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ABSTRACT

Liquefaction-induced lateral spreading deformations can significantly affect the seismic performance of bridge
pile foundations, shallow foundation systems, and critical underground infrastructure. Current simplified ap-
proaches for predicting lateral spreading displacements largely neglect complex ground motion, material, hy-
draulic, and topographic factors that influence them. Newmark sliding block analyses based on back-calculated
liquefied shear strengths have also been proposed for prediction of lateral spreading displacements. However,
certain assumptions of the sliding block method (e.g., deformations along a discrete failure surface, rigid per-
fectly-plastic soil behavior, and constant shearing resistance) are inconsistent with the actual mechanics of
lateral spreading. In this study, the applicability of sliding block analyses to lateral spreading displacement
prediction was assessed in terms of biases in displacement predictions and uncertainty in both predicted dis-
placements and the back-calculated shear strengths upon which they are based. A probabilistic analysis using the
sliding block-based framework indicated that significant uncertainties, primarily related to characterization of
the liquefied soil and record-to-record ground motion variability, resulted in extremely low precision in both
predicted displacements and back-calculated shear strengths. Furthermore, a comparative analysis between
sliding block, empirical, strain potential-based, and numerical methods showed that the sliding block model
generally produced significantly lower displacement predictions than the other approaches. These sources of
uncertainty and biases in the sliding block framework have a strong impact on the evaluation of lateral spreading
in both traditional and performance-based frameworks.

1. Introduction

Liquefaction-induced lateral spreading has caused significant da-
mage to bridges, embankments, wharves, pipelines and other important
elements of infrastructure in many past earthquakes. Lateral spreading
occurs when liquefaction is triggered in soils beneath sloping ground
surfaces or under flat ground adjacent to slopes such as riverbanks,
shorelines, and embankments. The ground deformations associated
with lateral spreading are often irregular in amplitude and location, and
can impose significant deformation demands on structures supported
on, or on foundations extending through, liquefiable soil deposits.

Geotechnical engineers are often called on to estimate permanent
deformations caused by lateral spreading, either for the resilient design
of structures it may affect, or for the design of soil improvement mea-
sures that may be used to mitigate the lateral spreading hazard. Because
the mechanics of lateral spreading are so complex, lateral spreading
deformations have historically been estimated by empirical methods
based on correlation to case history observations. More recently,
methods based on both simple and more complex dynamic analyses
have been used for estimation of lateral spreading displacements. The
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simple methods take the form of sliding block analyses, which have
been proposed, most recently [18], for use with sliding resistances tied
to the residual strength of the liquefied soil. This paper examines the
assumptions inherent in sliding block analyses and the various steps
involved in applying them to the lateral spreading problem, and as-
sesses the uncertainty inherent in sliding block estimates of lateral
spreading deformations. Finally, the sliding block method is compared
against three other lateral spreading frameworks to evaluate its ability
to predict lateral spreading displacements across a wide range of site
and earthquake source conditions.

2. Background

Lateral spreading is a form of slope instability that involves both
transient inertial loading and simultaneous changes in soil stiffness and
strength. It is influenced by both the mechanical and hydraulic beha-
vior of the soil and porewater, and can be sensitive to site conditions
that are difficult to characterize in advance of an earthquake. This si-
tuation leads to significant challenges in estimation of lateral spreading
deformations, and a number of different approaches to meeting those

Received 30 September 2017; Received in revised form 29 March 2018; Accepted 25 April 2018

0267-7261/ © 2018 Elsevier Ltd. All rights reserved.

Please cite this article as: Makdisi, A.J., Soil Dynamics and Earthquake Engineering (2018), https://doi.org/10.1016/j.soildyn.2018.04.040



http://www.sciencedirect.com/science/journal/02677261
https://www.elsevier.com/locate/soildyn
https://doi.org/10.1016/j.soildyn.2018.04.040
https://doi.org/10.1016/j.soildyn.2018.04.040
mailto:ajmakdisi@gmail.com
https://doi.org/10.1016/j.soildyn.2018.04.040

A.J. Makdisi, S.L. Kramer

challenges have been proposed.
2.1. Seismic Slope Stability

Evaluation of the seismic stability of slopes begins with evaluation
of static stability, which is usually performed using limit equilibrium
analyses. Limit equilibrium analyses (LEA) typically consider the
driving stresses acting on a potential failure surface, and compare them
to the available shear strength along the surface via the factor of safety.
The factor of safety, FS, is taken as an index of the static stability of the
slope — FS < 1.0 implies “failure,” but does not provide any indication
of the consequences of that failure. Limit equilibrium analyses imply
rigid-perfectly plastic material behavior on and above the failure sur-
face.

The earliest, and still frequently used, form of seismic slope stability
analysis is pseudo-static analysis. Pseudo-static analysis is an extension
of the LEA, whereby seismic loading is represented by a horizontal force
that is added to the driving forces above the failure surface, which
generally acts to destabilize the slope relative to the static condition.
The representation of seismic loading in this manner is a significant
over-simplification, as the inertial forces induced by earthquake
shaking are not constant and act in both the downslope and upslope
directions. Furthermore, the pseudo-static factor of safety still provides
no indication of the potential consequences of failure. The pseudo-static
approach can be used to compute the acceleration amplitude at which
the pseudo-static factor of safety is equal to 1.0, which is referred to as
the yield acceleration, a,, of the slope. Yield accelerations can be
computed for sliding in both the upslope and downslope directions; a,
for upslope sliding is usually so much higher than that for downslope
sliding that one-way sliding in the downslope direction is generally
assumed in such analyses.

Recognizing that relative displacements between the materials
above and below a failure surface would occur (under the rigid-per-
fectly plastic assumptions of LEA) when the yield acceleration was
exceeded, Newmark [16] proposed a method of deformation analysis
based on a sliding block moving relative to a frictional surface. The
conventional sliding block analysis assumes that a rigid failure mass
will begin to slide with constant shearing resistance on a discrete failure
surface when it is subjected to a base acceleration greater than the yield
acceleration, and will continue to do so until the acceleration drops
below a, long enough for the slope to decelerate to zero relative velo-
city. The relative acceleration can be double-integrated over time to
compute the relative displacement of the failure mass. Fig. 1 shows the
time history of displacement of a seismically unstable slope and the
shear stress-displacement history computed from a one-way sliding
block analysis, which is the approach used to develop the 0J08 sliding
block procedure. The shear stress-displacement history shows the rigid-
perfectly plastic behavior of the interface — the unstable soil does not
move until the strength of the interface is reached, so it is either not
moving or is moving with a constant shearing resistance. The dis-
placement increases (and only increases) in a series of incremental steps
when the shear strength is reached.

2.2. Liquefaction and lateral spreading

Fig. 2 shows a time history of shear strain and the stress-strain be-
havior from a cyclic simple shear test performed on a sand sample
subjected to transient loading under an initial, static shear stress, which
is representative of conditions that exist in the field during lateral
spreading. The stress-strain behavior shows a relatively high initial
stiffness, extreme softening as pore pressures develop, and evidence of
dilation-induced stiffening due to phase transformation behavior — a
complex behavior that is clearly very different from the simple rigid-
perfectly plastic behavior implied by the assumptions of the sliding
block model. The shear strain time history shows strain developing in a
series of both positive and negative increments, but with an overall net
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Fig. 1. Results of typical sliding block analysis: (a) shear stress-displacement
behavior on interface with 5kPa strength and (b) sliding displacement history.

positive permanent strain of nearly 15% due to the initial static shear
stress applied to the specimen. The available shearing resistance is
never constant.

In the field, the deformations produced by lateral spreading are
typically distributed over the thickness of a liquefiable layer. The li-
quefiable layer can be visualized as a stack of sublayers each responding
to the loading imposed upon them in the complex manner of the test
specimen shown in Fig. 2. The total displacement of the layer would be
equal to the sum of the products of the strain and thickness of each
sublayer.

2.3. Lateral spreading case histories

Most lateral spreading models are empirically-based. Some are di-
rect empirical models obtained by regression against lateral spreading
case histories, some are based on laboratory data and field case his-
tories, and some use case histories to validate numerical analyses.
Sliding block lateral spreading models fall into the latter category, so an
examination of their applicability requires examination of the case
history data used in their development. A case history database de-
veloped by Olson and Johnson [18] to back-calculate shear strength
ratios used in their sliding block model, can be compared to the pre-
viously established database used by Youd et al. [25] to develop their
direct empirical model. While the OJO8 database is considerably
smaller (39 case histories) than the Youd database (484 cases), it
samples from a more even distribution of sites and events. Over 75% of
the case histories in the Youd et al. database come from only two events
(1964 Niigata and 1983 Nihonkai-Chubu), resulting in a source-site
distance distribution that is skewed heavily towards these two events
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Fig. 2. (a) Shear stress-strain behavior and (b) shear strain history from cyclic
simple shear test on Nevada Sand (Dg = 73%) subjected to transient loading.

L = Distance from toe of free face to site

H = Height of free face (crest elev. - toe elev.)

W = Free-face ratio = (H/L) (100), in percent

S = Slope of natural ground toward channel in percent

Fig. 3. Notation for geometries of ground-slope and free-face sites (after [1]).

(21 and 27 km, respectively). The OJO8 database contains a compara-
tively even distribution of source-site distances about its median of
about 9km. The two databases also differ in the types of site topo-
graphies contained in each. Nearly 80% of the cases surveyed by Youd
et al. involved sites with ground slope inclinations less than 1%. On the
other hand, nearly 75% of cases in the OJO8 database correspond to
free-face sites Fig. 3. For those case histories, free-face ratios averaged
about 23%. Bartlett and Youd [1] indicated that ground deformations
tend to be influenced by effects other than lateral spreading at free-face
ratios greater than 20%. Thus, the displacements in a significant frac-
tion (over 60%) of the cases in the OJO8 database may be influenced by
mechanisms other than lateral spreading.

A particularly well-documented case history of lateral spreading
was that observed at Moss Landing in the 1989 Loma Prieta earthquake
[4], where it caused damage to roadways and to the Moss Landing
Marine Laboratory. Fig. 4 shows the soil profile at one of the lateral
spreading sites along with ground displacements measured with an
inclinometer at a casing installed before the earthquake. The lateral
displacements were associated with a medium dense sand layer that
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Fig. 4. Subsurface conditions and measured lateral displacement profile from
Moss Landing lateral spread case history [4].

extended from about 2.0-3.6m depth. Correcting for overburden
pressure, the median (N;)go value of that layer was 20 blows/ft. The
displacements can be seen to be distributed relatively evenly over the
thickness of the sand layer rather than accumulating on a very thin,
discrete failure surface.

Another lateral spreading case history with a relative plethora of
data was the Wildlife liquefaction array in Southern California, located
at the southern terminus of the San Andreas Fault. During the 1987
Superstition Hills earthquake, an array of ground motion recording
equipment and pore pressure transducers captured key data when a
3 m-thick layer of loose, saturated sand liquefied at the site, resulting in
moderate displacements of about 20 cm towards the Alamo River [3].

2.4. Sliding block analyses of lateral spreading displacements

Castro [7] was the first to suggest the potential applicability of the
sliding block method in an analysis of the Heber Road lateral spread
from the 1979 Imperial Valley earthquake. Baziar et al. [2] also sug-
gested the use of sliding block analyses for predicting lateral spreading
displacements, although emphasizing that characterizing the post-li-
quefaction residual shear strength could be problematic.

More recently, Olson and Johnson [18] presented a sliding block
procedure for prediction of lateral spreading displacement. The proce-
dure involves the performance of sliding block analyses with yield ac-
celerations computed using residual strengths assigned to liquefied
layers. The procedure was developed by back-calculating liquefied
shear strengths from 39 lateral spread case histories in two stages. First,
sliding block analyses were used to estimate the yield acceleration of
each lateral spread. A suite of 20 acceleration time histories was com-
piled for each case history, based on the magnitude, rupture mechanism
and site conditions associated with that case history. All of the motions
were then scaled to the observed or estimated PGA at the site. The
motions were then used as inputs to a series of one-way sliding block
analyses for a range of yield accelerations. The displacement observed
in the field was then used to determine the median yield acceleration
for the case history (Fig. 5a). Both the observed displacement and
median yield acceleration were treated as known, deterministic quan-
tities.

In the second stage, a series of pseudo-static slope stability analyses
were used to compute the liquefied shear strength ratio (ratio of shear
strength of liquefied soil to initial vertical effective stress) that corre-
sponded to the median yield acceleration computed in the first stage.
Using the available site data for each case history, a soil profile of the
lateral spread was generated for limit equilibrium slope stability ana-
lysis. Then, a series of pseudo-static analyses were performed using
search functions to locate the critical failure surface, the liquefied
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Fig. 5. Schematic illustration of Olson and Johnson [18] framework for back-
calculation of MSR from observed displacement.

strength ratio of the liquefiable material was varied to establish a re-
lationship between yield acceleration and liquefied strength ratio
(Fig. 5b). The liquefied strength ratio determined in this manner was
treated as a known, deterministic quantity.

When the back-calculated liquefied strength ratios (S, uq/0"vo) for
the 39 case histories were plotted against their in situ penetration re-
sistances (N;)go and g.;, Olson and Johnson [18] concluded that the
data coincided with the strength ratios back-calculated from liquefac-
tion flow failures by Olson and Stark [17] (Fig. 6). It was also proposed
that the same relationship used to estimate mobilized strength ratios
from CPT and SPT penetration resistances for flow failures could be
used to compute yield accelerations used in sliding block predictions of
lateral spreading displacements.

Despite the relative ease of applicability of a sliding block procedure
for evaluating lateral spreading displacements, a number of compo-
nents of the OJO8 sliding block framework have provoked discussion.
Moss and Hollenback [15] discussed the uncertainties involved in
characterizing SPT and CPT values for the OJO8 case histories. Speci-
fically, they noted that 10 of the 39 cases featured only one (or in two
cases, neither) of the two test methods; the authors instead relied on
published correlations to convert between Swedish Cone (SWS), SPT,
and CPT values. The discussers indicated that using such correlations
introduced coefficients of variation (C.0.V.) of approximately 40-120%
to the penetration resistance estimate. Park and Kutter [19] analyzed
the uncertainties in the correlation equations between penetration re-
sistances and mobilized strength ratio [17] used by 0J08, and found
that the coefficient of correlation (R?) was about 0.4 for the lateral
spread dataset. This low R? value suggested that there is considerable
uncertainty in the relationship between the in situ penetration
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and mobilized shear strength ratios, for (a) SPT and (b) CPT data [18].

resistances and mobilized strength ratios estimated by Olson and
Johnson [18]. Park and Kutter [19] also noted the strong sensitivity of
computed displacement to mobilized strength ratio and pointed out the
need to examine computed displacements based on both the upper and
lower bounds of the Olson and Stark [17] relationship.

2.5. Issues in the application of sliding block analyses to lateral spreading

The preceding sections have described sliding block analyses, li-
quefaction and lateral spreading, and an available procedure for esti-
mation of lateral spreading displacements using sliding block analyses.
They also pointed out a number of inconsistencies with the actual
mechanics of lateral spreading that must be considered when evalu-
ating the applicability of sliding block analyses to lateral spreading
problems. They have also reviewed uncertainties pointed out by other
in various correlations used in the development of the OJO8 sliding
block procedure

Sliding block models assume that deformations are concentrated
along a single, discrete sliding surface, and only accumulate displace-
ments when the shear strength along the sliding surface, which is as-
sumed constant, is exceeded. On the other hand, lateral spreading de-
formations are generally distributed throughout the thickness of the
liquefiable material, and can develop due to plastic deformations at
shear stresses lower than the shear strength of the soil, which varies
significantly over time. Additionally, sliding block models can be per-
formed with two-way sliding either allowed or inhibited. While most
slope stability problems do not require a two-way sliding analysis, the
flat slopes upon which lateral spreading frequently occurs leads to a
relatively low upslope yield acceleration and allows development of
incremental displacements in both the upslope and downslope direc-
tions.

There are also a number of issues involved in developing a practical
and useful sliding block model for accurate, unbiased prediction of
lateral spreading displacements over the range of conditions that geo-
technical engineers are typically concerned with.

Chief among these issues is the distribution of data used to build the
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empirical model. Current lateral spreading databases are not large, and
some are dominated by a small number of different earthquakes, soil
types, and soil stratigraphy. Additional consideration should be given to
how the loading for a given case history is characterized. Ground mo-
tion recordings are almost never available at lateral spreading sites, and
thus loading must be estimated using ground motion intensity mea-
sures, indirect measures of loading (e.g., magnitude and distance), or
time histories with similar characteristics to those expected to have
occurred at the site. Because lateral spreading displacements can be
highly sensitive to the characteristics of the input ground motion, such
procedures involve significant uncertainty. If ground motion time his-
tories are used to characterize loading, the method used to select them
will play a critical role in the suitability of the sliding block application.
Olson and Johnson [18] related sliding block displacements to yield
accelerations using suites of ground motions scaled to PGA — while this
ensures consistency of high-frequency components, lateral spreading
deformations occur at soft sites in extremely soft deposits of liquefied
soil, and respond more strongly to low-frequency ground motion
components.

There is also significant uncertainty in the characterization of a
lateral spreading site. Difficulties and complications exist in assigning a
single penetration resistance [23] — Olson and Johnson [18] used
average penetration resistance over relatively large thicknesses, but
lateral spreading deformations are likely to be associated with the
looser portions of a layer of liquefiable soil. There is also the issue of
characterizing the observed displacements in a lateral spread, which
often involves complex distributions of deformations occurring in dif-
ferent directions, via a single estimated value. Finally, current proce-
dures require the slope geometry to be idealized as either a free face or
a ground slope, while actual slope topographies may contain elements
of both geometries, or may not fit well into either idealized category.
All of these issues, those associated with the sliding block model itself
and those associated with its application to lateral spreading problems,
suggest that lateral spreading displacements computed from sliding
block analyses should be considered to be uncertain. In an effort to
quantify the level of uncertainty in these computed displacements, a
probabilistic analysis of the sliding block procedure was undertaken.

3. Probabilistic evaluation of sliding block-based method

The sliding block procedure uses a mobilized strength ratio com-
puted from a back-calculated yield acceleration to predict lateral
spreading displacements. To evaluate the uncertainty in lateral
spreading displacement predictions, it is necessary to evaluate the un-
certainty in both the back-calculated yield accelerations and back-cal-
culated liquefied strength ratios.

In this section, a probabilistic version of the OJO8 back-analysis
procedure is illustrated for a well-known case history analyzed by Olson
and Johnson [18]. The goal was to produce estimates of the distribu-
tions of yield acceleration and liquefied shear strength, rather than as
discrete, deterministic quantities. The case history analyzed is the
Monterey Bay Aquarium Research Facility (MBARI 3) in Moss Landing
where 25 cm of permanent ground surface displacement (Fig. 4) was
observed in the 1989 Loma Prieta earthquake [4]. This case was se-
lected due to its well-documented nature; ground movements and
subsurface conditions were well investigated and documented, lique-
faction was found to have occurred in clearly defined, continuous
strata, and ground motions could be reasonably well estimated.

Ground motion characteristics for the MBARI 3 case history were
estimated by computing median response spectra for the site using four
NGA West-2 ground motion prediction equations (GMPEs). The geo-
metric mean of the four spectra was used as a target spectrum to which
a suite of 20 motions was selected and scaled. The ground motions were
selected from events with moment magnitudes within 0.5 of the Loma
Prieta event (M,,= 6.9) and sites with source-to-site distances (R) of
between approximately 15 and 30 km in order to approximate the value
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target response spectrum, for the Moss Landing MBARI 3 case history.

of R = 21 km at Moss Landing.

Fig. 7 illustrates the two sets of response spectra. Fig. 7(a) shows the
20 motions scaled to the target PGA of 0.25g, consistent with the
manner in which ground motions were developed in the OJO8 proce-
dure. Fig. 7(b) shows spectra obtained when the motions were ampli-
tude-scaled to minimize the least-squares arithmetic difference between
the scaled motion and the target spectrum, over the broad range of
periods from 0.01 to 10s. The significant difference in spectral ampli-
tudes shown in Fig. 7 can be traced to the fact that Olson and Johnson
[18] scaled the ground motions to the value of PGA = 0.25 g used by
Boulanger et al. [4] based on an estimated bedrock acceleration of
0.15 g and the application of a soft-soil site amplification factor of Idriss
(1991) [12]. This is somewhat higher than the PGA of 0.21 g from the
target spectrum obtained using GMPEs with appropriate V3, values. Of
the 39 cases analyzed by Olson and Johnson, 32 were assigned PGA
values that were at least 5% higher than would be estimated using the
geometric mean of the four NGA West-2 GMPEs. On average, the ob-
served PGA values interpreted by Olson and Johnson [18] were about
35% higher than GMPE estimates, suggesting that a systematic bias
toward high PGA values may exist in the OJ08 ground motions.

The differences in the two suites of ground motions influence the
computed sliding block displacements shown in Fig. 8. The back-cal-
culated yield acceleration distributions produced a median yield ac-
celeration of 0.043 g with oy, o = 0.501 for the PGA-scaled motions and
a median yield acceleration of 0.035g with i, = 0.265 for the
spectrum-scaled motions. The yield accelerations obtained using the
PGA-scaled motions are considerably higher, and much more uncertain,
than those obtained using the target spectrum-scaled motions. With
reference to Fig. 5, stronger motions for a particular yield acceleration
lead to greater displacements for that yield acceleration; as a result, a
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Fig. 8. Sliding block displacement vs. yield acceleration based on motions
scaled: (a) to match target PGA, and (b) to match target response spectrum, for
the Moss Landing MBARI 3 case history.

given observed displacement will correspond to a higher yield accel-
eration for a stronger suite of motions. The higher yield acceleration
can be expected to lead to higher interpreted mobilized strength ratios.

3.1. Probabilistic back-calculation of mobilized residual strength ratio

In the 0OJO8 back-calculation procedure, the median yield accel-
eration was used to determine the mean residual strength of the li-
quefied soil. To estimate the distribution of residual strength corre-
sponding to the observed displacement in this probabilistic analysis, the
distribution of yield acceleration for a given observed displacement
must be combined with the distribution of mobilized strength ratio S,/
0’yo (denoted as MSR) for a given yield acceleration. The distribution of
MSR obtained this way can be expressed in the form of a cumulative
distribution function (CDF), Fysr:

F (msrldps) = Z P[MSR < mstilayj|P[ay ldp]
=1 (€)]

The first term on the right side of Eq. (1) was characterized by
means of Monte Carlo pseudo-static slope stability analyses. The MBARI
3 profile was modeled as shown in Fig. 9 using SLIDE 6.0, a commercial
limit equilibrium slope stability analysis program that features prob-
abilistic functionality in which the mean and standard deviation can be
defined for each input soil parameter. In these analyses, the unit
weight, cohesion, and friction angle of all but the liquefied soil layer
were randomized from probability distributions based on the mean and
coefficient of variation (COV) values shown in Fig. 9. For the liquefied
layer, the residual strength was calculated as:

Soil Dynamics and Earthquake Engineering xxx (Xxxx) XXX—XXX

Sr,mob = O”vo -MSR (2)

For a given horizontal seismic coefficient (a;) and strength ratio
(msr;), a pseudo-static factor of safety was calculated using 100,000
realizations with soil properties sampled using a Latin Hypercube
Sampling scheme (LHS). In addition to the familiar factor of safety (FS)
based on the mean soil parameter values, SLIDE also reports the prob-
ability of failure (Pr = P[FS < 1]), which is the fraction of the total
number samples that failed. The probability of non-exceedance of msr;
for the given a; represents the complement of the relationship between
Pr and MSR. A sensitivity analysis showed that the non-liquefied soil
parameters had little influence on the factor of safety of the site, and
thus the uncertainties in the pseudostatic analyses to characterize MSR
resulted almost entirely from the variability in the back-calculated yield
acceleration.

P[MSR < msnlay, = ayj] =1 — P[FS < 1IMSR = msr] 3)

The probability of non-exceedance curve for MSR for a given yield
acceleration was developed by fitting a distribution to the SLIDE data.
The data obtained from the SLIDE analyses can be interpreted as a
series of “success” and “failure” observations; for a given yield accel-
eration and MSR, a certain number of LHS realizations had factors of
safety of either greater than 1.0 (success) or less than 1.0 (failure). This
form of data observation is characterized most appropriately using bi-
nomial regression for the probability of failure on the predictor variable
MSR. The form of the binomial mean response function depends on the
assumed distribution of the errors, also known as the link function. For
the case with MSR as the predictor variable, a logistic link function (in
which the error term follows a logistic distribution) was found to pro-
duce the best fit to the observed data. This process was repeated for a
range of horizontal seismic coefficients representing the range of yield
accelerations back-calculated from the sliding block analyses (Fig. 10).
Carrying through the summation of Eq. (1), CDFs of MSR for different
yield accelerations were computed as shown in Fig. 10.

In order to obtain the CDF of the back-calculated MSR given the
observed displacement, the probability density function (pdf) for the
yield acceleration (Fig. 11a) must be combined with the CDFs for MSR
given yield acceleration using Eq. (1). Doing so, and then differentiating
F (msrlD,ps) with respect to MSR yields the conditional probability
density function f (msrlD,ps) shown in Fig. 11(b). The median value of
MSR for the MBARI 3 case history, based on the yield acceleration
distribution computed using the PGA-scaled motions, was 0.122 with
Oin msk = 0.304. Using the spectrum-scaled motions, the median MSR
was 0.107 with oy, ysg = 0.161. Thus, the median MSR values are si-
milar (within 15% of each other), but the dispersion from the PGA-
scaled motions is nearly twice as large as that from the spectrum-scaled
motions.

These results do not account for uncertainty in the measured dis-
placements upon which the entire MSR back-calculation process is
based. Uncertainty in those observed displacements would further in-
crease the uncertainty in back-calculated yield accelerations and MSR
values.

3.2. Correlation of MSR values to flow failure MSR values

Olson and Johnson [18] concluded that the MSR values back-cal-
culated from the lateral spreading case histories plotted consistently
within the bounds of the Olson and Stark [17] MSR relationship derived
from liquefaction flow failures, and that such strengths were applicable
to sliding block analyses of lateral spreading displacements. This criti-
cally important conclusion is assessed here probabilistically, using the
back-calculated lateral spread MSRs characterized in this section. For a
given representative penetration resistance, the upper- and lower-
bound MSRs (msr, and msr;) from Olson and Stark [17] were calculated
using:
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Saturated Sand (Liquefied):
y = 19.5 kN/m® (COV = 11%)

Silty Clay:
y = 18 kN/m® (COV = 11.5%)
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Fig. 9. Subsurface profile of the Moss Landing MBARI 3 lateral spreading site, including probabilistic input soil parameters, for use in SLIDE.
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Fig. 10. Probability-of-failure data and best-fit curves for logistic mean re-
sponse functions for the Moss Landing MBARI 3 case history.
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Fig. 11. Back-calculated probability density functions for: (a) yield accelera-
tion, and (b) mobilized strength ratio for MBARI 3 case history.
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For a given case history, the probability that the MSR estimated
from the MBARI 3 case falls within the Olson and Stark bounds, denoted
as Pysr(r), can be expressed as:

Pysgir(msrin) = P[msn; < MSR < ms¥,;IR = n]
=P[MSR < msr, ;IR = 1] — P[MSR < msn;IR = 1] (5)

The CDF of MSR can be used to evaluate the reasonableness of this
conclusion for MBARI 3. Using q.; = 10 MPa as a representative CPT
resistance for the liquefied layer at MBARI 3, Eq. (4) produces lower
and upper bound MSR values of 0.14 and 0.20, respectively. The MSR
distribution computed here gives corresponding exceedance prob-
abilities of 50% and 86%, so the conditional probability that the MBARI
3 MSR is actually within the upper and lower bounds of the Olson and
Stark [17] residual strength model is 36%. However, the probability
will also be influenced by uncertainty in penetration resistance, which
was assumed to result from spatial variability and measurement errors.
Additional uncertainty that could result from different interpretations
of representative penetration resistance for individual case histories by
different investigators [23] was not considered. Lognormal distribu-
tions were fit to the MBARI 3 (N;)go and q.; penetration test data. The
probabilities of the back-calculated MSRs being within the Olson and
Stark [17] bounds were then summed over i = 1,N, increments of the
penetration test distributions:

Ny
Pysg(msr) = Z P[msn; < MSR < msr, ;IR = 1]P[R = 1]

i=1 (6)
where N, is the number of penetration test values in the distribution.
This process indicated probabilities of MSR being between the upper
and lower bounds of the Olson and Stark [17] mobilized strength ratio
of 18% based on SPT data and 19% based on CPT data. For the MSR
estimates derived from the spectrum-scaled motions, the same prob-
abilities are 24% and 14% for the SPT and CPT data, respectively. The
fact that the CPT-based probability is lower for the spectrum-scaled
motion-derived MSR may seem initially surprising, given its lower un-
certainty. However, this would only hold true if the median sliding
block-based back-calculated MSRs were close to the median MSR from
Olson and Stark's relationship. For the Moss Landing case history, this
condition does not hold true for either of the back-calculated MSRs. The
mean CPT ¢, of about 12MPa would correspond to an MSR
0.172-0.232. The corresponding range of sliding block-based MSRs
were considerably lower: 0.0882-0.130 for the spectrum-scaled mo-
tions, and 0.0847-0.176 for the PGA-scaled motions. Overall, these low
probabilities indicate that the Olson and Stark [17] flow failure MSR
values do not provide a strong basis for sliding block-based prediction
of lateral spreading displacement for the MBARI 3 case history.

4. Probabilistic sliding block prediction of lateral spreading
displacements

In order to investigate uncertainty in the displacements predicted by
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the sliding block procedure, the Moss Landing MBARI 3 site was ana-
lyzed in a forward prediction framework. Particular attention was paid
to characterizing the uncertainties involved in site conditions, in the
mobilized strength ratio of the liquefied material, in the pseudo-static
analyses used to determine the yield acceleration, and in the sliding
block-based relationship between yield acceleration and permanent
displacement.

4.1. Analysis procedure

For the pseudo-static analyses, the site geometry, position of the
phreatic surface, position of failure surface, and parameters of the non-
liquefied soils were the same as those used in the previously described
back-calculation procedure (see Fig. 9). A bilinear failure surface was
assumed to pass through the bottom of the liquefiable layer. Because
the strength of the liquefiable material was specified as a strength ratio
in this analysis, the factor of safety was found to be insensitive to the
depth of the specified failure surface, but was minimized at the bottom
of the liquefiable layer. The upslope limit of the failure plane was
constrained such that any failure masses calculated by SLIDE had free-
face ratios less than 20% to be consistent with Youd et al.’s upper limit
for lateral spreads. Based on the extent of ground cracks observed by
Boulanger et al. [4], which implied a free face ratio of roughly 19%, this
constraint is consistent with the surface deformation patterns observed
in the vicinity of MBARI 3. Without this restriction, the yield accel-
eration, determined from a potentially much steeper failure surface,
would have been significantly lower, leading to larger predicted dis-
placements of a sliding mass that was likely not representative of a
laterally spreading mass.

To obtain statistical inputs for the strength of the liquefied material,
mean and uncertainty estimates of the MSR were computed using the
relationship of Olson and Stark [17] with their reported standard de-
viation, opsg of 0.025. For a given penetration resistance value r;, the
probability of exceedance of MSR can be expressed via:
OMSR

msr; — r
PIMSR > msrjlR=15] =1 — cp[w]

)

where ® is the standard normal cumulative distribution function, and
Umsr(r) is the mean MSR calculated from Eq. (1).

Monte Carlo pseudostatic analyses were performed in SLIDE using
Latin Hypercube Sampling, with 100,000 realizations for a series of
applied horizontal seismic coefficients (ax). In a similar manner to the
back-calculation framework, the probability of failure Pr for a given
horizontal acceleration a; was determined by simply calculating the
ratio of cases of FS < 1 to the total number of cases.

Nr k

Pla, < axIMSR = msr;] = P[FS < lla, = a;] =
’ ! ’ Nootk ®)

Similar to the back-analyses, the variation of the observed prob-
ability of failure was characterized via binomial regression, although
this time with respect to the logarithm of the yield acceleration. A
complementary log-log link function (where the errors are assumed to
follow an extreme value distribution) was found to provide the best fit
to the data. These calculations produced CDFs for the yield accelera-
tion, with the corresponding PDFs obtained by differentiation. For the
MBARI 3 site, the range of yield accelerations within one standard
deviation of the median value of 0.057 was 0.036-0.13g.

The sliding block analyses were performed using a suite of 20
ground motions, scaled to a PGA of 0.25g, to be consistent with the
0J08 procedure. The computed sliding block displacements were
modeled as a mixed (discrete/continuous) random variable. In this
framework, displacements below a certain threshold d, (in this case d,,
=1cm, after [5]) were treated as equal to d,/2 (5mm), and re-
presented by a probability mass P[Dy=d,/2]. This displacement level is
considered to produce negligible physical damage. The distribution of
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displacements greater than 1cm was then modeled as a truncated
lognormal distribution [10], which can be expressed as:

0 for d; <d,
P[Dy = dilDy > do] =1 Ppipy=d)
T—PDr=da for d; > d, ©)
For a given penetration resistance, the probability of a particular
permanent displacement level can be computed by combining the
probability distributions for yield acceleration, MSR, and permanent
displacement:

P[Dy = dylR = 1] = 337, 3% P[Dy = dylay = ayilx
XP[ay, = ay IMSR = msr;]P[MSR = msr;|R = 1]
(10)

However, it should be recognized that penetration resistance is also
uncertain. The total uncertainty of the sliding block displacement pre-
diction can be computed by integrating (or summing) over the pene-
tration resistance distribution, i.e., as:

Ny
P[Dy = dp] = ), P[Dy = dnlR = 5]P[R = 1]
i=1 an

The full mixed-variable distribution for the predicted displacement
can be represented by a mixed probability mass/density function
(Fig. 12a) and a cumulative distribution function (Fig. 12b). These
curves illustrate the discrete probability of negligible displacements
(i.e., displacements below 1cm), the probability distribution of dis-
placements given that they are non-negligible, and the calculated
probability of non-exceedance curves. By applying sliding block
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Fig. 12. Distributions of predicted displacement from sliding block and Youd
et al. [25] procedures: (a) probability density functions and (b) cumulative
distribution functions.
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framework probabilistically, a median permanent horizontal displace-
ment of 10.7 cm was predicted for the MBARI 3 case history, which is
less than half the observed displacement of 25 cm. However, the cor-
responding lognormal standard deviation (0i,p) was 1.25, which is an
extraordinarily high value. For the MBARI 3 site, the estimated dis-
placements corresponding to one standard deviation from the mean
ranged from about 2 cm to approximately 41 cm. Thus, the observed
displacement of 25 cm was within one standard deviation of the pre-
dicted median, mainly because of the extremely high uncertainty in the
predicted displacement.

4.2. Comparison with empirical procedure

For comparison, probabilistic analyses of the lateral spreading dis-
placements for the MBARI 3 site was carried out using the Youd et al.
[25] empirical model. Uncertainty in the characterization of penetra-
tion resistances was reflected in the equivalent thickness parameter
(T15), which refers to the cumulative thickness of liquefiable strata with
SPT resistance less than 15 blows/ft. This was characterized through a
set of 1000 simulations, in which the SPT resistance of the liquefiable
stratum was randomized with a median value of 20 blows/ft and
Omm1eo = 0.749 over 0.1 m sublayers. The SPT resistances were as-
sumed to be spatially independent of each other. The median (N7)eo
was based on available SPT data at the site (Mejia 1998) while the
standard deviation was based on typical SPT measurement uncertainty
[20]. The value of T;5s was then determined for each realization by
summing the thicknesses of the sublayers with N less than 15. A normal
probability distribution for T;s was fitted to the simulation results; the
median value of T;5 was 1.26 m, with a standard deviation of 0.212 m.
The total probability of displacement exceedance for the displacements
using Youd's equation was computed by numerically integrating over
the T;5 distribution:

N
P[Dy > dil = ), P[Dy > dilTis = 45]P[Tis = 5]
j=1 12)

where P[D > d;|T;s = t;5,] is lognormally distributed, with the median
obtained from the Youd et al. [25] equation with oy,p = 0.464. For the
MBARI 3 case, the median predicted displacement was 0.511 m and the
lognormal standard deviation was 0.496, which is only 40% of the
standard deviation associated with the sliding block procedure. Com-
paring the two medians to the observed displacement of 0.25m, the
sliding block method under-predicts the observed displacement by a
factor of 2.3, while the Youd et al. [25] method over-predicts it by a
factor of about two. The differences in uncertainty can have a strong
impact on lateral spreading hazard evaluation. Table 1 summarizes the
percentile displacement values corresponding to the mean, plus/minus
one standard deviation, and 95th percentile from both methods. The
84th and 16th percentile values differ by a factor of more than 20 using
the sliding block method, compared to a factor of only 2.7 using the
Youd et al. method.

A similar set of analyses performed for the Wildlife lateral spreading
case history [3], where a permanent displacement of 18 cm was ob-
served, showed median MSR values that were also lower than those

Table 1
Summary of predicted permanent displacements for Moss Landing MBARI site
using the Sliding Block and [25] methods.

Analysis Predicted displacement (m)
method
16th 50th 84th 95th
percentile percentile percentile percentile
Sliding block 0.019 0.107 0.408 0.943
Youd et al. 0.312 0.511 0.837 1.16
[25]
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computed by Olson and Johnson [18]. Probabilities that the MSR values
were within the Olson and Stark [17] boundaries were 38% based on
CPT data and 23% based on SPT data. In a forward analysis, the median
predicted sliding block displacement was 6.8 cm with a logarithmic
standard deviation, o,p = 1.20. For the same case, the Youd et al. [25]
model predicted a median displacement of 14.1 cm with a standard
deviation, oj,p = 0.464.

4.3. Implications for performance evaluation

Modern performance-based earthquake engineering involves the
prediction of response in a probabilistic framework. Probabilistic re-
sponse can be expressed in terms of two components in a PBEE fra-
mework [8] - one related to the median response and a second related
to uncertainty. The second component acts as an “uncertainty ampli-
fier” that increases the computed response for a given return period by
an amount that increases with increasing uncertainty. Thus, in a PBEE
framework, the uncertainty in response prediction plays a critical role
in the predicted response, and consequently in predictions of physical
damage and loss. Response prediction methods with low uncertainty
are advantageous relative to predicting methods with high uncertainty.
The sliding block procedures are notable for the extremely high un-
certainty in their results. The probability distributions shown in Fig. 13
do not capture the differences in dispersion due to the differences in
median values and because the linear displacement scale does not vi-
sually indicate the significant predictions of very small displacement
indicated by the highly skewed sliding block distribution. Fig. 14 shows
the sliding block and Youd et al. [25] distributions on a logarithmic
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Fig. 13. Distributions of predicted displacement from sliding block and Youd
et al. [25] procedures: (a) probability density functions and (b) cumulative
distribution functions.
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scale.
5. Model uncertainty in lateral spreading analyses

A number of methodologies have been proposed for prediction of
lateral spreading deformations. These methodologies are implemented
in different frameworks based on laboratory test data [13,21,24], field
case history data [25], and sliding block analyses [18]. Lateral
spreading displacements can also be calculated from advanced nu-
merical models, such as nonlinear finite element or finite difference
analyses. Procedures based on different frameworks with different in-
terpretations of different sets of data, however, should not be expected
to produce identical, or perhaps even similar, predictions of permanent
displacement. The variation of predicted results from reasonable (i.e.,
without known errors or biases) models represents model (or “between-
model”) uncertainty. The preceding portion of the paper described
what can be considered to be the “within-model” uncertainties of the
0J08 and YEAO2 lateral spreading displacement models. The between-
model uncertainty represents the variation in lateral spreading dis-
placements predicted by different lateral spreading models, and can be
characterized by the standard deviation of the median displacements
predicted by those models. Assuming independence, the total variance
of the predicted lateral displacement is equal to the sum of the within-
and between-model variances.

Thus far, little documented research has been performed to compare
the displacements predicted by these procedures across a wide range of
site and source conditions. In this section, four methods for evaluating
lateral spreading are compared over a broad range of site conditions
and earthquake source parameters: the empirical model developed by
Youd et al. [25], hereafter referred to as YEAO2, the semi-empirical
model of Zhang et al. [26] based on evaluating strain potential, the
Newmark-based method proposed by Olson and Johnson [18], and
dynamic analyses performed using the finite-element code FLIP [9].
The computed displacements were used in an initial attempt at esti-
mating the between-method uncertainty; standard deviations were
computed as the range of computed displacements divided by a factor
of 2.059 in accordance with the recommendations of Burlington and
May [6] for estimation of statistical moments of small data sets.

5.1. Overview of lateral spreading methods

YEAO2 is based on pure statistical regression of a large set of ob-
served displacements against various source and site variables.
Earthquake loading is characterized by the source parameters magni-
tude and distance, while the site parameters are the cumulative
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thickness (T;s), mean fines content (F;s), and mean grain size (D50;5)
of liquefiable soil layers with (N;)eo values less than 15. Surface topo-
graphy is characterized by classifying the site as a free face (W) or
ground slope (S) site. The definition of the T;s parameter implies that
displacements do not develop in materials with N > 15, and that, all
other factors being equal, displacements are insensitive to relative
density in materials with N < 15. This assumption is inconsistent with
test data [13,21,24] that show that the development of shear strains in
liquefied material varies smoothly and strongly with the initial relative
density.

The ZEAO4 model was developed within a semi-empirical frame-
work based on laboratory test data. The soil profile is divided into
sublayers for which the factor of safety for liquefaction (FS,) in each
sublayer is evaluated using the simplified method. Laboratory-based
relationships between FSy, and cyclic shear strain (e.g. [13]) are then
used to estimate the shear strain potential in each sublayer. The lateral
displacement index (LDI) is calculated by integrating the estimated
shear strains over the full thickness of the soil profile:

Zmax
LDI = ‘/0' ydz 13)

Empirical correlations from case history data relating LDI and
measures of ground surface topographies are used to estimate lateral
displacement.

The sliding block method for predicting lateral spreading, as pro-
posed by Olson and Johnson (0J08), is described in detail in Section
2.4. As discussed previously, the sliding block framework assumes that
the laterally spreading mass moves as a rigid body, sliding on a discrete
failure plane in a rigid-perfectly plastic manner.

The finite element analysis program, FLIP, was also used to predict
lateral spreading displacements for this study. FLIP uses the cocktail
glass model [11] to represent the liquefiable soils. The cocktail glass
model captures phase transformation behavior, and has been calibrated
to produce rates of pore pressure generation and strain levels consistent
with those observed in laboratory tests and implied by field observa-
tions. FLIP models the dynamic response of the soil continuum and the
generation, redistribution, and eventual dissipation of excess pore
pressure.

5.2. Analysis procedure

All four methods were used to predict lateral spreading displace-
ments for a range of idealized infinite slope profiles subjected to a range
of ground motions. The range of soil profiles and ground motions were
selected to span the broad range of conditions in which lateral
spreading displacements have been observed in the field. The ground
surface inclination, thickness of the liquefiable soil, and the penetration
resistance of the liquefiable material were all varied. The variable
ground motion characteristics were defined in terms of source para-
meters, which varied according to moment magnitude and source-site
distance.

5.2.1. Soil profiles

A total of 36 idealized, infinite-slope soil profiles, the basic char-
acteristics of which are shown in Fig. 15, were defined for this study.
Each profile had a total thickness of 11 m with groundwater at a depth
of 2m, and consisted of a 2 m-thick crust underlain by a layer of loose,
liquefiable fill varying between 1 and 5m in thickness. The saturated
fill was a clean sand with a mean grain size of 1.75 mm. The remainder
of the soil profile consisted of very dense sand that was underlain by a
base of elastic bedrock. Combinations of ground slope inclination (S =
{0.5°, 1.5°, 3.5°}), saturated fill thickness (T = {1, 3, 5m}), and fill SPT
resistance [(N;)go = {5, 10, 15, 20 blows/ft}] were established.

5.2.2. Ground motions
To generate ground motion inputs for the FLIP and sliding block
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Fig. 15. Idealized subsurface profile analyzed for comparative lateral dis-
placement study.

Table 2
Constant input GMPE parameters used to generate ground motion suites for
comparative lateral spreading analysis.

Parameter Value

Faulting Style Strike-Slip

Shear Wave Velocity (vs30) 250 m/s

Dip Angle 90°

Rupture Depth 0 km (surface rupture)
Hypocentral Depth, Zy,, 10.2km

Depth to vs= 1.0 km/s (Z;.0) 0.48 km

Depth to vs= 2.5km/s (Z25) 2.17 km

Rupture Width (W) 15km

analyses, and PGA values for the strain potential analyses, target
spectra were computed for a series of magnitude-distance bins as the
mean of four NGA West-2 GMPEs. The magnitude-distance bins con-
sisted of all combinations of M = {6.0, 6.5, 7.0, 7.5, 8.0} and R = {10,
20, 30, 40, 50, 70 km}. Suites of 20 ground motions for each bin were
then obtained from the PEER NGAWest-2 database, and scaled using
the algorithm described in Section 3.1. The target spectra were simi-
larly estimated for each suite using the same four NGAWest-2 GMPEs.
Except for M and R, all other GMPE input parameters were assumed
constant with the values summarized in Table 2.

5.2.3. Implementation into lateral spreading analysis methods

The soil profiles and ground motions described above were analyzed
by each lateral spreading model. In order to produce consistent pre-
dictions of median displacement between the methods, the soil para-
meters for all profiles were considered deterministically for this study.

5.2.3.1. Youd et al [25]. The profiles described above were
implemented into the YEAO2 calculation in a relatively
straightforward manner. The influence of the variable (N;)go (from 5
to 20) on the predicted displacements is reflected in a stepwise manner;
cases in which (N;)go > 15 resulted in T;5 = 0, which implied zero
displacement, were assigned numerical displacements of 0.5cm for
consistency with the other approaches.

5.2.3.2. Zhangetal [26]. The ZEAO4 framework requires estimation of
the factor of safety of liquefaction. Using the method of Idriss and
Boulanger (2008), the soil profiles were divided into 0.1 m-thick
sublayers, and the cyclic resistance ratio (CRR) estimated in each
sublayer using the variable N-values summarized in Section 5.2.1. The
cyclic stress ratio (CSR) was computed using the median PGA and mean
magnitude at the site.

5.2.3.3. Modified sliding block. A modified version of the 0OJ08
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procedure was used in these analyses. The modifications were (a) use
of motions scaled to match (in an average sense) the entire target
spectrum instead of just PGA, and (b) the use of two-way sliding, which
more accurately represents behavior of very flat slopes such as those
considered here. Application of the OJ08 procedure to lateral spreading
requires estimation of the liquefied shear strength. The value of MSR
was based on the median relationship of Olson and Stark [17]. For each
soil profile and M—R pair, two-way sliding block analyses were
performed using the 20 ground motion records for each bin and the
median yield acceleration as inputs.

5.2.3.4. FLIP. FLIP analyses require the specification of a series of
material parameters for each soil type, including the soil model, an
indicator of liquefaction susceptibility, thickness and number of
subdivisions in each stratum, density, shear wave velocity, Poisson's
ratio, maximum damping parameters, (N;)go.cs, and friction angle. The
soil profiles were divided into 1.0 m-thick sublayers. Shear wave
velocities were correlated to SPT resistance and vertical effective
stress using an empirical relationship for Holocene sands [22].
Friction angle was correlated to SPT resistance and vertical effective
stress [14]. The displacements predicted using FLIP were processed
using the same method used for the 0J08 method.

5.3. Results of analyses

The combinations of the three ground slopes, three liquefiable layer
thicknesses, four SPT resistances, five moment magnitudes, six source-
to-site distances, and 20 ground motions produced too much data to
show in its entirety.

Fig. 16 shows the computed displacements for all combinations of
SPT resistance, liquefiable layer thickness, and earthquake magnitude
for 1.5% slopes located 20 km from the ground motion source. Com-
binations of parameters that produced very small displacements, i.e.,
less than 1cm, were treated in a manner similar to that previously
described for the OJO8 case — displacements less than 1 cm were as-
signed values of 0.5 cm. The first, and most obvious, observation is that
the procedures produce very different median estimates of permanent
displacement. It is also apparent that the computed displacements in-
crease with increasing magnitude and decrease with increasing SPT
resistance. The displacements computed by the YEA02 and ZEA04
methods increase significantly with increasing liquefiable layer thick-
ness, but the sliding block and FLIP methods are insensitive to lique-
fiable layer thickness. The displacements predicted by the FLIP analyses
can be seen to be consistently higher than those predicted by the em-
pirical procedures, particularly for the case of a relatively thin (1 m)
liquefiable layer and for the higher soil densities. For thicker profiles,
the YEAO2 and ZEAO4 procedures predict larger displacements that are
more consistent with the FLIP predictions. The YEA02 procedure pre-
dicts negligible displacement for the (N;)so = 20 case. Finally, the
values predicted by OJO8 were consistently the lowest of the four
procedures, and appeared to be closest to the other approaches for the
loosest soil conditions.

The logarithmic standard deviations of the median lateral spreading
displacements are presented for all combinations of SPT resistance, li-
quefiable layer thickness, ground slope, and earthquake magnitude for
slopes located 20 km from the ground motion source in Fig. 17. Some
combinations of these parameters produced very small displacements;
standard deviation values are not presented for cases in which two or
more procedures predicted median displacements less than 1 cm. The
between-model dispersion can be seen to be extremely high with oy, p
values generally greater than 1.0. The dispersion tends to decrease with
increasing magnitude for looser soils and increase with increasing
magnitude for denser soils; the dispersion at (N1)¢o = 20, however, is
affected by the negligible displacement values automatically produced
by the T;s definition used in YEAO2. The dispersion for larger magni-
tude earthquakes (M > 7) generally decreases with increasing ground
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Fig. 16. Summary of median predicted displacements versus moment magnitude, for lateral spreading analysis cases where (N;)go = 10, 15, and 20, and S = 1.5°.

slope but increases with increasing ground slope for all magnitudes
when (N1)60 = 20.

5.4. Implications

The comparative analyses show, for the range of profiles and ground
motions used in this investigation, an extremely high level of between-
model dispersion. The agreement between the four models is poor,
leading to between-model dispersions on the order of 1.0-2.0. If the
sliding block method is removed from the comparisons, the between-
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model dispersions are significantly reduced, with dispersions generally
between 0.5 and 1.0 for SPT resistances of 10 and 15 and higher
magnitudes. While these values are lower, they are still quite high,
particularly for M < 7, and illustrate the profession's current challenges
in predicting lateral spreading displacement.

6. Summary and conclusions

Sliding block analyses have been widely used for evaluation of
seismic slope stability hazards for the past 40 years. The fundamental
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Fig. 17. Summary of within-model standard deviations versus moment magnitude, for lateral spreading analysis cases where (N;)¢o = 10, 15, and 20.

assumptions of the sliding block approach - that a rigid mass of soil observed permanent displacements were used in sliding block analyses
slides on a thin failure surface upon which shearing resistance remains to estimate yield acceleration values that were consistent with the ob-
constant — are approximately satisfied for many important, practical served displacements. The yield accelerations were then used in
cases. Lateral spreads, however, typically involve distributed straining pseudo-static stability analyses to estimate the apparent shearing re-
of materials whose shearing resistance fluctuates over the course of sistances of the soils considered to have liquefied in the lateral
ground shaking, which is inconsistent with the assumptions of sliding spreading events. Those apparent shearing resistances were then found
block analyses. These inconsistencies motivated an investigation of the to be consistent with shearing resistances, i.e., residual strengths, ob-
applicability of sliding block analyses to lateral spreading problems. tained from flow slide case histories.

The implementation of the widely-used sliding block procedure of The development of any semi-empirical procedure is strongly in-
Olson and Johnson [18] is based on the back-calculation of apparent fluenced by the (case history) data upon which it is based, and on the
shearing resistance from a series of lateral spreading case histories. The information available with which to interpret the mechanism(s) of
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deformation involved in the case histories. The characteristics of the
lateral spreading database used to develop the sliding block lateral
spreading procedure were examined. A probabilistic analysis of the
back-calculation procedure was conducted with particular attention
paid to the manner in which the ground motions used in the sliding
block yield acceleration calculations were developed. These analyses
allowed estimation of the probability distribution of apparent shearing
resistance, which then allowed examination of the extent to which the
apparent shearing resistances back-calculated from lateral spreads were
consistent with residual strengths back-calculated from liquefaction
flow failures. Finally, the distribution of apparent shearing resistance
was used in probabilistic sliding block analyses to evaluate the prob-
ability distribution of computed displacements.

The complexity of lateral spreading and the limited number of well-
documented lateral spreading case histories have led to a number of
different approaches to estimation of lateral spreading displacement.
The different approaches are generally known to produce different le-
vels of estimated displacement when applied to the same problem. A
systematic comparison of computed lateral spreading displacements
was undertaken considering a broad range of site conditions and
ground motions.

The mechanisms involved in lateral spreading are complex and in-
fluenced by factors that are difficult to characterize in advance of an
earthquake. As a result, prediction of lateral spreading displacements is
quite challenging and the best approach to making those predictions is
not clear at this time. The development of multiple approaches based on
different types of data and different types of analyses is therefore nat-
ural and appropriate. As more data becomes available, one or more
prevailing approaches are likely to emerge. Until that time, however, it
is important to understand the benefits and limitations of the ap-
proaches currently in use. The research described in this paper has led
to several conclusions:

1. The existing case history database is limited in terms of the number
of case histories and their distribution over various predictive
variables known to influence lateral spreading deformations. Very
few case histories have been investigated sufficiently to provide the
level of subsurface data needed to performed detailed analyses.

2. The case history database used to develop the most commonly used
sliding block procedure is smaller but broader and more uniform
with respect to several important predictive variables than previous
databases. It is, however, heavily weighted toward steeper slopes
than are typically involved in lateral spreads in the field. A sig-
nificant portion of the database is comprised of slopes so steep that
mechanisms other than lateral spreading are likely to have con-
tributed to the observed displacements.

3. Back-calculations based on dynamic analyses are sensitive to the
characteristics of the ground motions used as inputs to those ana-
lyses. The back-calculation procedure used to develop the sliding
block lateral spreading procedure used measured or estimated peak
ground acceleration values of unknown uncertainty, typically ob-
tained from reports of the investigations of the individual case his-
tories. The availability of more recent ground motion prediction
equations, and particularly the use of event terms for the causative
earthquakes, would likely lead to improved estimates of peak
ground acceleration for many of the case histories.

4. The back-calculation procedure used to develop the sliding block
procedure scaled suites of 20 motions to the measured/estimated
peak ground acceleration values. Such scaling typically provides
good representation of the high-frequency ground motion ampli-
tudes, but highly variable intermediate and, particularly, low-fre-
quency amplitudes. The response of a liquefied site, particularly the
post-triggering response of the softened soil, is sensitive to a broad
range of frequencies, so consideration of spectral shape is important.
Scaling solely to peak ground acceleration can lead to bias, and
surely leads to increased uncertainty, in the computed response.
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5. Probabilistic evaluation of the back-calculated yield acceleration for
the well-documented Monterey Bay Aquarium Research Institute
case history showed that the median back-calculated yield accel-
eration was 23% higher with peak acceleration-scaled motions than
with spectrum-scaled motions and the (logarithmic) standard de-
viation of yield acceleration was 89% higher. This illustrates a sig-
nificant source of bias in the procedure.

6. Probabilistic evaluation of the apparent shearing resistance, ex-
pressed in terms of a mobilized strength ratio, showed that the
median ratio and (logarithmic) standard deviation were respectively
14% and 89% higher for the peak acceleration-scaled motions than
for the spectrum-scaled motions. Further analyses showed that the
probability of the back-calculated mobilized strength ratios being
within the upper and lower bounds of the flow slide-based strength
ratios for this case history was less than 25% for either set of mo-
tions.

7. Probabilistic forward predictions of lateral spreading displacements
allowed evaluation of probability distributions of computed dis-
placements. For the Monterey Bay Aquarium case, the predicted
median displacement of 10.7 cm was lower than the observed dis-
placement of 25cm, and the (logarithmic) standard deviation of
displacement was 1.25. A similar analysis of the Wildlife
Liquefaction Array lateral spreading case history resulted in a
median predicted displacement of 6.8 cm, which was lower than the
observed 18 cm displacement, and a (logarithmic) standard devia-
tion of 1.20. Thus, the median sliding block displacements were
significantly lower than the observed values and the uncertainties in
the predicted values were extraordinarily large for both case his-
tories.

8. A great deal of dispersion exists between the currently available
methods for predicting lateral spreading displacements. Simplified
methods such as the sliding block, empirical, and strain potential
models generally tend to predict significantly lower displacements
than those predicted by advanced numerical methods, particularly
in cases with thin liquefiable layers and lower levels of ground
shaking. For cases with thicker liquefiable layers and larger ground
motion amplitudes and durations, the empirical and strain potential
methods showed better agreement with numerical models. Across a
wide range of conditions, displacements predicted by the sliding
block method were consistently lower than those predicted by the
other three methods, and significantly lower than those predicted
using numerical methods.
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