content of the soil

and hammer energy ratio to correct the raw N, values to an equivalent clean sand value,

(N 1 ) 60cs” In this study, the Unified Soil Classification System (USCS) classification was

used to estimate the fines content of the soil because grain size distribution data were not
available. Table 3 lists the assumed fines content for coarse-grained soils, which corresponds
to the minimum value for each soil type. This assumption is conservative because
liquefaction resistance increases with fines content for a given value of Ny. Fine-grained soils
were assumed to be non-liquefiable and were assigned a value of S equal to zero. The

hammer energy ratio was assumed equal to 60% for all tests.
Incomplete SPT and/or Classification Data

As noted above, many of the SPT profiles were incomplete, lacking either SPT or soil
classification data to the desired depth of 20 m. SPT profiles less than 15 m in depth were
discarded. The remaining profiles were divided into the six categories listed in Table 4 based

on the completeness of SPT and USCS information.

For SPT profiles less than 20 m in depth, the last measured standard penetration
resistance (N,,) was extended to 20 m to complete the profile. This assumption was evaluated
by eliminating data from a sample of the complete SPT profiles (Category 1) and replacing it

with assumed values of N,,. The extrapolation of N,, below 15 m or 18 m does not strongly



affect the resulting LPI values. For profiles extrapolated below 18 m, the assumption
produces no measurable difference. For profiles extrapolated below 15 m, the resulting
values of LPI are slightly conservative, which is expected because N, generally increases

with depth.

Representative soil profiles (Figure 3) were developed for each geologic region based on
the complete profiles available within the region. For SPT profiles with incomplete USCS
information, the soil type from the representative profile at the corresponding depth was

used.

LIQUEFACTION ANALYSIS USING CPT DATA

A consequence of the limited number of CPT profiles is that the heterogeneity (i.e.,
material variability) of the geologic unit is not likely to be captured accurately. Therefore, the
measured CPT profiles were supplemented by stochastically simulated profiles in an effort to
better represent the distribution of tip and sleeve resistance values within each unit. The
simulated profiles are based on the measured CPT profiles in each geologic region. For each
measured CPT profile, the cone tip resistance (g, profile was visually inspected and

separated into layers with similar mean and variance. The lognormal mean ( u,,,, ) and the
lognormal standard deviation (o,,, ) were calculated for each layer. The standard normal

residual value of ¢, was calculated by

logg, -1
Qnorm = B4 (7)

Ologq,

The spatial correlation between g, values within each sounding must be modeled to

accurately simulate CPT profiles. An exponential autocorrelation function (p) defined by

-3h
models the experimental autocorrelation function obtained from the measured CPT g, profiles
where /4 is the spatial lag between depth measurements and a is the effective range over

which the depth measurements are highly correlated (Deutsch and Journel, 1998).



The LU decomposition algorithm in the geostatistical software GSLIB (Deutsch and
Journel 1998) was used to generate simulated g, profiles based on the calculated values of
lognormal mean, lognormal standard deviation, and effective range. The accompanying
sleeve resistance (f;) was simulated using a conditional probability density function since the
sleeve resistance and cone tip resistance are correlated to soil type (e.g., Robertson, 1990). A

total of 1200 simulated profiles of g; and f; were generated for each geologic region.

Another consequence of using a limited CPT data set is a likely bias in selection of sites.
Many of the CPT tests were performed by Liao et al. (2001; 2002) to obtain geotechnical
data at paleoliquefaction sites. As such, there may be a bias towards soils that are more

susceptible to liquefaction.

SPT AND CPT RESULTS

The procedures described above were used to calculate the LPI for each SPT and CPT
profile for am, values of 0.1 g, 0.2 g, 0.3 g, 0.4 g, and 0.5 g and M,, values of 6.0, 6.5, 7.0,
7.5, and 8.0 (i.e., 25 combinations of ay.x and My,) to evaluate the distribution of LPI within
each geologic unit for a range of seismic demands. Figure 4 shows examples of the
histograms of the LPI for unit Qa, amax = 0.3 g, and My, = 8.0. Using these LPI distributions,
it is possible to calculate the probability of exceeding LPI values of 5 and 15, which we take
as the lower bounds of “moderate” and “major” liquefaction, respectively, based on the
results of Iwasaki et al. (1982) and Toprak and Holzer (2003). Figures 5 and 6 show the
probability of exceeding LPI values of 5 and 15, respectively, as a function of the duration-

adjusted peak ground acceleration for each geologic unit based on the SPT and CPT data.

The probability values may be interpreted in two ways. As an example, consider the
probability of exceeding an LPI of 5 for unit Qa with amax = 0.3 g and M,, = 8.0 based on SPT
data, which is approximately 50 percent. On one hand, we may say that the probability of
moderate liquefaction at a particular site within the Qa unit is 50 percent. Alternatively, we
may also say that 50 percent of the total area of the Qa unit is likely to experience moderate
liquefaction. Holzer et al. (2006a) suggest that the former interpretation may be useful for
engineering studies, while public officials and the general public may more readily
understand the latter interpretation. Both interpretations require one to assume that the soil

properties are statistically homogeneous within a given geologic unit. This assumption is



tenuous for the CPT-based analyses of the QI and Qtl units because of the small number of
profiles available for each unit.

In general, the CPT results exhibit a much more abrupt transition from lower to higher
probabilities. This is a direct consequence of the limited number of CPT profiles and the
inability to adequately capture the heterogeneity of soil properties within each unit. It is also
interesting to note that the CPT results yield probabilities that are generally less than the SPT
results. One possible interpretation is that the CPT results are less biased due to the inclusion

of data from paleoliquefaction sites than originally believed.

INFLUENCE OF ASSUMED DEPTH TO GROUNDWATER TABLE

As noted previously, a median depth to groundwater of 6 m was assumed for the entire
study area. This assumption was evaluated by comparing the LPI obtained for groundwater
depths of 2 m, 4 m, 8 m, 10 m, and 12 m. Figure 7 shows the results as the ratio of the LPI
for a particular assumed depth to the LPI for a depth of 6 m. The effect of the groundwater
table decreases with increasing seismic demand. As expected, decreasing the depth to the

groundwater table increases the liquefaction potential.

For groundwater depths ranging from 4 to 12 m and values of an.x/MSF greater than
0.14, the error is generally less than 20 percent, which is considered acceptable for a regional
study of this type. For values of an,/MSF less than 0.14, the errors associated with using an
assumed groundwater depth of 6 m are potentially larger. However, the probabilities of
moderate or major liquefaction (i.e., LPI values exceeding 5 and 15, respectively) are
generally very low for these low seismic demands (Figures 5 and 6). As such, the practical
consequences are limited. For shallow groundwater depths, represented here by an assumed
depth of 2 m, the effects are more significant for all levels of seismic demand, and site-

specific analyses are warranted.

LIQUEFACTION HAZARD MAPS FOR A My =7.7 SCENARIO EARTHQUAKE

As an example of the use of this approach, we used seismic demand parameters provided
by Cramer et al. (2004) to prepare liquefaction hazard maps for the study area. Cramer et al.
used the same source and path parameters as the 2002 USGS National Seismic Hazard maps
(Frankel et al., 2002) supplemented by site response analyses to incorporate the effects of the
thick soil column underlying the Memphis and Shelby County area. The 2002 National

Seismic Hazard Maps use a logic tree for the New Madrid Seismic Zone based on four
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characteristic magnitudes (7.3, 7.5, 7.7, and 8.0) representing estimates of the 1811-1812
New Madrid earthquakes. Each magnitude is weighted according to the expected values of
the 1811-1812 earthquakes (Wheeler and Perkins, 2000). The logic tree produces the same
mean hazard as M,, = 7.7 (Frankel et al., 2002), and Cramer et al. (2004) used this magnitude
to calculate scenario ground motions for the study area. Figure 8 shows the values of apay,
which range from 0.29 to 0.43 g. Interested readers should refer to Cramer et al. (2004) for
additional information regarding the methods used to calculate ground motions in the study

arca.

Figures 9 and 10 show the corresponding liquefaction hazard maps, which give the
probabilities of exceeding LPI values of 5 and 15, respectively, based on both SPT and CPT
data. The probability values are binned in increments of 20 percent to better reflect the

uncertainties in this approach.
Combined SPT and CPT Data

Combining the SPT and CPT results to obtain a single probability value for each unit
requires a decision regarding the proper balance between results based on a large number of
SPT profiles of uncertain quality and a small number of CPT profiles of high quality. For this
example, we chose to assign a weight of two-thirds to the SPT data and one-third to the CPT
data because we believe the more plentiful SPT data better captures the heterogeneity within
each geologic unit. However, we readily admit that this choice was somewhat arbitrary and
other combinations can be justified. Figure 11 shows the liquefaction hazard maps for
moderate and major liquefaction due to a M,, = 7.7 scenario earthquake in the study area.
Digital versions of these maps as well as those for a My = 6.2 scenario earthquake are

available at the web site of the U.S. Geological Survey Earthquake Hazards Program.
Comparison with Paleoliquefaction Sites

As noted earlier, Broughton et al. (2001) found sand dikes along the Wolf and
Loosahatchie Rivers that vary in width from 1 cm to 50 cm. The locations of the observed
dikes are shown in Figure 11. Although none of the dikes were radiometrically dated,
Broughton et al. indicate that they were likely formed during the 1811-1812 New Madrid
earthquakes. Based on the spatial distribution and size of the dikes, Broughton et al. suggest
that the Wolf River floodplain is the area most susceptible to liquefaction hazards within the

study area. The probabilities of moderate and major liquefaction calculated in this study are



also the largest along the Wolf River and thus consistent with the findings of Broughton et al.
(2001).

CONCLUSIONS

Liquefaction hazard maps for two scenario earthquakes have been prepared for six
quadrangles in the Memphis and Shelby County, Tennessee area using the simplified
procedure with available SPT and CPT profiles and the Liquefaction Potential Index to
estimate the severity of liquefaction. SPT and CPT profiles were aggregated according to the
surficial geology and were used to calculate the probability of exceeding threshold values of
LPI corresponding to moderate and major liquefaction-induced ground failures as a function
of the duration-adjusted peak ground acceleration. Probability values may be interpreted as
the likelihood of a liquefaction-induced ground failure at a individual location or as the
percentage of the geologic unit that is expected to experience liquefaction of a particular

severity depending on the application and the audience.

In this study as well as those by Holzer and colleagues employing the same methods, the
combination of the simplified procedure, Liquefaction Potential Index, and aggregation using
surficial geology has been shown to be an effective approach for regional liquefaction hazard
mapping. The primary uncertainties in this study are related to the low quality of the SPT
data (i.e., profiles less than 20 m deep and missing soil classification, fines content, and
hammer energy information) and the small number of high-quality CPT profiles. The hazard
maps prepared for Memphis and Shelby County require deciding which of these two
undesirable situations is the lesser evil. This limitation can be overcome by including
resources to collect plentiful, high-quality penetration test data that adequately samples each
surficial geologic unit in future applications of this method. The most important inherent
limitation of the method itself is the need to assume that each geologic unit is statistically

homogeneous.

Finally, it is important to recognize that the results of regional liquefaction hazard studies

should not be construed as a replacement for site-specific analyses.
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Table 1. Surficial geology of the Memphis/Shelby County, Tennessee area (Van Arsdale and Cox,

2003).

Surficial Geology

Description

Qal

Holocene alluvium; sand, clayey silt, and minor gravel; sand is very
fine to coarse grained quartz with chert; thick-bedded basal point bar
sands are overlain by alternating thin beds of sand and silt and capped
by overbank clayey silt.

Holocene alluvium; silt with minor mixed sand and clay; dispersed
sand is very fine to very coarse grained quartz and minor chert;
floodplain of Nonconnah Creek and tributaries to Wolf River and
Nonconnah Creek consist of reworked loess; channel bars are covered
with sand and gravel.

Ql

Late Pleistocene loess; silt with < 10 percent sand and < 10 percent
clay; loess is dominantly quartz; thickness ranges from 2 to 20 m.

Qtl

Pleistocene loess-covered terrace; dense, cross-bedded, medium-
grained sand capped by loess silt.

Artificial Fill (af)

Holocene, man-made; mostly silt, sand, and chert gravel locally
derived from loess, alluvium, and the Lafayette gravel.

Table 2. Number of SPT and CPT profiles in each geologic unit.

Geologic Unit | Number of SPT Profiles | Number of CPT Profiles
Qal 104 0
Qa 113 12
Ql 370 4
Qtl 36 2
Total 623 18

Table 3. Assumed fines content based on USCS soil type.

USCS Soil Type Assumed Fines
Content (%)
GW, GP, SW, SP 0
GW-GM, GW-GC, GP-GM, GP-GC, SW-SM, SW-SC, SP-SM, SP-SC 5
GC, GM, GC-GM, SC, SM, SC-SM 12
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Table 4. Categories for SPT profiles based on completeness of data.

Category SPT Profile USCS Classification | Number of Profiles
1 Complete to 20 m | Complete to 20 m 122
2 Complete to 18 m | Complete to 18 m 153
3 Complete to 15 m | Complete to 15 m 68
4 Complete to 20 m Incomplete 206
5 Complete to 18 m Incomplete 28
6 Complete to 15 m Incomplete 148
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Figure 1. Surface Geology of Memphis/Shelby County, Tennessee (Broughton and Van Arsdale,
2004; Cox, 2004, Moore and Diehl, 2004a; 2004b; Van Arsdale, 2004a; 2004b)
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Figure 9. Probability of Moderate Liquefaction (LPI > 5) in the Study Area due to a M,
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