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PREFACE

The National Center for Earthquake Engineering Research (NCEER) is devoted to the expansion
and dissemination of knowledge about earthquakes, the improvement of earthquake-resistant
design, and the implementation of seismic hazard mitigation procedures to minimize loss of lives
and property. The emphasis is on structures and lifelines that are found in zones of moderate to
high seismicity throughout the United States.

NCEER's research is being carried out in an integrated and coordinated manner following a
structured program. The current research program comprises four main areas:

• Existing and New Structures
• Secondary and Protective Systems
• Lifeline Systems
• Disaster Research and Planning

This technical report pertains to Program 3, Lifeline Systems, and more specifically to water
delivery systems.

The safe and serviceable o})eration of lifeline systems such as gas, electricity, oil, water, com
munication and transportation networks, immediately after a severe earthquake, is of crucial
importance to the welfare of the general public, and to the mitigation of seismic hazards upon
society at large. The long-term goals of the lifeline study are to evaluate the seismic perfonnance
of lifeline systems in general, and to recommend measures for mitigating the societal risk arising
from their failures.

From this point of view, Center researchers are concentrating on the study of specific existing
lifeline systems, such as water delivery and crude oil transmission systems. The water delivery
system study consists of twO parts. The ftrst studies the seismic performance of water delivery
systems on the west coast, while the second addresses itself to the seismic performance of the
water delivery system in Memphis, Tennessee. For both systems, post-earthquake fire fighting
capabilities will be considered as a measure of seismic performance.

The components of the water delivery system study are shown in the accompanying figure.
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Program Elements:

Analysis of
Seismic Hazard

Analysis of System
Response and Vulnerability

Serviceability
Analysis

Risk Assessment
and Soc/eta/Impact

Tasks:
Wave Propagation, Faull Crossing
Uquefactlon and Large Deformation
Above- and Under-ground Structure Interaction
Spatial Variablltty of Ground Motion

Soil-Structure Interaction, Pipe Response Analysis
Statistics 01 Repair/Damage
Post-Earthquake DataGathering Procedure
leakage T9Sts, Centrifuge Tests for Pipes

Post-Earthquake Firefighting Capabiltty
System Reliabilily
Computer Code Development and Upgrading
Verification of Analytical Resul1s

Mathematical Modeling
Socia-Economic Jrrpact

This report summarizes the methodology and results ofan evaluation procedure for soilliquefac
tion potential in Memphis and Shelby County, Tennessee. Twenty-two representative sites were
selected where appropriate geotechnical data had been collected, and a parametric study was
performed by computer simulation of 53 earthquake acceleration-time records covering peak
bedrock accelerations of 0.08 to 0.35 g. The dominant frequencies and durations of shaking
were chosen to be consistent with earthquakes of 6.5 and 7.5 Mw in the New Madrid seismic

zone. Stress and pore pressure response at the representative sites were analyzed with the
computer programs MASH and APOUO. Liquefaction susceptibility at each site was deter
mined by means of liquefaction index criteria which account for soil type, drainage conditions,
Standard Penetration Test values, and peak bedrock accelerations. Liquefaction potential maps
for Memphis and Shelby County are developed for 6.5 and 7.5 Mw earthquakes in the New

Madrid seismic zone on the basis of the liquefaction index. The potential for structural damage
because ofsoil liquefaction is discussed.
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ABSTRACT

This report presents the evaluation of liquefaction potential in

Memphis and Shelby County. The study is based on the actual

subsurface conditions by using available geotechnical and geological

information collected and compiled by the Center for Earthquake

Research and Information (CERI). From the various subsurface

conditions of the target liquefiable soil layers (sand, silt, etc.), 22
representative sites are selected for parametric study. These sites

are then subjected to 53 earthquake acceleration time histories with

peak bedrock accelerations ranging from O.08g to O.35g resulting

from large New Madrid earthquakes. The stress and pore pressure

analyses of the selected sites are carried out using the MASH and

APOLLO computer programs. The results from the analysis are used

to establish liquefaction index criteria, which express the liquefaction

susceptibility of a soil layer as a function of soil types, drainage

conditions, N values, and peak bedrock accelerations. The liquefaction
index criteria are then used to establish the liquefaction potential

maps for Memphis and Shelby County resulting from moment

magnitude 7.5 and 6.5 earthquakes in the NMSZ. These maps indicate

areas of most likely, moderate, and unlikely liquefaction potential in

Memphis and Shelby County.

The potential of structural damage due to liquefaction in the study

area is also addressed. In addition, a map showing areas with high

risk of landslide or lateral earth movement is also included. The

liquefaction potential maps developed in this study are useful for

seismic hazard assessment, land use planning, and earthquake

preparedness and emergency response planning for Memphis and

Shelby County.
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SECTION 1

INTRODUCTION

The New Madrid seismic zone (NMSZ) is regarded by seismologists
and earthquake engineers as the most hazardous seismic zone in the
eastern United States. Within this seismic zone, three large
earthquakes (of estimated Magnitude Ms = 8.0+) and numerous

aftershocks occurred in the winter of 1811-1812. Memphis and

Shelby County, located less than 100 miles southward to the
southern segment of the NMSZ, are the most important and densely
populated areas exposed to significant seismic hazards (figure 1-1).
The liquefaction potential study focuses on Memphis and Shelby
County which is situated in the transition zone between the Gulf
Coastal Upland and the Mississippi Alluvial Plain in the northern
Mississippi embayment [I] as shown in figure 1-1.

Knowledge accumulated from past post earthquake studies by

engineers and seismologists has demonstrated that the transient
type loss of foundation's bearing capacity due to liquefaction of the
supporting granular soils near the ground surface is one of the major

causes attributed to the failure of many structures during an
earthquake [2-6]. Regional liquefaction evaluation is thus the key
element in seismic hazard assessments for areas where earthquakes

pose a threat to the safety of lives and property.

Liquefaction potential evaluation criteria involving In situ density of

soils in terms of Standard Penetration Test Blow Count (SPT N-value)

and the estimated shear stress in soils induced by earthquake

shaking were established by Seed et al. based on the post earthquake
field investigations of both liquefied and nonliquefied sites [2,3,7,8].
These criteria are widely used in practice to evaluate the liquefaction
potential of sites with granular soil layers. This method may be

simple, direct, and adequate to some extent. However, the criteria
established according to the local subsurface conditions and
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seismicity are more desirable and reliable for liquefaction evaluation
of a specific region. Thus, the latter approach is used in this study to

evaluate the liquefaction potential in Memphis and Shelby County.

Local subsurface conditions and seismicity of the study area as

reported in previous studies at the Center for Earthquake Research
and Information (CERI), Memphis State University, are used in this
study [1,9]. The liquefaction potential study in the Memphis and
Shelby County area is divided into three main stages:

1. a parametric liquefaction potential study based on the
selected representative sites,

2. development of general index criteria for overall
liquefaction potential evaluation, and

3. application of the established general criteria to
develop liquefaction potential maps of the study
area.
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SECTION 2

PARAMETRIC LIQUEFACTION POTENTIAL STUDY

Liquefaction phenomenon of soil deposits can be described as the
reduction of shear strength due to pore pressure buildup in the soil

skeleton. The shear strength of soils 't can be expressed as

and

where

't = C + 0" tan ~

0" = 0' - U

't = shear strength

C = cohesion
0' I = effective stress

0' = total stress

u = pore pressure
~ = angle of internal friction

(2.1)

(2.2)

For granular soils, the cohesion c is nominal and thus the shear

strength of granular soils depends mainly on the angle of internal

friction ~ and the effective stress 0" acting on the soil skeleton.

Liquefaction phenomenon for granular soils can be defined as the

condition where the shear strength is reduced to zero. This occurs

when the pore pressure buildup u under cyclic loadings equals the
total stress 0', thereby reducing the effective stress 0" to zero. Under
such a condition, the granular soils virtually lose all shear strength,
resulting in quick-condition type failure. Seed and Idriss [2,101 first
investigated and demonstrated pore pressure buildup 1ll sand
subjected to cyclic loadings. After a number of applied stress cycles,

the pore pressure increases progressively until eventually soil failure

occurs. This phenomenon can be described by the pore pressure ratio
ru which is the ratio of the pore pressure u built up over the

2 - 1



effective overburden pressure 0'0' exerted onto the soils. Mathematic
ally, the pore pressure ratio ru is expressed as:

U
Tu =-,

0'0
(2.3 )

When the pore pressure ratio is equal to 1, the soil is said to liquefy.

In this study liquefaction potential is evaluated based on the above

discussed pore pressure ratio ru . The parametric liquefaction study
using the selected representative soil profiles consists of two main

parts:

1. Site response analysis using MASH program [11] to

study the shear stress induced in the target soil layers at

the selected representative sites as the earthquake waves

propagate upward through the soil profile from the

underlying bedrock to the ground surface.

2. Pore pressure analysis of soil layers using APOLLO
program [12] to study the pore pressure buildup as shear
stress is induced by earthquake excitations.

The parameters, which strongly affect the liquefaction potential of

soils as listed below, are examined in this study on the basis of actual

subsurface conditions in the study area:

1. Soil characteristics: soil types (SP, SM, GP, SC ,GC, CL, ML)

and in situ density (N-value and relative density).

2. Site conditions: depth, thickness, and pore water

drainage condition of liquefiable layers.

3. Earthquake characteristics: peak bedrock acceleration,
dominant frequency, and duration of the scenario
earthquake.

2-2



Granular soils susceptible to liquefaction are analyzed in this study
according to their engineering properties. In practice, the in situ

density N-values of soils is the best indicator of the strength and
liquefaction resistance. The soils may be subjected to three boundary
(drainage) conditions with regard to pore water dissipation:

1. one-way drainage: pore water IS only allowed to dissipate

from either the top or bottom of the soil layer.

2. two-way drainage: pore water is allowed to dissipate

both from the top and bottom of the soil layer.

3. undrained: pore water dissipates at a very slow rate.

The boundary conditions of a soil layer is strongly governed by the

permeability k of its adjacent soil layers. A boundary soil with a low
permeability (like clayey silt with k < 7.0 x 10-6 em/sec) prevents or

retards the dissipation of pore water from the soil. On the other
hand, a boundary soil with a high permeability (like gravel with k >
2.0 em/sec) allows pore water to dissipate easily. For example, a

granular soil with a layer of gravel on top and silty clay on the
bottom is said to drain in one-way, i.e., pore water dissipates only
from the top layer (gravel with high permeability).

The acceleration, duration, and frequency contents of earthquakes
are the dominant factors affecting the induced shear stress and
number of stress cycles of the soil profile. The peak magnitude and

number of cycles of the induced shear stress strongly control the
pore pressure buildup in the soil layer.

2.1 Representative Soil Profile

Figure 2-1 shows 22 representative sites selected for the parametric
study. The subsurface conditions of the 22 sites are taken from Ng et
al. [1]. These sites are selected to cover possible site conditions with

regard to depth, in situ density, soil type, and drainage condition of
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liquefaction-susceptible soil layers in the study area. The summary
of soil conditions of the profiles used is presented in table 2-1.

2.2 Engineering Properties of Soils

The soils encountered in the study area include clay (CL), clayey silt
or silty clay (ML/CL), sand (SP), clayey sand (SC), silty sand (SM),
gravel (GP), and silt to sandy silt (ML). The static properties of soils

used in the study are discussed in detail in previous reports by
Hwang et al. [13,14].

The fundamental static properties of soils required for the study
include unit weight, coefficient of lateral earth pressure, relative

density, shear strength, etc. The most important dynamic properties

for seismic study include: (1) low-strain shear modulus, (2) high
strain non-linear dynamic behavior, and (3) damping of soils. These

dynamic properties are determined based on Seed et aI. as
recommended in the MASH program [11] and the results of dynamic
tests on several typical soils in the study area by Chang [15].

2.3 Liquefaction Characteristics of Soils

The parameters that affect the liquefaction characteristics of soils
include permeability, in situ density, volume compressibility, and
degree of saturation. All granular soil layers are assumed to be
saturated since liquefaction only takes place in saturated soils. In
fact, based on the boring logs collected, the water tables in the study

area are generally in or above the granular soils. Coefficients of

permeability of various soils suggested by Creager et aI. [16J are used
in this study. They range from 0.3 x 10 -6 cm/sec for clay to 1.8

cm/sec for fine sand. The coefficient of volume compressibility my is
found to be greatly influenced by both relative density and grain size
[17-19]. The coefficients of volume compressibility corresponding to
relative density of soils suggested by Lee and Albeisa [17] are used

in this study.
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TABLE 2-1 Summary of 22 Selected Sites for Stress
Analysis and Liquefaction Potential Study

NO. OF SITE
NO. OF TARGET SOIL

SOIL TYPE
Sand
Silty Sand
Clayey Sand
Sand and Gravel
Silt
Sandy Silt

AT DEPTH (FT)
0-20
20-50
50-100+

THICKNESS (rn
0-5
5-20
20-40
>40

DENSITY eN vALVES)
<4
4-10
10-30
>30

:22
:53

NO.
:34
: 17
:16
:7
:3
:0

: 13
:29
: 11

:2
:31
: 13
:7

:2
:2
:24
:41

LIST OF SELECTED SITES:
1) LL51
2) SS19
3) CCII
4) SS27
5) P20
6) S50
7) C19
8) 0(-4)
9) F9
10) V(-13)
11) 012
12) BB30
13) EE40
14) L36
15) LO
16) F19
17) C29
18) M(-4)
19) N(-3)
20) 115
21) N23
22) GI0

TOP CONDITIONS
Free :5
Cohesive Soil :36
Sand or Silty Sand :25
Silt or Sandy Silt :2
Gravel :0

BOTIOM CONDmONS
Cohesive Soils : 14
Sand or Silty Sand :39
Silty Sand or Sand :5
Clayey Sand :0
Gravel :10
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The liquefaction resistance is defined as the number of stress cycles
required to cause liquefaction of granular soils. The liquefaction
resistance can be determined in the laboratory by performing
undrained cyclic torsional test, shaking table test, or by other
techniques under simulated field conditions [2,3,19,20]. The
liquefaction resistance of various soils in this study are determined
based on the literature by Seed et a1. [2,3], and Ueng and Chang [21],

as shown in figures 2-2 to 2-4. The key parameters controlling the
liquefaction resistance of granular soils are relative density Dr and

percentage of fine (Le., silt or clay) in the soils [2,3,4,18,19,21].

2.4 Scenario Earthquake Time History

Based on the results of probabilistic study by Johnston [22], two
major earthquakes of moment magnitude M=7.5 and M=6.5 are
selected as the scenario earthquakes of this study and are assumed
to occur in the southern segment of the NMSZ. The bedrock
acceleration in the study area due to these two earthquakes is
discussed in Section 4.

In the engineering applications,. earthquakes are usually represented
by power spectral density functions (power spectra), acceleration
time history or response spectra. Because of the lack of real strong

ground motion records in central and eastern North America, a

synthetic earthquake of M = 7.5 with an epicenter distance R = 50
km is generated using a seismologically-based model to describe
horizontal bedrock motions at a site primarily subjected to shear
waves propagated from a seismic zone [9,13]. The earthquake time
history developed by this model has taken into account the source
mechanism, media propagation velocity, and path attenuation. The
synthetic earthquake time histories used in this study have a
dominant frequency of 25 Hz and a duration of about 32 seconds. In
this study, the earthquake time history can be scaled to any desired
levels of peak acceleration.
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FIGURE 2-2 Cyclic Loading Test Data for Sand and Gravel

(after Seed et al., 1978, Ueng and Chang, 1982)
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FIGURE 2-3 Cyclic Loading Test Data for Silty Sand and Silty Gravel

(after Seed et aI., 1978, Ueng and Chang, 1982)
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FIGURE 2-4 Cyclic Loading Test Data for Clayey Sand and Clayey Gravel

(after Seed et aI., 1978, Ueng and Chang, 1982)

2-10



2.5 Stress Analysis of Soil Layers Under Earthquakes

The stress analyses of soil layers in the 22 selected representative

soil profiles under the scenario earthquakes are first performed

using the MASH program. MASH is a program that analyzes the non

linear dynamic response of a soil profile subjected to horizontal

bedrock excitations. The stress analyses are performed for each site

at four acceleration levels: 0.08 g, 0.15 g, 0.25 g and 0.35 g. The shear

stress induced in the soil layers varies significantly for various soil

characteristics, site conditions, and peak bedrock accelerations of the

earthquake.

An example of the stress analysis for Site LL51 (figure 2-5) is shown

in figure 2-6. Under a bedrock acceleration of 0.15 g, soil element 4

(a granular soil (SM-SC) with Dr = 0.6) experiences a maximum shear

stress of 339 Ib/ft2 and the highest stress ratio (shear

stress/effective overburden stress) in the soil profile. Element No. 4

is designated as the source element and its number of irregular

stress cycles is converted into a number of equivalent uniform cycles

at the average shear stress (0.65 of the maximum shear stress) based

on the method suggested by Seed and Idriss [3] as illustrated in

figure 2-7 and equation (2.4):

k
Neq = I,Neqi

i=O

k
= I,(Ni /Nli).Nref

i:::O
(2.4 )

where k =
Neq =
Ni =
Nli =

Nref =

number of phases in the stress time history,

number of equivalent cycles,

number of induced stress cycles at stress level "( i,

number of equivalent cycles at stress level "( i

required to cause liquefaction,

number of equivalent uniform stress cycles at 65%

of the maximum shear stress in a soil sample required

to cause liquefaction.
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STRESS TIl\1E HISTORY FOR ELEMENT 4
(SITE LL 51)
PEAK EARTHQUKAE ACCELERATION = 0.15 g

MAXIMUM AMPLIFICATION =339 LBSIFT
2

SITE: LL51
ELEMENT NO. : 4
SOIL TYPE: SM-SC
Dr : 0.6

For phase 2:
'rmax ::: -339 Ibslft2

'rave::: -220 Ibs/ft2

1a~e = 0 146
Go

Refer to Figure 2-3, Nref = 30
'tj == Normalized stress x 'tm ax

N NjN
1 eq ::: Nli· 1 ref

No. of Cycles @ "q
(Nj) (lbs/ft2 )

Time (sec)

o 5 10

..•._ PHASE I<

Neg

0.5
0.5
0.5
0.5
0.5

271
339
271
203
237

0.18
0.23
0.18
0.14
0.16

1 3
7
1 3
33
21

1.2
2.1
1.2
0.5
0.7
L Neq ::: 5.7

FIGURE 2-7 Example Using Method Suggested by Seed and Idriss to

Convert Irregular Stress Cycles to Equivalent Uniform

Stress Cycles
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The Neq of the source element of each of the 22 selected sites at
various acceleration levels is determined and used as earthquake

induced stress cycles for pore pressure analysis at each
corresponding site using the APOLLO program.

2.6 Pore Pressure Analysis

Using the results of the stress analysis, the pore pressure buildup in
each granular soil layer due to the input stress cycles for the 22 soil
profiles under various acceleration levels can be determined by
using the APOLLO program. Based on the results of the soil pore
pressure analysis, the relative density (void ratio) and volume

compressibility appear to be the major factors controlling the pore
pressure buildup. In addition, permeability and the drainage
condition of soil layers also affect the pore pressure buildup because

of their influence on the rate of pore water dissipation.

The results of pore pressure analysis of site LL51 are presented for
illustration as shown in figure 2-8. Results show that pore pressure is

induced by the input stress cycle in all elements and reaches the

peak pore pressure between about 20 to 30 seconds and gradually
decreases with time as pore water dissipates from the soil layer. In

this example, element 4 has the highest pore pressure ratio of about
0.7, while the other denser granular or cohesive soil elements have

significantly lower pore pressure under a bedrock acceleration of

0.15 g.

In this study, a total of 53 granular soil elements with various site

conditions from the selected 22 representative profiles are
investigated. The results of the soil pore pressure analyses for each
element with respect to peak bedrock acceleration of 0.08 g, 0.15 g,

0.25 g and 0.35 g are summarized and discussed in Section 3.
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SECTION 3

GENERAL LIQUEFACTION INDEX CRITERIA FOR REGIONAL

EVALUATION

From the stress and pore pressure analyses of the 22 selected sites,

the responses of the soil elements in terms of shear stress and pore
pressure ratio are obtained. The next task is to study their

characteristics by relating the maximum pore pressure ratio of the

soils under various boundary conditions and different earthquake

accelerations to the corresponding in situ density (N-values), depth,

and also thickness of the soil elements.

3. I Development of General Criteria Based on Results of Pore

Pressure Analysis

The results of the study show that there is no clear correlation

between depth and the pore pressure ratio in the soil elements.

However, the results do indicate that there is correlation between the

in situ N-values and pore pressure ratio despite the scattering data.

Further study indicates that the soils can be categorized into two

groups that exhibit similar pore pressure buildup behavior:

Group 1: clayey sand and clayey gravel (SC-GC)

Group 2: sand, silty sand, gravel, and silt (SP-SM-GP-ML)

Figures 3-1 to 3-8 show the relationship between the pore pressure

ratio and the in situ N-values for SC-GC and SP-SM-GP-ML, under

one-way drainage and while subjected to earthquake accelerations of

0.08 g, 0.15 g, 0.25 g, 0.35 g. A curve representing the average soil

behavior is defined for each case. Other cases are shown in the

Appendix A.
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FIGURE 3-3 Pore Pressure Ratios vs. In Situ N-Values for SC-GC

(One-Way Drainage, 0.25 g)

3-4



SCI GC (ONE 'WAY DRAINAGE)
, .1

, .0 * •** * ** * * **
.'1

.8 *<Ila
;:

.7«
0:

w
c:
::> .0
<.II
Vl
W
c:
Cl. .5
w
0:
a
Cl.

:: ~x
«
1:

.2

.1

"0 10 20 30 40 50 b0 70 S0 q0 100

N-VAlUES (Pedk Bedrock Accel.-0.35GI

FIGURE 3-4 Pore Pressure Ratios YS. In Situ N-Values for SC-GC

(One-Way Drainage, 0.35 g)

3-5



1.1

1.0 *
.'1

.8
V'I
0

-- .7<cr
UJ
a::
=> .6
V'I
V'I
UJ
c:
a. .S
LoJ
a::
0
0- .4
x
'"1: .3

.2 *

.1

0
0 10

SP,SH.GP,ML (ONE ~AY DRAINAGE)

*
30 40 S0 60 70 80

N-VALUES IPedk Bedrock Aeeel .-0.08Gl
100

FIGURE 3-5 Pore Pressure Ratios vs. In Situ N-Values for

SP-SM-GP-11L (One-Way Drainage, 0.08 g)

3-6



FIGURE 3-6 Pore Pressure Ratios vs. In Situ N-Values for

SP-SM-GP-ML (One-Way Drainage, 0.15 g)

3-7



FIGURE 3-7 Pore Pressure Ratios YS. In Situ N-Values for

SP-SM-GP-ML (One-Way Drainage, 0.25 g)
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FIGURE 3-8 Pore Pressure Ratios vs. In Situ N-Values for

SP-SM-GP-ML (One-Way Drainage, 0.35 g)
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The next requirement for creating the general liquefaction index

criteria is to determine a range of pore pressure ratios from which
the liquefaction potential levels for regional evaluation can be
defined. Seed [23] suggested that liquefaction may be triggered at a
high enough pore pressure, say ru exceeds 60%. He further suggested

that if the soil does not liquefy at a high pore pressure ratio, it is

because the soil retains adequate shear strength to resist the collapse
of the soil skeleton and there is no serious deformation problem [23].

Thus, emphasis is placed on the degree of pore pressure
development to trigger liquefaction in a soil. In this study, the pore
pressure ratio of 90% is defined as the threshold where liquefaction
is likely to be triggered. Three liquefaction potential levels are

established in this study as shown in table 3-1.

TABLE 3-1 Liquefaction Potential Level According to
Pore Pressure Ratio

Pore Pressure Ratio (%)

(ru )

o - 60

60 - 90

90 - 100

Liquefaction Potential

Unlikely to liquefy
Marginal
Likely to liquefy

Finally, the general liquefaction index criteria are created by relating

the different liquefaction potential levels for the soil groups under

various boundary conditions to the corresponding N-values and peak
earthquake accelerations. For the SC-GC soil group, both the one-way
and two-way drainage that exhibit similar liquefaction potential are
grouped together. The final general liquefaction index criteria are

presented in figures 3-9 to 3-13.

3.2 Comparison Between CERI's and Seed's Liquefaction Criteria

To examine the established criteria based on the liquefaction
potential study, the results of the CERI liquefaction study are
compared with that of Seed's field liquefaction correlation. Soils with

a pore pressure ratio that exceeds 90% is defined as being under

3 -1 0
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liquefaction condition. Granular soils from sites S50, M(-4), C29, and
N23 are used for this comparison. The induced shear stress and pore
pressure obtained from the results of stress analysis and soil pore
pressure analysis of the four selected sites are listed in Table 3-II.

TABLE 3-II Liquefaction Potential of the Granular Soils
Corresponding to Stress Ratios, Pore Pressure
Ratio, and N-Values for Sites S50, M(-4), C29,
and N23

SITE S50
Corrected N-Value

53
21
19
14
SITE M(-4)
Corrected N-Value

20
13
17
19
19
SITE C29
Corrected N-Value

19
32
34
SITE N23
Corrected N-Va1ue

27
35

0.08 g
.sR LIO
0.09 NO
0.09 NO
0.09 NO
0.09 NO

0.08 g
SR LIO
0.07 NO
0.12 NO
0.11 NO
0.11 NO
0.11 NO

0.08 g
.sR LIO
0.11 NO
0.11 NO
0.12 NO

0.08 g
SR LIQ
0.10 NO
0.11 NO

0.15 g
sa LIQ
0.14 NO
0.14 NO
0.15 NO
0.15 NO

0.15 g

SB. LIQ
0.12 YES
0.20 YES
0.19 YES
0.19 YES
0.19 YES

0.15 g
SB. LIQ
0.17 YES
0.18 YES
0.18 NO

0.15 g
SB. LIQ
0.14 NO
0.16 NO

0.25 g
sa LIQ
0.18 YES
0.18 YES
0.18 YES
0.20 YES

0.25 g

SR ill
0.15 YES
0.25 YES
0.26 YES
0.28 YES
0.28 YES

0.25 g
SR LIQ
0.25 YES
0.26 YES
0.25 NO

0.25 g
SR LIQ
0.20 NO
0.23 NO

0.35 g
sa LIQ
0.24 YES
0.24 YES
0.24 YES
0.25 YES

0.35 g

SR LIQ
0.18 NO
0.29 YES
0.31 YES
0.32 YES
0.32 YES

0.35 g
SR LIQ
0.29 YES
0.32 YES
0.32 YES

0.35 g
SR lJQ
0.25 YES
0.28 YES

Abbreviations: SR: Stress ratio
LIQ: Liquefaction assessment

The liquefaction potential of the granular soils corresponding to
stress ratios and N-values presented In Table 3-II are plotted and
shown in figure 3-14 and the boundary between the liquefied soils
(ru > 90%) and non-liquefied soils (ru < 90%) is defined. The
comparison between CERI's and Seed's criteria is also shown in figure

3-14. It can be seen that the CERI liquefaction potential study based
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on actual soil data and the synthetic earthquakes results in a more

stringent liquefaction potential evaluation than the Seed's criteria.

The difference between the two criteria is contributed by the

following factors:

1. The synthetic bedrock acceleration time histories used in this

study have a duration of 32 seconds and a dominant frequency

of 25 Hz. It is noted that the basement rock in the study area is

very competent and thus the synthetic time histories are rich

in high-frequency contents [91. These earthquake time histories

generate a much larger number of equivalent uniform stress

cycles for an M = 7.5 earthquake than as suggested by Seed [3].

For example, Seed suggests 15 equivalent stress cycles for an M

= 7.5 earthquake while the design earthquake used in this

study induced at least 30 to more than 100 cycles of uniform

stress.

2. Seed's field liquefaction correlation is developed based on the

observed field failures of past post earthquakes. However, a
high pore pressure ratio (in this case, ru = 90%) may not cause

soil structure damage which is observable from the ground

surface.

3-18



SECTION 4

LIQUEFACTION POTENTIAL IN MEMPHIS AND

SHELBY COUNTY

Liquefaction phenomena in granular deposit IS one of the most

significant damaging effects that causes structure failure and loss of
lives once a major earthquake occurs. An accurate liquefaction
potential evaluation IS essential for regional seIsmIC hazard

assessment and earthquake preparedness plans.

4.1 Controlling Factors in Regional Liquefaction Potential Evaluation

The quality and accuracy of an overall regional liquefaction
evaluation depend on three major factors: (l) knowledge of local site

conditions, (2) regional seismicity and (3) utilization of proper

evaluating criteria. For the evaluation of liquefaction potential in
Memphis and Shelby County, these three major factors are studied
and proper data are selected and used for this study as discussed
below.

4.1.1 Local Site Conditions

The subsurface conditions in Memphis and Shelby County were well

studied by CERI based on data from more than 8,500 engineering
bore holes throughout the study area [I]. The subsurface conditions
were presented in a senes of representative boring logs in
accordance with a grid system applied to the target area [1]. These
boring logs, which contain necessary engineering data such as soil

type and stratification, in situ strength, and ground water level, are
the essential data base for this study. The collection, compilation, and

accuracy of these soil data are discussed by Chang et a1. [24]. These
data, which can be updated as more soil data are available, are the

most complete information at this time regarding the general
subsurface conditions in the study area. As shown in figure 4-1, the
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number in each cell indicates the actual boring logs available from
which the final representative soil log is developed. It should be
noted that no soil data are available for several areas. The site
liquefaction potential is evaluated for each cell where soil data are
available. The liquefaction potential of the sites without data is
categorized as "undefined" or estimated based on the soil conditions
in the adjacent areas and our general understanding of the geology of
the study area. The clayey materials (ML-CL, CL), which are
commonly encountered near the ground surface in the study area,
are considered nonliquefiable. In this study, liquefaction potential
evaluation is performed only for the granular soils (SW, SP, SM, SC,
GP, ML) encountered in the study area.

4.1.2 Regional Seismicity

Earthquakes that occur in the southern segment of the NMSZ
apparently have significant impacts and impose severe threats to the
study area. On the basis of results from a probabilistic study of the
NMSZ earthquakes by Johnston [22], the liquefaction evaluation in
this study targets two major earthquakes assumed to occur in the
southern NMSZ.

1. M = 7.5 earthquake: an extreme case with a low
probability of occurrence (compared with an Ms = 7.6

having a 5.4%-8.7% chance of occurrence by the year
2000 [22]).

2. M = 6.5 earthquake: an event likely to occur in the
foreseeable future with a moderate probability of
occurrence (compared with an Ms = 6.3 earthquake

having a chance of about 40%-63% of occurrence by the
year 2000 [22]).

The contour maps of peak bedrock acceleration corresponding to the
two scenario earthquakes were developed by Hwang et al. [9] as

shown in figures 4-2 and 4-3. These maps indicate decreasing
bedrock acceleration from the northwest corner to the southeast

4-3
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corner of the study area due to attenuation of the seismic waves
traveling radially outward from the earthquake epicenter, i.e.,
southern NMSZ in this study. The peak bedrock acceleration shown in
the contour maps is the "input earthquake" for the overall
liquefaction evaluation in the study area. On the basis of these maps,
peak bedrock acceleration can be determined for each site (cell)
subjected to the scenario earthquakes (M = 7.5 or M = 6.5
earthquake) .

4.1.3 Criteria for Regional Liquefaction Evaluation

The overall liquefaction potential evaluations are based on the
liquefaction index criteria developed from the results of the soil
pore-pressure study of the 22 selected sites as discussed in Section 3
(figure 3-9 to figure 3-13). For comparison purposes, the criteria
developed by Seed et al. [3,7,8] are also used for the M = 7.5
earthquake. The site by site liquefaction potential evaluations are
presented in Appendix B.

4.2 Liquefaction Potential Map Corresponding to the M = 7.5
Earthquake

Using the available soil data and bedrock acceleration contour map,
the overall liquefaction potential map of Memphis and Shelby County
are developed as shown in figures 4-4 and 4-5, for CERI and Seed's
criteria, respectively. It is discussed in Section 3 that the CERI
criteria are developed based on an earthquake with a dominant
frequency of 25 Hz and a duration of about 32 seconds, which
induced a significantly higher number of stress cycles in the soil

layers. This may explain the differences between the results of
liquefaction potential using the two criteria in this study. Figures 4-4
and 4-5 show the overall liquefaction potential of the sites by
identifying any liquefied granular soils within a depth of 100 feet in
the profile regardless of the depth, thickness, and total number of
liquefied soil layers. In fact, the damage potential of structures at a
liquefiable site should depend on the number, thickness, and depth

4-6
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of the liquefiable soil layers. Therefore, these maps do not

necessarily imply directly the damage potential of structures at each

site due to liquefaction. The structural damage potential due to

liquefaction in the study area is discussed in Section 5.

A series of liquefaction potential maps for three depth zones (0-25

feet, 25-50 feet and 50-100 feet) are presented in figures 4-6 to 4-8,

which provide more practical information for estimating the damage

potential of structures that can be caused by liquefaction. Based on

the available soil data, a total of 1137 liquefiable granular soil layers

are identified in the study area. For the M = 7.5 earthquake, a total of
386 layers (about one third) are classified as "likely to liquefy" (ru >

90%). As shown in Tables 4-1 and 4-11, about 62% of the total

identified liquified soil layers are less than 10 feet in thickness, and
about 60% of the total liquefied soil layers are below a depth of 25

feet.

TABLE 4-1 Thickness of the Liquefied Soil Layers
(M = 7.5 NMSZ Earthquake)

THICKNESS NO. OF LAYERS

CFT)

% OF THE 386 LIQUEFIED SOIL

0-5 72 18.7

5-10 166 43

10-20 101 26.2

>20 47 12.1

4-9
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TABLE 4-II Depth of the Liquefied Soil Layers

(M = 7.5 NMSZ Earthquake)

DEPfH

CFT)

<25

25-50

>50

NO. OF LAYERS

155

181

50

% OF THE 386 LIQUEFIED SOIL

40.2

46.8

13.0

On the basis of the evaluation results and our understanding of the
general geology of the study area, if an M = 7.5 earthquake occurs in
the southern NMSZ, we estimate the high liquefaction potential areas

include the west side of Memphis along the Mississippi River, and the

central and southwest corner of Memphis and Shelby County. These

areas are generally in the Mississippi Alluvial Plain and some areas

along the three main tributaries of the Mississippi River and between

the Wolf River and Loosahatchie River. The low liquefaction potential

areas include the central south area and southeast corner of Shelby

County including Collierville, part of Germantown, and east of
Whitehaven (see figure 4-9). The moderate potential areas are the

rest of the study area between the high and low potential region (see

figure 4-9). The undefined areas are those areas without adequate

soil data.

4.3 Liquefaction Potential Map Corresponding to the M = 6.5

Earthquake

As shown in figure 4-10, the liquefaction potential of the study area

is significantly reduced when subjected to an M = 6.5 earthquake
using CERI criteria. In general, the high liquefaction potential areas

are in the Mississippi Alluvial Plain and the moderate potential area

is greatly reduced and limited to several areas in the central north

4-13
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part of the study area. Liquefaction potential maps for depths of 0
25 feet and 25-50 feet are presented in figures 4-11 and 4-12,

respectively. On the basis of available soil data, for the M = 6.5

earthquake, a total of 146 liquefied soil layers are identified (about

13% of the total 1137 granular soil layers). As shown in Tables 4-II1

and 4-IV, about 62% of the liquefied soil layers are less than 10 feet

in thickness, and about half (44%) of the liquefied soil layers are

below a depth of 25 feet. Since an M = 6.5 earthquake may occur in a

foreseeable future, a detailed liquefaction potential evaluation for
each individual project site may be required for the design of

structures in the high and moderate liquefaction potential areas as
indicated in figure 4-13.

TABLE 4-III. Thickness of the Liquefied Soil Layers

(M = 6.5 NMSZ Earthquake)

THICKNESS NO. OF LAYERS

(Ff)

% OF THE 146 LIQUEFIED SOIL

0-5 23 15.8

5-10 70 47.9

10-20 36 24.7

>20 17 11.6

4-16
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TABLE 4-IV. Depth of the Liquefied Soil Layers
(M :::: 6.5 NMSZ Earthquake)

DEPTH

(FT)

<25

25-50

>50

NO. OF LAYERS

82

52

12

% OF THE 146 LIQUEFIED SOIL

56.2

35.6

8.2

4-20



SECTION 5

DAMAGE POTENTIAL DUE TO LIQUEFACTION IN MEMPHIS

AND SHELBY COUNTY

Several major types of structural or earth failures due to liquefaction
have been identified by engineers from postearthquake
investigations [2,3,19,25-27]. These include: (1) sink or overturn of

structures (total loss of bearing capacity of the foundations as
revealed in Niigata earthquake (2,3]), (2) excessive or differential
settlement (partial loss of bearing capacity of the foundations), (3)
sand boils (liquefied surficial granular soil or artificial granular fill),
(4) earth lateral spreading, and (5) landslide.

5.1 Sink or Overturn of Structure (Quick-Condition Failure)

In general, most of the study area is covered by a layer of cohesive
material (such as loess (ML, ML-CL) and silty clay (CL» from the
ground surface to a depth to about 30 feet. Obermier (4] indicated
quick-condition failures are generally found only in thick sand
deposits that extend from below the water table to the ground
surface. On the basis of the evaluation results and the general soil
conditions, this quick-condition failure is very unlikely to occur in
most of the study area. This quick-condition failure, if it happens, is
expected to be within the confines of the Mississippi Alluvial Plain
area and some areas along the three major tributaries, depending on
the site conditions. Nevertheless, the potential of this type of failure
is very low in the general study area.

5.2 Excessive or Differential Settlement (Partial Failure)

This type of failure might be the most common failure of foundations
that could be caused by liquefaction in the study area. Structures
may suffer this type of failure when a major NMSZ earthquake does
occur to cause site liquefaction in the Memphis and Shelby County

5 -1



area. The damage of the structure will depend on how much the
excess or differential settlement the structure could tolerate. The

partial failure of low-rise buildings supported by shallow footings is

more likely to occur in the area where liquefied soil layers are within
a depth of 25 feet as shown in figures 4-6 and 4-11. This type of

failure may also result in cracking and buckling of pavements and
floor slabs. The shallow-buried underground utilities (such as water,
gas, or sewer lines) are at higher risk of damage in the moderate or
high liquefaction potential areas in the event of liquefaction at
shallow depths. The liquefaction of granular soils at depths below 25

feet may have significant impacts on spread footings and utilities

embedded at the depths close to these liquefied soil layers, say at

depths of about 15 feet or below, depending on the size and type of
the footings and utilities.

5.3 Sand Boils

Sand boils are expected to occur only in the areas of the Mississippi
Alluvial Plain or areas where liquefied granular soils are exposed.
Engineering granular fills that were not adequately compacted may
be the most commonly encountered sand boils in the study area once
a major earthquake occurs.

5.4 Landslide and Lateral Earth Spreading

This type of earth movements strongly depend on the site

liquefaction potential and site topography. Youd [28] indicated that
limited flow can take place on slopes between 0.5% and 5% underlain
by sands or silt that are too dense to flow freely, and landslide can

take place on slopes higher than 5%. By combining the liquefaction
potential map and topography map in the study area [29], the areas

of high potential of lateral earth spread or landslide can be identified

as shown in figure 5-1. In addition to these areas, some areas

immediately along the main channels in the study area including the

bluff between the Mississippi Alluvial Plain and the Gulf Coastal

Plain may also have high earth movement potential, even though

5-2
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they are located in a low liquefaction potential area, because of

critical slope stability condition.

5.5 Mitigation of Damage Due to Liquefaction

For a practical project, when the evaluation indicates that

liquefaction potential at the site IS high (i.e., liquefaction IS likely

when subjected to a design earthquake), the damage due to

liquefaction should be adequately mitigated. Several possible

mitigation measures are discussed below.

5.5.1 Design with lligher Safety Factor

Results of the study indicates that many high liquefaction potential

sites in the study area have relatively thin liquefiable soil layers

(thickness < 10 feet) situated at depths below 25 feet. The relatively

thin granular soil layers contribute only a fraction of the bearing

capacity of conventional shallow footings and deep foundations. A

proper design with a higher safety factor may be the simplest way to

reduce the risk of foundation failure due to liquefaction in some thin

layers of the supporting soils.

5.5.2 Earth Retaining Structure

For the high liquefaction potential sites where topography is not flat,

e.g., slopes steeper than 3° as recommended by Youd 1161, the lateral

earth movements such as lateral spread or landslide should be

studied to understand the stability of the slopes if liquefaction were

to occur in the earth mass. Earth-retaining structures should be

constructed when necessary to reduce the risk of slope failure during

earthquakes.

5.5.3 Site Improvements

The liquefaction potential of sites can be significantly reduced by

many geotechnical field techniques. One or more of the following can
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be used for liquefaction-prone sites based on the particular site

conditions and proposed construction:

1 In situ densification of liquefaction vulnerable soils by
means of dynamic compaction, vibratory compaction,

surcharging, or other suitable methods.

2 Chemical grouting to solidify the soil structure of

liquefaction-susceptible soils.

3 Removal and replacement of liquefaction-susceptible

soils.
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SECTION 6

CONCLUSIONS

The overall liquefaction potential evaluations III Memphis and Shelby
County are performed using both Seed's general criteria and the
criteria developed by CERI from the results of a soil pore pressure

study of 22 selected representative sites. By using the selected
criteria, available soil boring data containing in situ density (N-blow
counts) of granular soils and contour maps of peak bedrock
acceleration, the general liquefaction potential maps are derived for
M = 7.5 and M = 6.5 earthquakes in southern NMSZ. For the M = 7.5
NMSZ earthquake, the high potential areas are the Mississippi

Alluvial Plain, and the central and northwest corner of Shelby

County. The low potential areas are in the central south and
southeast corner of the study area. Results also show most of the
liquefied granular soil layers have a thickness of less than 10 feet
and are situated at depths below 25 feet. The results show the

liquefaction potential is significantly reduced in the study area
subjected to an M = 6.5 earthquake (see figures 4-9 and 4-13).

Results also show that very few sites have liquefied soil layers with a
thickness of more than 30 feet extending from below ground water
level to the ground surface. This indicates the mode of foundation
failure due to liquefaction in the study area may be limited to the
partial failure of supporting soils, causing excessive or differential

settlement of structures, cracking, and buckling of pavements and

floor slab on grade. The damage potential of low-rise structures and
shallow-buried facilities may be high in the moderate to high
liquefaction potential areas as indicated in the liquefaction potential

maps of 0-25 feet (figures 4-6 and 4-11). The potential of earth
movements such as land slide or lateral earth spreading are
identified by combining the liquefaction potential map and the

topography map of the study area (figure 5-1). Such areas include
the bluff areas along the Mississippi River, the northwest and
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southwest corners of Shelby County, the areas west of Bartlett and
between the Loosahatchie River and the Wolf River, and some areas
immediately along the three main tributaries of the Mississippi
Rivers.

In general, the results of the evaluation are in good agreement with
our understanding of geological conditions in the study areas. The
liquefaction potential strongly depends on the proximity of the sites
to the NMSZ and the presence of granular alluvial soils deposited on
sites along the main channels (the Wolf River, Nonconnah Creek and
Loosahatchie River) and in the Mississippi Alluvial Plain (west of the
bluff and approximately parallel to the Mississippi River). Detailed
site liquefaction evaluations for particular construction projects at
particular locations should be performed if the project sites are
located in the moderate or high potential areas.
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APPENDIX A
Results of Parametric Liquefaction Potential Study
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