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CHAPTER 1: INTRODUCTION

Much of the damage to structures during major earthquakes can be
attributed to ground failure caused by soil liquefaction. Lateral spreading
on gentle slopes of less than five percent is probably the most common and
pervasive type of liquefaction induced ground failure. Lateral spreading
during the 1964 Alaskan Earthquake caused $50 million damage (1964 value) to
266 bridges of the Trans-Alaskan railroad and highway as well as disrupting
buildings, pipelines and other constructed works. Total ground failure
displacement damage for the Alaskan earthquake may have reached $300 million
(Youd, 1978). Lateral spreading during the 1906 San Francisco earthquake
damaged several buildings, roads and bridges. Perhaps more importantly,
buried water mains for the downtown area were severed by lateral spreading.
The resulting loss of water greatly hampered fire fighting efforts during the
ensuing fire.

There are two general questions that must be resolved when attempting to
evaluate a site for a possible liquefaction induced ground failure: 1) Are
sediments within the soil profile susceptible to liquefaction? 2) Once
liquefaction has occurred, how much displacement and damage is possible. Much
regearch has been generated since the 1964 Niigata and 1964 Alaskan
earthquakes in attempting to resoclve the first question. However, only
limited progress has been made in trying to quantify the potential permanent
horizonta2l ground displacement.

The National Research Council, 1985, in outlining new initiatives in
liquefaction research states, "There are a number of research needs that have

recently emerged as being important ([including] . . . 3. Methods of




evaluating the magnitude of permanent scil deformations induced by earthquake
shaking, while considered in the past, have emerged as a pressing need to
understand the dynamic behavior of structures and soil deposits. Both
triggering and dynamic soil strength must be considered in studying the effect
of liquefaction or high pore pressure on deformations. Calculations based on
realistic constitutive models are needed to help comprehend the development of
permanent deformations and progressive failure (p. 217)."

This paper reviews past work regarding liquefaction induced horizontal
ground displacement, identifies pertinent seismic, geological and soil factors
that influence lateral spreading, compiles case histories of lateral spreading
during major earthquakes and evaluates some possible regression models that
estimate permanent horizontal ground displacement. Although other types of
failures are important (i.e., flow failure, ground oscillations, bearing
capacity failure, settlement and buoyant rise of buried structures), this
study is limited to researching lateral spreading.

These documented case histories of lateral spreading (appendix to this
report, Bartlett and Youd, 198%a, Brigham Young University Civil Engineering
Dept. Report No. CEG 89-01) provide: 1) field observations from which factors
controlling lateral spreading may be evaluated and 2) a database of documented
and estimated values for the development and verification of empirical,
analytical and numerical models that predict permanent horizontal ground
displacement. Formulation of functional empirical models will allow
calculation of potential horizontal ground displacements at specific
engineering sites. The estimation of potential displacement is important to
designers appraising the risk involved in construction of new facilities or

mitigating the threat to existing facilities in earthquake prone regions.




CHAPTER 2: BACKGROUND INFORMATION AND PAST WORK

2.1 Introduction

In this study, liquefaction is defined as a significant loss of soil
shear strength due to a transient rise in pore pressures resulting from strong
ground shaking. Liquefaction induced ground failure is any displacement,
settlement or loss of the soil's bearing capacity resulting from a decline in
the soil's effective strength.

The National Research Council, 1985, recognizes two distinct ground
deformation behaviors resulting from earthquake induced liquefaction: flow
failure and deformation failure. 1In the following sections, flow failure and
deformation failure are defined and contrasted. Mechanisms which might
explain how deformation failure occurs are discussed. The morphology of
lateral spreading, which is a type of deformation failure, is described.
Current empirical models used to estimate horizontal ground displacement

resulting from lateral spreading are also reviewed.

2.2 Flow Failure versus Deformation Failure

Permanent ground deformation resulting from flow failure is catastrophic
and very destructive to constructed works. During flow failure, a liquefied
soil is subjected to continuous, very large, shear deformation and flows until
arrested by a decrease in ground slope or other impedient to flow.
Characteristically, the fluid mass comes to rest as a lobate deposit at the
base of a hill or within a topographical depression or stream channel. Flow
failures may travel downslope at speeds of tens of miles per hour and cause

the soil mass to displace tens to hundreds of feet (Youd, 1978). Generally,




flow failure results when pre-existing static shear stresses are greater than
the steady-state (or residual) strength of the soil (NRC, 1985). If the
combination of earthquake and static forces can cause the soil to fail, then
the residual strength of the soil is insufficient to arrest further
deformation and the soil will flow. Flow failure used in this context most
nearly matches some of the original definitions of liquefaction. Casagrande,
1936, 1938, considered liquefaction as the collapse and flow of an unstable
soil under static stresses. Terzaghi and Peck, 1948, defined ligquefaction as
the "sudden decrease of shearing resistance of a quick sand from its normal
value to almost zero without the aid of seepage pressures."

Deformation failure is characterized by smaller, more limited
deformation where the soil mass remains mostly intact during and after strong
ground shaking. However, deformation failure may also involve permanent
ground deformation that is large enough to be deleterious to many constructed
works. Castro, 1969, Castro and Poulos, 1977, NRC, 1985 used the term "cyclic
mobility" to describe a process through which dynamic pore pressure generation
could reduce the effective strength of a cohesionless soil sufficiently enough
to achieve limited deformation under transient dynamic and sustained static
loading without producing fluid flow. Three processes have been proposed to
explain how deformation failure may be achieved (NRC, 1985).

1) An attempt is made to apply a cyclic stress that, together with
the sustained static stress, is greater than the maximum shear
resistance of the soil. When the combined stress reaches the
maximum resistance plastic flow begins to occur. If the soil is
transmitting stress to a mass that can move together, as soil
within an infinite slope, the amount of plastic deformation will
be determined by the interval of time over which the excessive
stress acts.

2) The combined static plus cyclic stress remains less than the

maximum resistance of the soil. Permanent deformation accumulates
gradually as a result of the rearrangement of soil particles.




3) The sustained static stress acting upon the element increases as a
result of the cyclic loading because additional stress has been
transferred to the element from other portions of the soil mass
that have decreased in stiffness.

In general, deformation failure appears to result when a soil mass loses
some of its shear strength due to a transient rise in pore pressures during
cyclic loading. Once strong ground motion has ceased, or shortly thereafter,
the residual strength of the soil appears to be sufficient to arrest further
deformation by the sustained static loads and flow failure does not ensue.

However, the nature, degree and distribution of shear strength loss
within the soil profile that occurs during deformation failure is not well
understood. Additionally, the effects of both earthquake and static forces
acting upon a composite system of liquefied and non-liquefied soil is
difficult to analyze. It is possible that shear strength loss during
deformation failure may be similar to the shear strength loss during flow
failure (i.e., the effective overburden pressure somewhere in the soil profile
may approach zero in both cases). Holzer et al., 1989, have reported a case
of deformation failure where instrumented pore pressure approached the total
overburden pressure. Thus, the degree of shear strength loss may not
ultimately determine if a mobilized soil mass undergoes flow or deformation
failure.

Whether the soil mass flows or undergoes deformation failure may
ultimately be a result of differences in the magnitude and duration of the
dynamic and static mobilizing forces as well as the extent, continuity and
boundary conditions surrounding the liquefied zone. The magnitude of the

mobilizing forces is controlled by the ground slope, the intensity of ground

motion and the weight of the overlying soil and any structures placed on the




gsoil. Deformation failures are likely to occur on gentle slopes where static
shear stresses are smaller than the viscous strength of the liquefied soil.
Additionally, disrupted layers, lenses, and other heterogeneities and
discontinuities affect the areal and cross-sectional extent of the liquefied
zone and increase or decrease the forces resisting mobilization.

Furthermore, the depth and thickness of the liquefied layer within the soil
profile may influence whether or not the mobilized mass flows or moves as a
deformation failure. For example, if the liquefied layer is thick relative to
the overlying unliquified surface layer, the thin crust of the unliquefied
surface layer may offer little resistance to mobilization and be engulfed in
the flow as the failure moves downslope. However, if liquefied laye. is
thinner and deeper, the overlying unliquefied surface layer may offer more
resistance to mobilization and the soil column might remain mostly intact as
the soil mass migrates downslope. Thus, liquefaction occurring at a greater

depth may produce features commonly attributed to deformation failure.

2.3 Liquefaction Induced Lateral Spreading

Lateral spreading is a type of deformation failure resulting from
liquefaction. During lateral spreading, surficial soil layers displace down
gentle slopes along some shearing zone where the soil strength has been
sufficiently reduced by a transient rise in pcre water pressure to permit
movement (Figure 1). The lateral displacement may be caused by gravitational
or seismic forces or a combination of both. The soil layers above the
liquefied zone generally retain their strength and ride passively on
underlying weakened soil. Typically, lateral spreading occurs on gentle

slopes ranging from 0.5 to 5 percent (Youd, 1978). Morphologically, such a
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INITIAL SECTION

DEFORMED SECTION

Figure 1 Block Diagram of Lateral Spreading

failure, termed a "lateral spread”, typically consists of a zone of displaced
soil with extensional fissures at the head, shear deformations at the side
margins, and compression or buckling of the soil near the toe. Buried objects
such as pipelines, piles, etc. are often sheared by differential movement
within the lateral spread. Structures at the head are commonly pulled apart

and those at the toe are compressed or buckled.

2.4 oOther Types of Liquefaction Induced Ground Failure

Although not addressed by this study, other types of liquefaction
induced ground failure are recognized and are described for classification
purposes. Wwhen no slope is present, the liquefied soil may oscillate back
and forth in response to earthquake wave motion, but no net horizontal

movement is achieved. Such ground oscillations, though transitory, may be
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damaging to pipelines and other rigid structures that lie on or within the
oscillating zone. Ground settlement may also occur as the soil compacts when
it reconsolidates. Such action produces settlement of the ground surface
often accompanied by fissures and sand boils. Liquefied sands can reduce the
bearing capacity of the soil. Bearing capacity failure may result causing
structures to settle, tip and even overturn. Conversely, objects lighter than

the liquefied soils may buoyantly rise.

2.5 Past and Current Work on Prediction of Liquefaction Induced Horizontal
Ground Displacement

This section reviews some of the past work on estimation of permanent
horizontal ground displacement resulting from lateral spreading. A review of
past work provides: 1) insight into which seismic and site factors may be
influencing horizontal ground displacement, and 2) ideas on how these factors
may be expressed in empirical models.

Several authors have introduced predictive models based on empirical,
analytical and numerical techniques. Newmark, 1965, and later expanded by
Goodman and Seed, 1866, and Makdisi and Seed, 1978, outlined various
procedures to estimate permanent ground displacement using sliding block
analysis. Youd and Perkins, 1987, developed an empirical equation to predict
maximum horizontal ground displacement based on earthquake magnitude and
distance to the zone of seismic energy release. Ishihara, 1985, presented a
set of curves which predict the potential for liquefaction induced ground
damage based on the thickness of the liquefiable layer compared to the
thickness of the overlying unliquefied layer. Finally, Hamada, et al., 1986,

presented a regression formula to predict horizontal ground displacement based

12




on slope and estimates of the thickness of the liquefied layer from

measurements taken from liquefaction sites during two Japanese earthquakes.

2.5.1 Newmark Sliding Block Analysis, 1965

Newmark, 1965, Goodman and Seed, 1966 and Makdisi and Seed, 1978,
explained how sliding block analysis can be used to estimate permanent ground
displacement if the soil's shear strength loss during strong ground motion is
not too great (i.e., flow failure does not occur). A potential failure
surface within the slope is first analyzed statically to determine what
earthquake acceleration is needed to produce equilibrium and to initiate
failure. If at some time during the earthquake, the horizontal acceleration
exceeds the undrained shear strength of the soil, the soil block will
translate downslope along the failure surface. (Upslope translation of the
block during stress reversals is not likely because downslope forces are
generally too great to allow upslope movement). The net movement downslope is
governed by the shear strength of the soil along the failure surface during
cyclic loading and the intensity and time interval during which inertial
driving forces act. The undrained shear strength of the soil during cyclic
loading is a function of the pore pressure build up and the amount of strain
experienced by the soil. Newmark, 1965, suggests the use of an average
undrained shear strength along the failure surface for estimating
displacement. For worst case conditions, the residual strength may be used

for the average undrained shear strength.

2.5.2 Youd - Perkins Liquefaction Severity Index, 1987

Youd and Perkins, 1978, 1987, Youd 1989, noted that the severity of

13




damage from liquefactidn is a function of the type of failure (e.g. flow
failure, lateral spreading, ground oscillation, etc.) and the amount of
permanent horizontal ground displacement. Buildings and other structures
subjected to 2 to 4;inches of permanent horizontal ground displacement usually
incurred little or reparable damage; structures subjected to 5 to 24 inches of
displacement generally incurred minor to major damage and structures subject
to greater than 30 inches of displacement incurred major damage.

Youd and Perkins also identified several seismological,
sedimentological, topographical, hydrological and engineering factors which
they feel influence liquefaction and ground failure. The geismological

factors listed are: 1) the intensity of ground motion and 2) the duration of

the ground motion. The gsedimentological factors identified are: 1) the
thickness of the liquefied layer, 2} the areal extent of the liquefied layer,
3) the confinement of the layer by impermeable sediments, 4) the age of the
gediments, 5) the degree of lithification or cementation and 6) the mode of

deposition. The topographical factors listed are: 1) the ground slope and 2)

the nearness of the failure to a free face (e.g. stream channel or other
abrupt topographical depression). The hydrological factors mentioned are: 1)
the depth to ground water and 2) the presence of artesian pressure. The

engineering factors they considered important are: 1) the soil's grain size,

2) the soil's relative density (as measured by some subsurface testing such as
the standard penetration test or cone penetration test) and 3) the fabric or
packing of the soil.

Youd and Perkins evaluated the liquefaction severity for cases of
ligquefaction induced ground failure that occurred in a particular type

setting, They limited their evaluation to lateral spreading of saturated
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cohesionless gently sloping holocene fluvial or deltaic deposits in rivers
with channels widths greater than 10 meters and with soil densities that range
from 2 to 10 standard penetration blow counts per foot. By applying these
restrictions to the case histories considered, the site factors that influence
ground displacement (i.e. sedimentological, topographical, hydrological and
engineering conditions) are thought to be similar enough so as to control
their influence and minimize their significance as predictor variables in a
regression analysis.

Youd and Perkins, 1987, named the amount of permanent horizontal ground
failure displacement (in inches) the "liquefaction severity or S." By
selecting a particular geological type setting for their evaluation, the
liquefaction severity, 8, is essentially a function of the severity of strong
ground motion. Seismic factors such as the amplitude of strong ground motion,
A, and its duration, D, in seconds are commonly used to characterize the
severity of earthquake shaking:

S = £f(A, D). (2-1)

The amplitude of strong ground motion, attenuates logarithmically with
distance from the seismic energy source (Joyner and Boore, 1981). The
duration of strong ground motion, in contrast, shows a slight increase with
increasing distance from the source. However, both amplitude and duration of
strong ground motion are strongly proportional to the magnitude of the
earthquake. Therefore, Youd and Perkins selected to express S in terms of a
earthquake magnitude and distance from the energy source:

s = f(M,, log R) (2~2)
where M, is the moment magnitude and R is the distance from the seismic source

in kilometers. The moment magnitude was chosen as the seismic measure because
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it betlier correlates with the total energy released during an earthquake than
other measure of magnitude (Kanamori, 1978).

Youd and Perkins introduced the liquefaction severity index, LSI, as a
convenient scale to estimate the maximum amount of permanent ground
displacement occurring within the defined type section for a given seismic
event. The liquefaction severity index was chosen to range between 0 inches
to a limiting maximum of 100 inches. Past displacements greater than 100
inches were considered to be so damaging and erratic in nature that extending
the LSI beyond 100 inches is not necessary. Youd and Perkins selected a best
estimate of the maximum permanent horizontal ground displacement reported for
a particular case history as an measure of the potential ground failure hazard
for that locality. The localities where the reported horizontal ground
displacement obviously exceeded 100 inches were assigned a limiting LSI of 100
and were excluded from their regression analysis.

In developing a predictive equation for the LSI, Youd and Perkins
expressed the seismic factors in terms of a magnitude-distance non-linear
model. Least squares regression was used to determine an empirical equation
from the data presented in Table 1.

These data fitted the following equation:

log LSI = -3.49 - 1.86 log R + 0.98 M, (2-3)
where LSI equals the maximum permanent horizontal displacement in inches, R
equals the horizontal distance from the energy source in kilometers and M, is
the moment magnitude.

Youd and Perkins used this function in conjunction with a seismic zone

model to compile a liquefaction severity index map for southern California.
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TABLE

Magnitude, Distance and LSI for Various Liquefied Sites

(data from Youd, Perkins 1987)

Locality

San Ardo
Gonzales Bridge
Salinas Bridge
Neponsat Bridge
Moss Landing
McGowan Ranch
Witcomb Ranch
Duncan's Mill
Healdsbrug
Alexander Valley
Eel River Delta

Valdez
Yakataga
Seward

Snow River
Hunter Flats
Portage

Elkutna River
Matanuska River
Beluga Lake
Fairbanks

Ranch
Leslie

Wiest Lake
Hwy 2, Mexico

San Felepe Creek

Callegua Creek
Magu Lagoon

Highway 111
Radio Tower

Goleta Point
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38
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20
70
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100
70
100
25
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30
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100
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2.5.3 1Ishihara, Boundary Curves for Identification of Liquefaction Induced

Damage, 1985

Ishihara, 1985, and Goa, 1983, identified areas that had suffered ground

failure damage during the 1976 Tangshan and 1983 Nihonkai~Chubu earthquakes

from aerial photographs. Ishihara,

1985, proposed that the occurrence of

damage from liquefaction induced ground failure is dependent on the thickness

of overlying unliquefiable surface layer and the thickness of the liquefiable

sand layer. From his study, he defined the thickness of the liquefiable sand

layer as the thickness of the sand
layer or layers found below the
water table with a standard
penetration blow count of ten or
less (N <= 10, Figure 2). Ishihara
plotted the thickness of the
overlying unliquefiable surface
layer versus the thickness of the
liquefiable sand layer for sites of
occurrence and non-occurrence of
liquefaction induced damage.
Boundary lines were drawn for the
two earthquakes which divided sites
that suffered liquefaction induced
damage from sites that showed no
evidence of damage (Figure 3).

Data points that fall on the left

hand side of these curves indicate

T H

(a)

e T

™

(b

(c)

Definitions of the surface unliquefiable
layer and the underlying liquefiable
sand layer :

Figure 2 Definitions of Surface
Unliquefiable Layer and the
Underlying Liquefiable Sand Layer
(Ishihara, 1985).
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sites that suffered liquefaction induced damage. The boundary line drawn for

the Tangshan earthquake does not intersect the origin of the plot, but swings

upward as the thickness of the surface layer decreases. It is not clear why

Figure 3 indicates this relationship, but it probably reflects a lack of well

defined data for this region of the plot and does not represent actual

behavior.

From the data presented in Figure 3, Ishihara, 1985, proposed that the

shape of the boundary
curves should resemble
those shown in Figure 4.
Because of the large
difference in site
accelerations for the two
case studies (200 gals
for the Nihonkai-Chubu
and 400 to 500 gals
Tangshan earthquakes),
Ishihara included a
intermediate boundary
line which represents the
proposed relationship for
site accelerations of 300
gals (Figure 4). Figure
4, therefore provides a
method for assessing if

liquefaction induced

12 :

1 -

(m)

ground damage -
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Figure 3 Comparison of Two Boundary Curves
Differentiating Conditions of Damage and No
Damage Due to Liquefaction (Ishihara,

11985) .
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Figure 4 Proposed Boundary Curves for Site
Identification of Liquefaction Induced
Damage (Ishihara, 1985).

surface damage will occur based on the thickness of the overlying
unliquefiable surface layer and the thickness of the underlying liquefiable
sand layer. 1Ishihara's study gave no means of actually estimating the amount
of horizontal ground displacement. However, it is important because it
suggests that the depth to the liquefiable layer influences displacement and

damage.
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2.5.4 Hamada et al., 1986, Study on Liquefaction Induced Permanent Ground
Displacement

Hamada et al., 1986, used displacement, slope and subsurface data from
investigations of the 1964 Niigata, the 1983 Nihonkai-Chubu and the 1971 San
Fernando earthquakes to develop a regression model for estimating liquefaction
induced permanent horizontal ground displacement. In developing their model,
Hamada, et al., considered the following geological and topographical
features: 1) the thickness of the liquefied zone , 2) the gradient of the
ground slope, 3) the gradient of the liquefied zone (gradients of upper and
lower boundaries of the liquefied zone), 4) the depth of the liquefied soil
zone (depth to upper and lower boundary of liquefied zone), 5) the minimum
value of factor of liquefaction resistance, F| and 6) the index of
liquefaction potential, Py,

As defined by Hamada, et al., 1986, the factor of liquefaction
registance F is a factor of safety which compares the liquefaction resistance
of the soil to the dynamic shear stresses generated by the earthquake:

FL = R/L (2-4)

where R is the in-situ resistance of the soil given by curves from the
Japanese Code of Bridge Design (see Figure 5) and L is the dynamic shear
stresses (Hamada et al., 1986, Appendix III or Iwasaki et al., 1978). The in-
situ resistance of the soil R is determined from the standard penetration blow
count N, the effective overburden stress rv' and the mean grain size Dsg

R = 0.0882(N/rv'+0.7) 72+ 0.19 (2-5)
where N is in blows per foot and rv' is in kg/cm% This equation is valid for
0.02 mm \ Dsg\ 0.05 mm and

R = 0.0882(N/rv'+0.7) /%+ 0.225 log0.35/Dsp (2-6)
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for 0,05 mm \ Dsg\ 0.6 mm and
R = 0.0882(N/rv'+0.7) /%~ 0.05 (2-7)
for 0.6 mm \ Dsg\ 1.5 mm. The dynamic earthquake stress is given by:

L = ks(rv/rv')ry (2-8)where
ks is the seismic coefficient and ry is a reduction factor for the dynamic
shear stress (Hamada, et al., 1986).

The index of liquefaction potential, Pj is defined as:

P = SUMMATION (1-F)W(z)dz (2-9)

where 1-F| cannot be less than zero and W(z) = 10 - 0.5z and z is depth (z is
restricted to a depth of 20 meters or less for this equation, Hamada et al.,
1986). The P is influenced by the density of the potentially liquefiable
sand and its thickness. The P will have a minimum value of 0 if no
liquefiable sediments are present in the profile and will have a maximum value
of 100 if Fi is O for the 20 meters of depth evaluated. The Py will have high
values for thick liquefiable zones with low densities (low SPT N-values) and
low values for thin liquefiable zones with high densities (high SPT N-values).

Hamada et al., defined the upper and lower boundary of the liquefied
zone throughout the cross section by the factor of resistance, F|. The zones
with a Fp less than one were considered to have liquefied. They interpreted
liquefied zone boundaries between the borings so that a continuous cross
section could be constructed. 1If two or more zones liquefied, the total
thickness of the liquefied zone was taken to be the sum of the thickness of
the individual liquefied zones (Figure 6).

To determine a representative displacement for the cross-section, Hamada
et al. divided the cross section into segments which appeared to displace as a

unit or block. They averaged the thickness of the liquefied zone(s) in the

23




L
| | Depth of Depth of
H| Upper Boundary Lower Boundary
Gradient of Face Face
Ground Surface = T \
@ <~ s
E Thickness of Liguefied Layer 2=
-5
cCa
L v
éo ' ” J
c v
&3 | l , l I]l Lol
[ L ]
© Segmenf(l) Segment (2)
Figure 6 Factors of Liquefied Soil 2one and
Topography (Hamada et al., 1986)
Grodient of

Ground Surfoce

|
| |
| ;
3 ! |
[ ] I
ta i |
£ | .'
§ |l 1l
gl NEa l Jl ! il I
[ ]
© " Segment (1) Segment (20
Figure 7 Gradient of Ground Slope Along the

Shinano Riv

er (Hamada et al., 1986)

24




10
5 LEGEND
= ° Noshiro
= 1
E | ® | Niigata
§ L B | San Fernando
E -
g - °
& I
o s °
2|
§ p—
S | o °
€
g [
c o o © 000
£ | &g ° o
E [k M o °
L_éo .ino:.
o0
o\ %;8 - OLO 1 1 1 L 1 1
0 5 10
Larger Gradient (%)
Figure 8 Relationship Between the Largest

Value of the Ground Surface Slope and/or the
Lower Boundary of the Liquefied Zone and the
Measured Permanent Ground Displacement (Hamada
et ai. 1986)

selected block and the individual vector displacements occurring at the
surface of the block and used these averages in their regression analyses.
They also averaged the gradient of the ground surface or the gradient of the
lower liquefied boundary face (whichever was larger) for each block and used
these averages as their slope measurements in the regression analyses. Where
a revetment paralleled the river, they considered the slope of the ground
surface to be the depth to the bottom of the river channel divided by the

horizontal length of the block (Figure 7).
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Hamada, et al. found that the larger value of either the slope of the ground
surface or the gradient of the lower boundary of the liquefied zone correlated
best with displacement (Figure 8). Displacement also correlated reasonably
well with the thickness of the liquefied' zone (Figure 9). Poorer correlations
of Fi and P with horizontal displacement were noted.

From these observations, Hamada et al., 1986, developed the following
regression equation:
048 ,0.33

D =0.75 B ®s (2-10)

where D is the horizontal displacement in meters, H is the thickness of the
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liquefied zone in meters, and S is the larger of the gradient of the ground

surface or the lower boundary face of the liquefied zone in percent.

2.6 Other Analytical and Numerical Approximations for Estimating Permanent
Ground Displacements

Elastic and non-linear dynamic analyses have been used by several
researches to estimate the amount of residual strain in a soil mass and to use
the accumulated residual strain to estimate the amount of permanent horizontal
ground displacement. The use of analytical models to predict liquefaction
induced ground displacements is in its infancy and much more research and
verification is required to before widely accepted techniques are available to
the practicing engineer. A brief summary of the general principles used in
dynamic analysis is presented, however, the reader is referred to NRC, 1985

and Finn, 1988 for more detailed summaries.

2.6.1. Approximations from Elastic Theory

If the soil does not undergo significant strength loss, then estimation
of the deformation from Newmark sliding block analysis is proper. However, if
significant strength loss occurs, the nonlinear hysteretic response of a soil
to earthquake motion may be estimated from an equivalent linear damped elastic
model if the properties of the model are correctly chosen (Idriss and Seed,
1986b, NRC, 1985, Finn, 1988). Typically, the dependence of the modulus and
damping on the strain level is reconciled by iteration until strains
calculated from assumed properties match empirically determined stress-strain
curves for the particular soil type (Seed and Idriss, 1970, Seed et al.,

1986b) .
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The deformation to the soil mass may be approximated by: 1) calculating
the dynamic shear stresses induced by the earthquake (obtained from a
equivalent linear damped model) 2) converting the dynamic shear stresses to an
equivalent set of uniform cycles, 3) estimating the strain potential of a
finite element per cycle from laboratory tests and 4) approximating the amount
of permanent deformation from the elemental strains. (Finn, 1988, Seed et al.,
1973, Seed et al., 1975, Marr and Christian, 1981, Anderson, 1983, Taniguchi

et al., 1983, NRC 1985).

2.6.2 Approximations from Nonlinear Dynamic Analysis

Many procedures and computer programs have been introduce which attempt
to directly model the nonlinear hysteretic stress-strain response of soils
(Finn, 1980, 1982, 1984, 1985a, 1985b, 1988, Marr et al, 1982, Bouckovalas et
al, 1984, NRC 1985). The direct nonlinear method uses low strain moduli and
shear strengths obtained from in-situ testing or empirical correlations as
input. The direct nonlinear method attempts to follow analytically determined
hysteretic stress-strain paths during the cyclic loading-unloading and use the
tangent moduli of the paths to estimate the residual strains (Finn, 1988).

Martin et al., 1975, introduced a porewater pressure generation model
which made it pogsible to calculate the porewater pressure increase from the
cyclic strain history. This enabled nonlinear models to couple porewater
pressure generation with the soil's shear strength degradation and more

closely approximate permanent deformation.

2.7 Summary of Current Horizontal Ground Failure Displacement Models

Prediction of liquefaction induced ground displacement is still in its
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infancy and is a complex, non-linear problem involving many seismic,
geological and soil factors which are difficult to define, quantify and model.

Sliding block analyses have frequently been used in analyzing the
stability of earth dams and fills for cases where the soil does not undergo a
significant strength loss (i.e., flow failure does not occur). It is possible
that sliding block analyses may be able to predict horizontal displacements
resulting from lateral spreading if the correct average dynamic shear strength
for the liquefied soil is chosen. However, it remains uncertain whether or
not present correlations for residual strength are good estimators of a
liquefied soil's average dynamic shear strength during mobilization.
Displacements calculated from sliding block analyses using residual strength
need to be compared with measured displacements from case histories.

The Youd and Perkins liquefaction severity index, 1987, includes seismic
factors (magnitude and distance to the source) as predictors of horizontal
displacement. However, for the particular type section defined and analyzed,
they considered the site factors (topography, layer and soil characteristics)
to be relatively uniform so that the influence of site factors on displacement
is controlled. Therefore, they do not incorporate site topography, layer and
soil factors in their LSI model.

Our initial review of displacements and cross sections from liquefied
sites during the 1964 Niigata and 1983 Nihonkai-Chubu earthquakes indicate
that horizontal displacements appear to be influenced by ground slope and the
thickness of the liquefied zone and these site factors appear to have
potential as predictors in a regression model.

The LSI may tend to overpredict some displacements for some case

histories for two reasons. First, the displacement measurements used to
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formulate the LSI were maximum displacements reported for a liquefaction event
occurring at a particular distance from the seismic source. Obviously, there
were other less severe displacements that occurred a particular location which
were not used by Youd and Perkins to define and formulate the LSI. Second,
the type setting defined by Youd and Perkins represents high to moderate range
of site conditions favoring liquefaction and large displacement (i.e.,
saturated geologically recent sands with low blow counts (N < 10), located
near wide active river channels or flood plains). Liquefaction and
displacement has occurred at locations where the site so0il conditions are less
favorable than defined by the LSI type setting (e.g. liquefaction and
displacement of gravelly, alluvial fan sediments during the 1983 Borah Peak
Idaho earthquake, Andrus and Youd, 1987, Andrus, 1988 and liquefaction and
displacement of gravelly fluvial sediments with high blow counts (N > 10) at
some sites during the 1964 Alaska Earthquake, McCulloch and Bonilla, 1970).
Therefore, displacements estimated from the LSI probably represent an upper
bound for likely displacements occurring at a particular location.

In contrast to the LSI, the empirical model proposed by Hamada et al.
emphasizes site factors such as slope and thickness of the liquefiable zone,
but does not directly evaluate the influence of seismic factors. Youd and
Perkins, 1987, have proposed that ground displacements are influenced by
maximum acceleration and duration of the strong ground motion. The
extrapolation of the Hamada et al., 1986, regression equation to predict
displacements for large or small earthquake events or sites that contain silty
or gravelly soils may not be prudent. Both the Niigata and Nihonkai-Chubu
earthquakes were fairly similar in magnitude (7.5 and 7.7 respectively) and

both had similar site characteristics (wide spread fairly uniform medium sized
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clean sands). Additionally, Hamada et al., 1986, use the thickness of the
liquefied zone as one of the predictor variables in their regression model.
Because of the wide acceptance and use of the simplified procedure in the
United States, it is more convenient to use it to define the liquefied zone.
We will use the simplified procedure to determine thickness of the liquefied
zone and verify its significance as a predictor of horizontal ground
displacement.

A more comprehensive empirical model for predicting horizontal
liquefaction induced ground failure displacement is needed. This model should
include seismic factors as well as site specific factors (e.g. geological,

topographical, layer and soil properties).
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CHAPTER 3: IMPORTANT PROPERTIES AND MEASURES

3. 1 Introduction

This section defines the seismic, geological, stratigraphic and soil
factors that have been tabulated for each case study. Because of the size of
these data, they have not been published in this report but are available upon
request in the appendix (BYU Civil Engineering Dept. Report No. CEG 89-01,
Bartlett and Youd, 198%a). Some preliminary analyses are summarized in
Chapter 5 using these factors as predictor variables in regression models.

Unfortunately, most of the case histories were not instrumented sites
and some data had to be estimated by correlations and other techniques (e.g.
maximum site acceleration, strong ground motion duration and thickness of the
liquefied zone). Additionally, ground slopes and grain size analyses were not
reported for some of the case studies. The techniques used to estimate

missing data are discussed in this chapter.

3.2 Seismic, Geological, Stratigraphic and Soil Factors

Many of the factors that are tabulated in BYU CE Dept. Report No. CEG
89-01 were identified by Youd and Perkins, 1987, as being significant factors
affecting ground failure displacement. Table 2 lists the factors that have
been researched. Because many of the measurements documented by the various
authors were mostly reported in English units, we chose to record the reported

values in our tabulation in English units as well.
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TABLE 2

Important Site Information and Measurements
Recorded in BYU CE Dept. Report No. CEG 89-01

Site Information

references to sources of information
site name

location

earthquake

type of failure and extent of damage
geological setting

Seismic Factors

earthquake name and date

magnitude (M,, Mg or Mjp)

distance to nearest seismic source or fault rupture (miles)
maximum acceleration at site (acceleration of gravity, g)
duration of strong ground motion (seconds)

Geologic and Stratigraphic Factors

age of sediment (years before present)

mode of deposition

total thickness of unconsolidated sediments (feet)
horizontal variation of soil in section

depth to groundwater (feet)

ground slope (percent)

proximity to free face (feet)

thickness of the layers (feet)

thickness of liquefied zone (feet)

Low and average blow counts for liquefied zone (N and (Nj)¢d
CPT data (tip resistances in kg/cm%

depth to top of liquefied zone (feet)

depth to low (Np) 4 (feet)

confinement of the liquefied layer by less permeable layers
areal extent of failure (square feet)

horizontal displacement (inches)
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TABLE 2 CONTINUED
Important Site Information and Measurements
Soil Factors s
- s0il description (unified classification system when used)
liquid limit, plastic limit and plastic index

percentage of fines and clay
- mean grain size (millimeters)

3.2.1 Seismic Factors

3.2.1.1 Earthquake Magnitude - Kanamori, 1978 gives a good review of some the
current measures of earthquake magnitude. We report the moment magnitude, M,
when given, as the best estimate of earthquake size. Because the moment
magnitude is defined in terms of energy, it is a better representation of
earthquake size for many engineering applications than other types of
magnitude measures, especially for extremely large events (Kanamori, 1978).
For earthquakes with smaller fault ruptures, the moment magnitude generally
compares well with the surface wave magnitude Mg or the local magnitude Mj,
(Kanamori, 1978). The moment magnitude is defined in terms of the seismic
moment Mgy

M, = (log M,/ 1.5) - 10.7 (3-1)
where M, is expressed in dyne cm. The seismic moment is based on elastic
dislocation theory and represents the deformation at the source of the
earthquake:

Mg=u S D (3-2)

where u is the rigidity of the ruptured material, S is the surface area of the

fault and D is the average displacement of the fault.
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3.2.1.2 Distance to seismic energy source or nearest fault rupture - We will
use a definition of distance to the seismic energy source similar to that
given by Joyner and Boore, 1981, 1988. Joyner and Boore define the distance
to the source as: "the closest distance to the vertical projection of the
rupture on the surface of the earth (Joyner and Boore 1988)." We will define
the distance to the source as the horizontal distance from the site to the
nearest bound of the zone of seismic energy release projected to the ground

surface.

3.2.1.3 Maximum acceleration at the site - Where a strong ground motion
accelerometer was located at or near a site, the instrumental peak horizontal
acceleration will be tabulated. For those sites without instrumentation, the
relationship developed by Joyner and Boore (1981) is used to estimate peak
accelerration:

log A = -1.02 + 0.249 M, - log r - 0.00255r + 0.26P (3-3)
where A is the peak horizontal acceleration on rock or stiff soil given as a
decimal fraction of gravity, g, My is moment magnitude and P is a probability
term that is equal to zero for a 50 percent probability that the predicted
value will not be exceeded during an event and one for an 84 percent
probability that the predicted value will not be exceeded. We chose a 50
percent probability for this study, thus, the probability term in equation 3-
3 was set to zero. The distance factor r is given by:

r = (d’+ h) (3-4)

where d is the closest distance, in km, from the recording site to the surface
projection of the fault rupture. Joyner and Boore determined that h equals

4.0 km for shallow earthquakes.
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3.2.1.4 Duration of strong ground motion

Page et al., 1972, used the interval in seconds between the first
horizontal 0.05 g peak to the last 0.05 g peak to define the duration of
strong ground motion. Based on limited data, they presented a table of
expected duration versus magnitude. However, this relationship is unrefined
and is good only for sites within a 3-5 km of the source.

VanMarcke and Lai, 1980, defined the duration of the earthquake as a
function of the maximum ground acceleration and the integral over time of the
squared accelerations:

So=7.51,/ a max?

(3-5)

where s, is strong motion duration in seconds, I, is the integral of the
squared accelerations, and a;,.is the maximum ground acceleration. They have
tabulated values of magnitude, distance and strong motion duration for 70
strong ground motion sets (2 components per set) in California. However, no
empirical magnitude-distance~duration relationship was given by Vanmarcke and
Lai.

Krinitzsky and Chang, 1988b, defined the duration of strong ground
motion as the bracketed time that site accelerations equal or exceed 0.05 g.
They presented an empirical equation for duration of strong ground motion at
soft sites:

log D = -2.06 + 0.43M + 0.60 log(r/10) (3-6)
where D is the bracketed duration in seconds, M is the Richter magnitude and r
is the focal distance in kilometers. Krinitzsky and Chang, 1988b, report that

M, the Richter magnitude, is equivalent to My for M up to 8.3 and to My for M

below 5.9, and to M; for M at 5.9 to 8.0.
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We will use equation 3-6 to estimate the duration of strong ground
motion for sites were no accelerogram exists. Otherwise, the bracketed time

that the site accelerations equal or exceed 0.05g will be reported.

3.2.2 Geological and Stratigraphic Factors

3.2.2.1 Age of sediment - The sediment age of the liquefied layer is
expressed in years before present. If the layer has been dated by c®or other

procedures, that age is given. If not, the geological epoch is given.

3.2.2.2 Mode of Deposition - Most sands that have liquefied were laid down as
fluvial deposits. The type of deposit (braided stream, point bar, channel

deposit, etc.) is described.

3.2.2.3 Total Thickness of the Unconsolidated Sediments - Unconsolidated
sediments are sediments that have not be appreciably cemented or lithified.

The total depth of unconsolidated sediments is reported in feet.

3.2.2.4 Horizontal Variation of Soil in Profile - Facies changes are lateral
changes in the soil composition or texture resulting from horizontal changes
in the sedimentary depositional regime. Typically lenses of sands, silts and
clay intertongue in natural deposits. These lateral changes affect the extent
of the liquefied zone and displacement of the lateral spread. Important
facies changes are noted in the geological description of the sites found in

the tabulated information (Bartlett and Youd, 1989%9a).
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3.2.2.5 Depth to Groundwater - The depth to free ground water is tabulated in

feet.

3.2.2.6 Ground Slope - The ground slope of the lateral spread is reported in
percent. Hamada et al., 1986, in their study of lateral displacements in
Japan, concluded that horizontal displacement correlated best with the larger
value of: 1) the ground slope or 2) the slope of the base of the liquefied
zone (Figure 8). For many sites reviewed by this study (except for the
Japanese data and some well documented U.S. sites), the number of borings is
insufficient to construct a complete cross section of the liquefied zone
across the lateral spread. Therefore, the slope of the base of the liquefied
zone could not be determined. This study differs from that of Hamada et al.,
and reports only the value for the ground slope. Hamada et al., 1986, also
steepened the ground slope into the river channel for cases where a channel
was present (Figure 7). We will also steepen our measurement of the ground

slope into the channel when a channel is present.

3.2.2.7 Proximity to free face - A free face is any abrupt topographical
depression such as escarpment, stream channel, canal or road cut etc. Many
lateral spreads displace downslope towards or into a free face. For example,
lateral spreading of the river banks toward the channel during the 1964
Niigata earthquake appreciably decreased the widths of the rivers. Narrowing
of stream channels during the 1964 Alaskan earthquake compressed the rails and
superstructures of numerous railroad bridges.

The height of the free face and the horizontal distance from the site to

the free face should alfect displacement. Unfortunately, many of the case
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studies do not provide sufficient documentation to determine the height of the
free face. 1If a free face is considered to have influenced the displacement,
the horizontal distance from the point were the displacement was measured to

the free face is reported in feet.

3.2.2.8 Thickness of the Layers - The thicknesses of the layers in the
profile are reported in feet. The appendix contains the standard penetration
and cone penetration data for the 111 borings studied. Layer boundaries are
marked with a "B" on the bore log summary sheets. Blow coun.s are marked with
a "N". Cross sections, when provided in the original study, are also

included.

3.2.2.9 Thickness of Liquefied Zone - The thickness of the liquefied zone was
calculated for each site. Where two or more subzones liquefied, the tabulated
thickness is the sum of their thicknesses.

Two techniques are used to determine the thickness of the liquefied
zone: the simplified procedure proposed by Seed and Idriss and their
colleagues (1971, 1982, NRC 1985, Seed et al., 1986a) and Liao's modifications

to the simplified procedure (Liao, 1986).

3.2.2.9.1 Thickness of the Liquefied 2one from the Simplified Procedure - The
simplified procedure (Seed et al., 1971, 1982, 1983, NRC 1985) has gained wide
acceptance and is used to calculated the thickness of the liquefied zone. For
a particular soil layer, the simplified procedure compares the cyclic stress
ratio generated by the earthquake (CSRQ) to the cyclic stress ratio required

to generate liquefaction in the soil (CSRL). The latter ratio (CSRL) is
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calculated from reported blow counts and other soil properties. 1If the
calculated CSRQ for a given earthquake exceeds the calculated CSRL, that soil
is assumed to have liquefied. The thickness of the liquefied zone was
estimated by summing the thickness of the subzone(s) in which CSRQ exceeds
CSRL.

From laboratory cyclic shear test, Seed and Idriss, 1982, 1983 defined
the average cyclic shear stress developed on a horizontal plane during cyclic
loading as sy and the initial vertical effective stress as r, . They note
that the average shear stress induced on the soil by an earthguake is:

8h = 0.65 (amafg) * ro* ry (3-7)
where ap,is the maximum ground acceleration, g is the acceleration of
gravity, rgy is the in-situ vertical stress in lb/ftzand rg is a stress
reduction factor. The earthquake induced stress is then divide by the in-
situ effective vertical stress to define the earthquake induced cyclic stress
ratio:

CSRQ = sp/ry = 0.65 (apmafg) * rdry * re (3-8)

The stress reduction factor, rg which is a function of depth, z, in feet is:

rg=1 - 0.025092 2 (3-9)
for z \ 30 ft and

1.174 - 0.090528 2 (3-10)

rq
for z > 30 ft (Liao, 1986).

The soil's resistance to liquefaction is determined from the standard
penetration resistance of the soil and other scil properties. The measured
blow counts, N, are normalized to an effective stress of 1 ton/sq. ft. using
the equations:

N;=CN* N (3-11)
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where N is the normalized blow count and Cy is an overburden correction
factor. CnNis calculated from:

en= (1/xs) 2

(3~12)
where r, is expressed in tons/sg. ft (NRC, 1985). N; is then corrected for
the measured energy ratio of the hammer to a standard hammer energy ratio of
60 percent. The hammer correction is as follows:
(NDg = N/60 * ER,, (3~13)

where (Nj ¢ is the final corrected blow count and ER, is the measured energy
efficiency ratio of the hammer expressed in percent. Typically, safety
hammers using a rope and pulley release have an energy ratio of about 60
percent and Donut hammers using a rope and pulley release have an energy ratio
of about 45 percent (NRC, 1985).

The resistance of the soil to liquefaction is determined from a standard
curve develop by Seed et al. (from NRC 1985, see Figure 5, valid only for
earthquakes of M = 7.5). The CSRL values read from this curve have been

digitized by us. Table 3 gives the digitized values for M = 7.5 and a fines

content of less than or equal to S percent.
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TABLE 3

Minimum Cyclic Stress Ratio Required to Cause Liquefaction (CSRL)
for Various (Np) g Values (7.5 M, Fines content less than or equal to 5 percent)

(N1 6o CSRL (N1 60 CSRL (N1 60 CSRL
0 0.000 11 0.122 21 0.234
1 0.011 12 0.133 22 0.248
2 0.022 13 0.144 23 0.262
3 0.033 14 0.155 24 0.278
4 0.044 15 0.167 25 0.296
5 0.056 16 0.178 26 0.316
6 0.067 17 0.189 27 0.339
7 0.078 18 0.200 28 0.367
8 0.089 19 0.211 29 0.405
9 0.100 20 0.222 30 0.500

10 0.111

When the cyclic stress ratio induced by an earthquake, CSRQ, is greater
than the cyeclic stress ratio required to cause liquefaction, CSRL, the soil at
that depth is marked as liquefiable (marked with an asterisk on bore log sheet
in the appendix). 1If CSRL is greater than CSRQ, the soil is considered
resistant to liquefaction.

The CSRL curve given in Figure 5 (Seed et al., 1983) and digitized in
Table 3 is valid only for M = 7.5 earthquakes and must be adjusted for other
earthquake magnitudes (Figure 10). This curve is adjusted by multiplying the
values in Table 3 by a magnitude sealing or normalization factor, MNF:

MNF = 0.032 M>- 0.631 M + 3.9334 (3-14)
where M is the earthquake magnitude (Liao, 1986).

Seed and Idriss, 1982, found that soils with significant fines contents

should generally not liquefy. They gave the following criteria for non-

liquefiable soils.
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Potential for Sands for Earthquakes of Different
Magnitudes (NRC, 1985).

1) Soils that have 15% or greater clay content (percent finer than
0.005 mm.)
2) Soils that have a liquid limit greater than 35.
3) Soils that have a water content less than 0.9 times the liquid
limit.
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For a given Nj soils with high fines contents are less susceptible to

liquefaction than clean sands (NRC, 1985, Liao, 1986). The CSRL curve must be

adjusted for sands with fines contents greater than § percent (see Figure 11,
% fines = percent finer than 0.075mm). Factors used to correct the CSRL curve

for fines contents of 15 percent and 35 percent are listed in Table 4. Linear
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TABLE 4

FINES CORRECTION FACTORS FOR CSRL CURVES FOR 15 & AND 35 §

CSRL FCF FCF CSRL FCF FCF CSRL FCF FCF
15% 35% 15% 35% 15% 35%
0.00 1.64 1.99 0.10 1.50 1.77 0.20 1.34 1.63
0.01 1.64 1.99 0.11 1.45 1.74 0.21 1.34 1.69
0.02 1.64 1.99 0.12 1.40 1.69 0.22 1.35 1.76
0.03 1.64 1.99 0.13 1.39 1.68 0.23 1.36 2.02
0.04 1.64 1.99 0.14 1.38 1.65 0.24 1.38 ----
0.05 1.64 1.99 0.15 1.37 1.63 0.25 1.42 -~=---
0.06 1.64 1.99 0.16 1.36 1.61 0.26 1.45 ----
.07 1.64 1.99 0.17 1.35 1.61 0.27 1.49 ~-—--
0.08 1.55 1.89 0.18 1.35 1.59 0.28 1.55 ~---
0.09 1.51 1.83 0.19 1.35 1.60 0.29 1.72 ~---

* The 35% FCF for CSRL > 0.19 is undefined.

** The 15% FCF for CSRL > 0.29 is undefined (see Figure 11).

interpolation is used to estimate correction factors for fines contents
between 5 and 35 percent (the fines correction factor for fines contents of
five percent or less is 1.0 for all values of CSRL).

There are no defined guidelines for soils that have a fines content
exceeding thirty-five percent and a clay content below 15 percent. These
soils may also be susceptible to liquefaction. Because of the lack of a
better criterion, we used the correction factor for soils with 35 percent

fines for all soils with fines contents greater than 35 percent.

3.2.2.9.2 Thickness of the Liquefied Zone from Liao's Modifications to the
Simplified Procedure - Liao, 1986 analyzed 278 sites with liquefaction or nén-
liquefaction to develop a best fit, probabilistic model to predict
liquefaction. In Liao's procedure, CSRQ is normalized for the magnitude of
the earthquake instead of CSRL:

CSRQN = CSRQ/MNF (3-15)
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where CSRON is the normalized cyclic stress ratio generated by the earthquake,
CSRQ is calculated from eq. 3-8, and MNF, a magnitude normalization factor is
calculated from eq. 3-14. If the calculated CSRQN for the given earthquake
exceeds the calculated CSRL, that soil is assumed to have liquefied.

. Liao formulated a set of probability curves to calculate CSRL (Figure
12). For our liquefaction analysis, we choose the 50 percent probability
curve. The value of the CSRL for fines contents £ 12% is:

CSRL = EXP((0.39760((N)e) - 16.447)/6.4603) (3-16)
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where (Nj)¢ois the normalized blow count. The value of the CSRL for fines
contents > 12% is (Figure 13):

CSRL = EXP((0.18190((N)g) - 6.4831)/2.6854). (3-17)

3.2.2.9.3 A Computer Program to Determine the Thickness of the Liquefied Zone
using the Simplified Procedure and Liao's Modifications to the Simplified
Procedure - A computer program has been written in dBase III to perform the

liquefaction analysis. DBase was chosen because of its database capabilities
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which allow it to store numerous processed records and make further
calculations on those records. The dBase source code and databases for the
liquefaction analysis program are available upon request. 1If a copy of the
dBase III interpreter is unavailable to the reader, a compiled but not
thoroughly tested version of the program is also available.

The liquefaction analysis program evaluates the soil profile at 0.33
foot increments for liquefaction susceptibility. For this analysis, modified
blow count values are linearly interpolated between measured blow counts. A
factor of safety, FS, is calculated for each 0.33 foot increment where:

FS = CSRL/CSRQ. (3-18)
A factor of safety less than one indicates that the scil liquefied; a factor
of safety greater than one indicates that it did not liquefy.

We define a term called the liquefaction potential of the soil, L, as:

L = SUMMATION (1 - FS) dz (3-19)
where dz is the change in vertical depth in feet. This is comparable to the
index of liquefaction potential, P, defined by Hamada et al., 1986, except
that FS is determined from the simplified procedure or Liao's 50 percent
probability curve and the summation is evaluated for the entire depth of the
profile and is not terminated at 20 meters. (The W term introduced by Hamada,
et al., 1986, which limits the index of liquefaction potential, Pj, to a
maximum value of 100 and a minimum value of 0 was not used). The liquefaction
potential, L, for any given profile will increase as factors of safety
decrease or the thickness of the liquefied zone increases. Calculated values

of L for each site are tabulated in the appendix.

3.2.2.10 Low and Average Blow Count for the Liquefied Zone - There remainsg
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some uncertainty about how shear deformation is distributed in the liquefied
zone. In order to discover if a low blow count or zone of low blow counts
control the amount of horizontal displacement, the low blow count for each
boring that occurs in a potentially liquefiable sediment is tabulated on the
measurements for regression analysis sheet in the appendix. Soils that have
15% or less clay content (percent passing 0.005 mm), and that have a liquid
limit less than 35 and that have a water content greater than 0.9 x liquid
limit are defined as potentially liquefiable sediment (Seed and Idriss, 1982).
Additionally, the low (Nj) ¢y value corresponding to the low blow count is
tabulated (see measurements for regression analysis sheet, appendix). An
average blow count and an average (Nj)g value for the liquefied zone is also
calculated and recorded. Similarly an average (Njp ¢ value minus one standard
deviation will be calculated and recorded. Statistical models using each of
the blow count measures (i.e., low (Nj) ¢ average (Nj)g and average (Njp) g minus
one standard deviation values) should allow an evaluation of which predictors

best estimates horizontal ground failure displacement.

3.2.2.11 CPT Data - The liquefaction analysis program has the capability to
convert CPT tip resistances to SPT blow counts using the qyNg curve developed
by Seed and de Alba, 1986a, and extended to larger grain sizes by Andrus and

Youd, 1989. Three lines were used to match the curve (see Figure 14):

q/Ng= 1.5 log Dsg+ 5 (3-20)
for 0.0lmm < Dgsp< lmm,

g/Ng= 2.3 log D5+ 5 (3-21)
for lmm < Dsp< 10mm and

q/N60 = 5.3 log Dsg+ 2 (3-22)
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for Dsp> 10mm, where g¢ is in tons/sq. foot.

3.2.2.12 Depth to Top of

14
Liquefied Zone - The depth to : Auger
12| |SET (127-mm)
the top of the liquefied zone | © ® Pence Ranch o—e
10k 0o B Whiskey
is recorded for each boring Springs o ?
(see appendix, Measurement for 8 - seed and de Aba
(1986), 10-cm2 cone

Penetration Ratio, q, /N g,

Regression Analysis sheet). 6 L A
o i extended curve,
In no instance was the top of sl \ 5 A 15-cm2 cone
the liquefied zone allowed to - A
2 o8
rise above the depth of the s
0 A ataasal Aeodech A ASAA 1 Ad asaal TR WYY
water table. _ .01 A 1 10 100

Mean Grain Size, Dso , mm

3.2.2.13 Depth to Lowest Figure 14 Modified Relationship
Between (_/N.,, and Mean Grain Size
(N) o = The depth to the low (after Andrus and Youd, 1989).

blow count %that occurs in a

potentially liquefiable sediment is recorded for each boring (see appendix).

3.2.2.14 Confinement of the Liquefied Layer by Less Permeable Layers - The
presence of a less permeable layer above and below a liquefied zone retards
the migration of pore water which could lengthen the time a liquefied
condition exists and increase generated displacement. If confinement of the
layer is appreciable, pore pressure build up is expedited and the liquefaction
is reach more rapidly. CcConfinement of the liquified 2one is noted in the

appendix on the Measurements for Regression Analysis sheet.
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3.2.2.15 Areal Extent of Failure - The surface areal extent of the lateral
spread are recorded in square feet when documented in the original field

study. This measurement is seldom given, however.

3.2.2.16 Horizontal Displacement - The horizontal displacement of the lateral
spread are reported in inches. For the regression analysis, each boring is

assigned a displacement that occurred at or near that boring.

3.2.3 Soil Factors

3.2.3.1 Soil Description - The Unified Classification System is used as a
soil descriptor when it is reported. Otherwise, the descriptive terms (e.g.

gsilty sand) given by the original authors is recorded.

3.2.3.2 Liquid Limit, Plastic Limit and Plastic Index ~ Atterberg limits for
the soil profile, including the liquefied zone, are include on the soil logs

when reported by the original investigators.

3.2.3.3 Percentage of Fines and Clay - The fines content is defined as that
fraction of the particles by weight finer than 0.075mm. The clay content is
defined as that fraction of particles finer than 0.005mm. (This definition of
clay sizes varies slightly from the normal definition of 0.002mm, but the
0.005mm demarcation was used by Seed and Idriss, 1982, to divide potentially
liquefiable soils from nonliquefiable soils).

The percentage of fines and clay are required measurements for

liquefaction analyses. In many site investigations these percents are not
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reported. The follow table (see Table 5) was used to estimate the fines and
clay percentages for sites that lacked sieve analyses. This table was
compiled using grain size data and soil descriptions from Wildlife and Whiskey
Springs. Complete grain size and soil descriptions were documented an

reported for a wide range of soil types at these two liquefactions sites.
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TABLE 5

Estimated Fines and Clay Contents for Various Soil Descriptions
(Grain Size Data taken from Wildlife and Whiskey Springs)

Estimated Estimated
Soil Description % fines % clay
gravel 5 0
sandy gravel 10 5
silty gravel 25 10
clayey gravel 50 20
silty clayey gravel 40 20
clayey silty gravel 35 15
silty sandy gravel 15 10
sandy silty gravel 25 10
sand 5 c
silty sand 25 5
clayey sand 35 20
silty clay sand 30 20
clayey silty sand 30 20
sand & silt 45 10
clayey sand & silt 60 30
silt 90 15
sandy silt 75 10
clayey silt 99 35
sandy clayey silt 85 25
gravelly silt 75 10
clay 95 80
silty clay 95 60
sandy clay 75 50
silty sandy clay 85 55
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CHAPTER 4: FORMULATION AND EVALUATION OF FUNCTIONAL REGRESSION MODELS

4.1 Introduction

Studies summarized in Chapter 2 by Newmark, 1965, Ishihara, 1985, Hamada
et al., 1986 and Youd and Perkins 1987 have shown that several seismic,
topographic, geological and soil factors affect horizontal ground
displacement. We have tabulated many of these factors for U.S. and Japanese
case studies of liquefaction sites (see appendix to this report). Chapter 3
outlines and defines the many data that we have collected. It also gives the
procedures and techniques used to estimate measurements that were missing from
the reported case studies.

We now proceed to formulate functional regression models from these
tabulated factors. Formulation of a functional regression models means that
the researcher uses his or her knowledge of the functional form of the
relationship between the independent and dependent variable to assist in
expressing the form of the model. For example, it is generally proven that
seismic effects such as intensity of ground shaking decrease logarithmically
with increasing distance from the seismic source. Thus, a functional
regression form to predict intensity of ground shaking using distance from the
seismic source would be:

y = 1/x?
where y represents some measure of intensity of ground shaking and x is the
distance from the seismic source and a is empirically determined constant.
The function is typically linearized by taking the log of both sides before
the regression analysis is performed:

log y = - a log x.
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The following sections define the proposed functional relationship
between the independent and dependent variables for the factors we have
tabulated. Later, these factors are combined to formulate functional
regression models. We conclude by preforming correlation and regression
analyses on our proposed models and compare their performance with existing

models.

4.2 Seismic Factors

4.2.1 Acceleration and Duration

Horizontal ground shaking induces liquefaction and generates inertial
forces that may cause horizontal displacement of decoupled surface layers
overlying the liquefied soil. Theoretically, larger horizontal ground
accelerations should produce larger horizontal displacements.

Longer durations of ground shaking should increase the extent of
liquefaction in the layer, maintain a liquefied condition over a longer period
of time and increase the time available for downslope movement under a
combination of earthquake and gravitational forces. Youd and Perkins, 1987,
proposed that horizontal ground displacement is a function of acceleration and
duration:

X = £(A, D) (4-1)
where X is the horizontal ground displacement, A is the horizontal ground
acceleration, and D is the duration of the strong ground motion. Equation 4-
1l written in terms of the factors measured in this study is:

X = f(amax D) (4-2)

where ap,is the peak horizontal ground acceleration and D is the duration.
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4.2.2 Magnitude and Distance

Horizontal ground displacement should increase with earthquake magnitude
because both ap..and D generally increase with earthquake magnitude.
Horizontal ground displacement should also decrease with distance from the
energy source because of the attenuation of ground acceleration with distance
from the energy source.

Youd and Perkins, 1987, suggested a relationship for horizontal ground
displacement in terms of magnitude and distance. 1In general terms this
relationship is:

X = £(My,1/R) (4-3)
where M,, is the moment magnitude and R is the horizontal distance from the

site to the nearest bound of the seismic energy release.

4.3 Layer Factors

4.3.1 Thickness of the liquefied zone and zone of low (Npgwithin the
liquefied zomne

It is not clear whether shear deformation is distributed across the
entire liquefied zone or limited to a subzone zone of lower blow counts within
the liquefied zone or concentrated along a definite shear plane within the
layer. Hamada et al., 1986, after studying horizontal displacement from the
Niigata and Nihonkai-Chubu earthquakes, postulated that: "displacements are
surmised to be caused not by sliding on only one particular slip plane in the
soil layer, but by shearing deformation throughout the liquefied layer." Some

observational evidence supports this supposition. Piles that have been
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fractured by lateral spread displacement have generally been fractured and
deformed at multiple points indica£ing a zone of displacement rather than a
single point as might be expected for displacement across a single plane
(Hamada, et al., 1986).

In general, the relationship between horizontal displacement and the
thickness of the liquefied zone should be:

X = £(t) (4-4)
where t is the thickness of the liquefied zone. Two estimates of the
thickness of the liquefied zone were calculated for this study, tgusing the
simplified procedure of Seed et al. 1982, 1983, and t;using the modifications
to that procedure proposed by Liao. Thus

X

f(ty (4-5)

or

X = f(t) (4-6)

There is some evidence that a subzone of low blow counts within
liquefied layer may control displacement. Andrus and.Youd, 1987, concluded
that shearing within silty gravel at a lateral spread near Whiskey Springs,
Idaho was primarily within a 5 ft thick sublayer with low blow counts (N = 5 -
10) located immediately beneath the water table. An underlying layer with
higher blow counts (10-20) was also susceptible to liquefaction but apparently
did not deform. Additionally, in areas where the lower blow-count zone was
above the water table, no appreciable displacement occurred even though
liquefaction analysis shows a considerable portion of the underlying sediment
should have liquefied. These observations suggest a model that incorporates a

low blow count or counts within the liquefied zone as a key factor to model

the shear strength in a weaker zone where most of the deformation may be
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occurring. In general, the relationship between the horizontal displacement
and the (Njp) g0 value should be:

X = £(1/N) (4-7)
where N could be either the low (Njp) ¢ value, the average (Nj) ¢ value, or the

average (Nj) g value minus one standard deviation in the liquefied zone.

4.3.2 Liquefaction Potential

The liquefaction potential, L, defined in section 3.2.2.9.3, for any
given profile increases as factor of safety against liquefaction decreases and
as the thickness of the liquefied zone increases. The relationship between X
and L should be:

X = f(L). (4-8)

Again, both the CSRL curves of Seed et al, (1971, 1982, 1983, NRC 1985) and
Liaoc, 1986, were used to calculate the L. Both results are use in the
analyses herein. The L calculated from the curves of Seed et al. is given the

symbol L and that calculated from Liao's curves is given the symbol L,

4.3.3 Depth to liquefied zone and to low (N4 value
Ishihara, 1985, found that surface manifestations of liquefaction are

dependent on both the thickness of overlying unliquefied sediment and the
thickness of the liquefied layer. To combine the factors, we define a
thickness ratio, T, as the ratio of the thickness of the liquefied zone, t, to
the depth of the top of the liquefied zone, z:

T = t/z. (4-9)
As previously noted, the thickness of the liquefied zone, t, can be determined

by the simplified procedure of Seed and et al., or Liao's 50 percent
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probability curve, thus:
T, = t/zg (4-10)
and
T = tyz (4-11)
In general, the following relationship should exist between the horizontal
displacement and the thickness ratio:
X = £(T). (4-12)
However, if a zone of low blow counts within the liquefied layer is
controlling displacement, it might be more appropriate to use the depth to the
low (Nj) ¢ovalue as the depth factor. Thus,
X = £(1/z¢) (4-13)

where zg is the depth to the low (N ¢ value.

4.4 Topographical Factors
4.4.1 Ground Slope and Free Face

Once a layer has liquefied, the component of gfavity acting parallel to
the ground slope becomes an additional driving force producing downslope
displacement. Hamada, et al., 1986, found that horizontal displacement
correlated with the ground slope or the gradient of the base of the liquefied
zone. For most of the case studies we compiled, there is inadequéte
subsurface data to define the slope of base of the liquefied zone. Therefore,
we use the ground slope in our analyses. For cases where a free face is
present, we steepened our estimate of the ground slope to the bottom of the
channel or depression. The general relationship of horizontal displacement
and ground slope, S, is:

X = £(S) (4-14)
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Where a free face is near, the liquefied sediments may not be as
constrained as in the absence of the free face, and larger displacement may
occur. We tabulated the distance, X, from points where displacements were
measured to the nearest free face and include it as a predictor variable in
our models. In general, the relationship between horizontal displacement and

the distance to the free face is:

X = £(1/F) (4-15)

4.5 Preliminary Functional Regression Models

The models fashioned below include seismic factors, layer and soil
factors and topographical factors. 1In general, they may be classified into
two general groups based on the seismic factors: 1) acceleration - duration
models and 2) magnitude - distance models. The topographical factors (i. e.
ground slope and distance to free face) are common to all models. However,
the layer and soil factors (thickness/depth, liquefaction potential, (Npeo
depth), are interchanged from model to model. This will allow us to test
which layer and soil factors are better predictors of ground displacement
while controlling the influence of the seismic and topographical factors. The

general forms of the models we tested are presented below.
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MODELS TESTED

Acceleration Duration Thickness/Depth Slope Free Face Model

InX=y,+blna,,,+clnD+d1lnT+elnS + £fI1lnF (4-16)

Acceleration Duration Liquefaction Potential Slope Free Face Model

ln X =ys+blnaj,+clnD+dlnL +elnS+ £f1lnF (4-17)

Acceleration Duration (N Depth Slope Free Face Mcdel

InX=y,+blnag,,+clnD+dlnN+elnz+flnS +glnPF (4-18)

Magnitude Distance Thickness/Depth Slope Free Face Model

In X =y,+bMyg+clnR+d1InT+elnS + £ 1lnF (4-19)

Magnitude Distance Liquefaction Potential Slope Free Face Model

In X =y,+b Mg+ 1InR+1InN+1InD+ 1nS + 1ln F (4-20)

Magnitude Distance {(Ny¢o Depth Slope Free Face Model

In X =y,+bMg+clnR+d1lnN+elnz+ £ 1lnS + g ln F(4-21)

where yyb,c,d,e,f,g are regression constants.

4.6 Preliminary Evaluation of Our Regression Models
To see if these functional empirical models for predicting ground
displacements have any significance, we conducted preliminary analyses using

the data complied in the appendix.

4.6.1 Pairing of the Dependent Variable with the Independent Variables
Two methods of pairing the independent variables with the dependent
variable were used to analyze the models listed above. 1In the first pairing

scheme, a boring log and the corresponding layer and topographical
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measurements (i.e., independent variables, e.g. thickness of the ligquefied
zone, depth to liquefied zone, slope of ground surface at boring, distance
from boring to free face, etc.) were paired with a unique horizontal
displacement (dependent variable). Two pairing situations arose which
required some interpretation. First, some of the sites had only a few
displacement measurements recorded in the vicinity of several drill holes and
the proximity of the measured displacements to the individual borings was not
clear. Second, in contrast, some sites showed several measured displacements
near one boring. For the first set of regression analyses, the following

pairing was tried:

1) Each measured displacement at a particular site was paired with the
boring closest to the displacement.

2) 1If only one dispiacement existed for several borings and the
location of the displacement in respect to the borings was uncertain,
the boring that had the highest liquefaction potential, L, was paired
with the measured displacement.

3) Where several measured displacements were clustered around a boring,
the measured displacement nearest to the boring was chosen for pairing
with the boring.

4) When the ground slope at the measured displacement was known, this
slope was used for pairing with the displacement. If the ground slope
at the measured displacement was not recorded, an average ground slope
for the failure was determined from cross sections or topographical maps

and paired with the measured displacement.
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Of the 111 bore hole records tabulated in the appendix, 92 boring -
displacement pairs were established. Preliminary regression analyses
performed using these 92 borings - displacement pairs yielded low coefficients
of determination, ranging from 0.11 to 0.27 for the various models. The
following factors may have contributed to the poor predictions from the first

set of analyses:

1) The pairing of a measured displacement with a boring that best
represents the liquefied layer properties for that particular
displacement involves some judgement. In cases where only one
displacement was recorded for a group of borings, the selection of the
boring with the highest liquefaction potential, L, for pairing with the
measured displacement may not be a good approach.

2) It is difficult to define the ground slope at a particular boring.
Many borings were from bridge investigations and are located at the top
of a slope, edge of a stream bank or at the toé of a slope where the
slope is abruptly changing. The adjacent topography may have a
congiderable affect on the ground displacement. Obvicusly, the slope of
a line tangent to the topography at the point in consideration may not
represent the influence of adjacent topographical relief.

3) The distance from the measured displacement to the free face was
often estimated.

4) Estimation or poor measurement of other predictor variables in the

database may have increased the variance and experimental error.
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A second method of pairing the independent variables with the dependent
variable was used. For the second set of regression analyses performed, data
were combined by averaging segments of layer and topographical measurements
(e.g., thickness of the liquefied zone, depth to top of the liquefied zone,
low (Ny¢gvalue, depth to low (Nj)g etc.) where only one displacement was
reported at a site and several borings were available. Likewise, where
several displacements were reported for a given cross section, the cross
section was divided into segments that appeared to displace as a block (see
figures 6 & 7). The displacements were averaged throughout the block and the
layer and topographical measurements for that segment were combined
(averaged). The averaging of displacements within a block made the distance
from the averaged displacement to the free face meaningless so it was excluded
from the second analyses.

The averaging of site factors decreased the variability of the predictor
variables and not surprisingly the coefficient of determination increased for
all models. Model 4-16 gave the best fit to the compiled data set. Overall,
our analysis indicates that model 4-16 is statistically significant model at
the 99 percent confidence level. However, a relatively low coefficient of
determination (r2= 0.34) indicates that the model is explaining only 34
percent of the variability found in the measured displacements. Therefore, we
refrain from reporting the coefficients for model 4~16 until our measurements
of the independent variables are refined and better results are obtained.

Additionally our analysis of model 4-16 shows that coefficients for
gtrong motion duration and the thickness of liquefied zone divided by the
depth to the top of the zone are significant predictors of displacement at the

95 percent confidence level. However, the acceleration, slope and free face
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coefficients were not significant at the same degree of confidence. We do not
wish to imply that these factors do not affect ground displacement, but we do
suggest that our definition and measurements of these factors needs to be

improved by further research.

4.7 Observations and Conclusions about the Empirical Models Tested

We offer the following observations and comments regarding the general
performance of all empirical models tested. The results of these are very
preliminary and appear to have mixed degrees of statistical and intuitive
significance. These observations may change as our database is enlarged and
improved. Performance of the models was judged by the strength of the
relationship (as indicated by the coefficient of determination) and the
correctness of the relationship (e.g. horizontal displacement increasing with
slope, horizontal displacement decreasing with distance from the energy

source, etc.).

1) Many of the maximum ground accelerations, apy,x and most of the strong
ground motion durations used in the acceleration - duration models were
calculated from magnitude - distance attenuation relationships which may
not be representative of actual site accelerations and durations.
Refinement of the estimates for these factors may produce better
predictions from acceleration - duration models. Additionally, models
that included acceleration and duration for the seismic predictor
variables gave slightly better results than models that used magnitude
and distance for the seismic predictor variables. The distance

relationship in the magnitude - distance models was wrong in some cases
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2)

(these models were predicting slightly increased horizontal displacement
with increasing distance from the source of the earthquake). The
reasons for this anomaly are unclear. Perhaps the predominance of sites
that are 15 miles or less from the zone of energy release is causing
horizontal displacement to appear to be somewhat independent of
distance. The acceleration - duration models did predict the right
relationship (horizontal ground displacement increasing with maximum
acceleration and duration of earthquake shaking) in most cases.

However, some of the maximum ground accelerations and most of the strong
motion durations reported by this study for the sites were calculated
from magnitude - distance relationships. This suggests that magnitude -
distance models may ultimately perform as well as acceleration -

duration models.

Preliminary models that used the thickness ratio, T, had higher
coefficients of determination than models that use a low (Njp, average
{(N1))go or average (Nj) ¢ minus one standard deviation. It appears that
the total thickness of the liquefied zone is better estimator of
horizontal ground displacement than any of the various (Nj) 4 values
tested. This suggests that the larger horizontal displacements can be
expected where thicker zones of potentially liquefiable sediments exist.
For most cases studies, it appears that a zone of low blow counts within
the liquefied layer may not influence the horizontal displacement as

much as the total thickness of the liquefied zone(s).
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3)

4)

5)

Models that used the liquefaction potential, L, (see section 3.2.2.9.3),
as a predictor variable had lower coefficients of determination than
models that used the thickness ratio, T. This observation is comparable
to the observation made by Hamada et al., 1986. 1In their study, the
index of liquefaction potential Pj, which is similar to L, did not
correlate with horizontal displacement as well as the total thickness of

the liquefied zone.

Models which used the simplified procedure of Seed et al., 1971, 1982,
1983, NRC 1985, to define the thickness of the liquefied zone yielded
slightly higher coefficients of determination than models which used
Liao's 50 percent probability curve (Liao, 1986). However, these
differences were small and the use of either procedure should give

comparable results.

The inclusion of ground slope as a predictor variable did not
significantly improve the coefficient of determination for most models.
However, we do not imply that ground slope does not influence horizontal
displacement. The averaging of displacements, layer measurements, and
slopes at some sites, as was done for the second set of regression
analyses, probably tended to obscure the influence of slope on the
amount of horizontal displacement and reduce its correlation with
displacement. Additionally, the influence of the free face on
horizontal displacement could not be adequately tested by this study.

An attempt was made to use a horizontal distance measured from the point

of displacement to the free face as a predictor variable. But when
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several borings were combined and displacements averaged for a
displacement block, as was done for the second set of regression
analyses, the horizontal distance to the free face became difficult to
define and its local affect on ground displacement was obscured. In
order to more adequately model ground displacement near a free face,
more research is needed to understand the free face's relationship to
ground slope and depth to the liquefied zone and how these factors

combine to influence ground displacement.

4.8 Preliminary Evaluation of Hamada et al., 1986 Regression Model

In this section, we report some preliminary tests we have made of on the
performance of the regression equation reported by Hamada et al., 1986 (see
section 2.5.4) by calculating the coefficient of determination, rzfor the
measured versus predicted displacements for Japanese and U.S. case studies.

From displacements and other data measured at liquefied sites in
Niigata, Noshiro and Juvenile Hall during the respective 1964 Niigata, 1983
Nihonkai-Chubu and 1871 San Fernando Earthquakes, Hamada et al., 1986,
developed the following regression equation to predict horizontal
displacement:

D = 0.75 H%%8g03 (4-22)
where D is the horizontal displacement in meters, H is the thickness of the
liquefied zone, in meters, determined from the Japanese Code of Bridge Design,
and S is the larger of the gradient of the ground surface or the lower
boundary face of the liquefied zone in percent.

Hamada et al., 1986, present a scatter plot of observed versus predicted

displacements to visually show the performance of their model (see Figure 15).
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(Normally, the coefficient of

determination, r% is used to compare the usefulness of a regression model.
The coefficient of determination may be found squariﬁg r). The value of r?
for Hamada's model is approximately 0.58. 1In short, this means that the
predictor variables (i.e., H and S) are explaining 58 percent of the
variability found in the measured displacements.

To be consistent with Hamada's analysis, we used the Japanese Code of
Bridge Design curves to calculate H. However, one of the basic assumptions of
regression analysis is that the predictor variables can be measured without
error (i.e., the value for the measurement can be exactly determined). H and
S as used by Hamada et al., require some analysis or interpretation to

quantify these factors. For example, H cannot be directly measured but is

calculated from SPT and grain size data and applying the analysis outlined by
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the Japanese Code of Bridge Design. H was then interpolated and extrapolated
from borehole to borehole (see figure 6 and profiles in appendix) to establish
a mean thickness for a displacement block.

Additionally, S, as defined by Hamada et al., requires that the larger
value of the ground slope or slope of the bottom of the liquefied zone be
used. In cases where a free face was present, Hamada et al., steepened their
measurement of slope into the channel bottom. Obviously, there is some
interpretation involved in S, especially when topographical relief is
undulating or when a displacement has occurred at the base of a hill or near a
depression or channel. Also, the slope of the bottom of the liquefied zone is
subject to interpretation largely due to interpolation and extrapcolation of
this boundary between boreholes.

In order to corroborate Hamada's model and see if our reduction of H and
S is consistent with their study, we independently determined H and § from the
SPT logs and profiles and applied them to Hamada's model to predict measured
displacements at Niigata and Noshiro. For S, we used the greater value of the
ground slope or the slope to the base of the free face if one existed. This
measurement of S is similar to that of Hamada et al., except that we neglected
to use the slope of the base of the liquefied layer for cases where it
exceeded the ground slope.

The r? for measured versus predicted displacements from our reduction of
H and § was significantly lower than the rzreported by Hamada (0.1 compared
with 0.58). Our lower result may indicate: 1) our reduction of the SPT and
profile data to determine H and S may not be consistent with the methods used
by Hamada et al. Because some interpretation is involved in obtaining the

independent variables H and S, we are obviously introducing considerable
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error by our methods of estimating H and S, and 2) the use of ground slope
instead of the slope of the bottom of the liquefied zone may produce poorer
estimates of displacement for cases where the latter slope is steeper than the
former.

To evaluate the performance of Hamada's equation for predicting
displacements at U.S. liquefaction sites, we used it to predict the measured
displacements compiled by our research. Figure 16 is a scatter plot of the
measured versus predicted displacements for U.S. and Japanese sites. There is
a poor prediction for some of the U.S. sites. Some possible reasons for the

poorer predictions are:

1) Seismic conditicons for our U.S. case studies vary significantly from
those seismic conditions reported for Niigata and Noshiro Cities and
Juvenile Hall. Niigata and Noshiro Cities (which make up more than 90
percent of the data set), experienced relatively similar magnitudes
earthquakes (7.5 and 7.7 respectively) and maximum site accelerations
(0.16 and 0.25 g). Our set of U.S. case studies includes earthquake
magnitudes which range from 6.6 to 9.2 M, and site accelerations from
0.09 to 0.60 g. Furthermore, earthquake magnitude, maximum site
acceleration and duration of ground shaking may influence ground
displacement beyond the influence incorporated in defining H. (Note:
Earthquake magnitude and maximum acceleration are used in Japanese Code
of Bridge Design to calculate the thickness of the liquefied zone). H,
as thus defined, combines the influence of soil and seismic factors on
displacement. Perhaps, the use of another layer factor (which is

independent of earthquake magnitude and maximum acceleration) and the
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inclusion of a seismic factor in the model will improve predictions for
a wider range of seismic conditions.

2) Particle size of the liquefied soil appears to affect displacement.
The soils that liquefied in Japan were relatively thick homogeneous
deposits of clean, uniformly-graded medium sand. In contrast, U.S.
sites display a spectrum of liquefied soil types: from sand to silty
sand to silt and from gravel to sandy gravel to silty gravel. For
example, displacements were greatly over-predicted for gravelly U.S.
sites such as Whiskey Springs and Pence Ranch. Also, displacements were
over-predicted for some U.S. silty sites such as Heber Road and
Wildlife. Mean grain size should be included in the model.

3) oOur techniques for estimating H and S for U.S. sites may not be

consistent with those of the Japanese investigators.
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Figure 16 Measured Versus Predicted Displacement
from Hamada et al.,1986 Regression Equation for
U.S. and Japanese Liquefaction Sites.

In summary, the equation proposed by Hamada et al., appears to yield
reasonable predictions for liquefaction sites experiehcing 7.5 M earthquakes
and comprised of relatively clean, medium grained sands. However,
extrapolation of the Japanese regression equation beyond these conditions may
yield poorer predictions. Additionally, there is interpretation involved in
defining S which introduces error into the regression analysis and may result

in poorer predictions.
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CHAPTER S5: SUMMARY AND CONCLUSIONS

Considerable progress has been made since the 1964 Niigata and 1964
Alagskan earthquakes in understanding the liquefaction process and predicting
its occurrence. However, only limited progress has been made in developing
methods for estimating ground failure displacement resulting from
liquefaction. The principal task of this study was to compile case history
data from several major earthquakes in order to develop a database to study
liquefaction induced ground failure. Several seismic, geological,
stratigraphic, soil and engineering factors were defined and tabulated from
case studies of lateral spreads. Measurements were tabulated for the 1906 San
Francisco, 1964 Alaska, 1964 Niigata, 1971 San Fernando, 1979 Imperial Valley,
1983 Borah Peak, 1983 Nihonkai-Chubu and 1987 Superstition Hills earthquakes.

Youd and Perkins, 1987, with the liquefaction severity index, LSI,
formulated one of the first empirical relationships to predict horizontal
ground failure displacement. They postulated that amount horizontal ground
failure displacement at a site is directly related to the intensity of the
ground shaking and its duration and that both of these variables are
ultimately functions of the earthquake magnitude and the distance to the zone
of earthquake energy release. Youd and Perkins 1987 also listed several site
properties that may influence the amount of horizontal ground failure
displacement. Because site data was not available for most of the case
histories they considered, they selected a single geologic environment in an
attempt to minimize site condition variability. Their liquefaction severity

index, LSI, is based on the maximum reported ground failure displacement on
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lateral spreads within the type setting and is expressed as a function of
earthquake magnitude and distance to the energy source.

Ishihara, 1985, showed that liquefaction induced ground failure is
related to the thickness of the overlying sediment and the thickness of the
liquefied layer. Hamada et al, 1986, using standard penetration data and
slope measurements, formulated an empirical equation to predict horizontal
ground failure displacement from the slope and thickness of the liquefied
zone.

The estimation of horizontal ground failure displacement is a complex
problem which involves the consideration of both seismic and site factors.

The Youd - Perkins model emphasizes seismic factors (magnitude and distance to
the source) and attempts to normalize the affects of site factors. In
contrast, the empirical model proposed by Hamada et al., 1986, emphasizes some
site factors such as slope and thickness of the liquefiable layer, but does
not consider the influence of seismic factors. We have used the concepts of
these workers and observations from the review of several liquefaction induced
ground failures to formulate more comprehensive models based on seismic and
site factors to predict horizontal ground failure displacement.

Preliminary regression analyses were made of the compiled data in the
case histories to test preliminary models that predict horizontal ground
displacement. Preliminary results indicate that models which include strong
ground motion duration, thickness of the liquefied zone and the depth to the
top of the liquefied zone are significant at the 99 percent confidence level.
It also appears that the thickness of the liquefied zone is better predictor
of horizontal ground displacement than any of the various (Nj) ¢ factors

tested. This suggests that larger horizontal displacements can be expected
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where thicker layers of liquefiable sediments exist.

Models that include acceleration and duration for the seismic predictor
variables gave slightly better results those that used magnitude and distance
for the seismic predictor variables. However, this result is preliminary and
could change with further analyses. Some of the maximum ground accelerations
and most of the strong motion durations reported by this study for the various
sites were calculated from magnitude - distance relationships. This fact
might suggest that the acceleration - duration models might be ultimately
expressed as magnitude - distance models.

The effects of ground slope and the presence of a free face on
horizontal ground displacement could not be adequately modeled from the
researched data set. The geometry of the free face and its relationship with
the liquefied layer need to be more rigorously defined and measured. Grain
size of the liquefiable sediments also apparently affects displacement and
should be included in the empirical model.

More research is needed to refine and extend the case histories
presented in the study. 1In addition, more refined measurements of key factors
is needed to reduce error in the data set and to improve the statistical
significance of the predictor variables used in the preliminary models. We
are encouraged by the partial success that empirical models have shown and
look forward to the time when more comprehensive models give the practicing
engineer an adequate means to assess the potential severity of liquefaction

induced ground failure.
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