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ABSTRACT

Evaluation of Empirical Prediction Methods for Liquefaction-Induced Lateral
Spread from the 2010 Maule, Chile, My 8.8 Earthquake in Port Coronel

Nicole D. Williams
Department of Civil and Environmental Engineering, BYU
Master of Science

Over the past several decades, empirical formulas have been developed and improved to
predict liquefaction and lateral spread based on a database of case histories from observed
earthquakes, such as Youd et al. (2002) and Rauch and Martin (2000). The 2010 Maule Chile
earthquake is unique first of all because it is recent and was not used to develop recent
liquefaction and lateral spread evaluation methods, and therefore can be reasonably used to
evaluate the effectiveness of such equations. Additionally, the 8.8 magnitude megathrust event
fills a significant gap in the databases used to develop these empirical formulas, which tends to
under represent large magnitude earthquakes and events which occur along subduction zones.
Use of case histories from this event will therefore effectively test the robustness and accuracy of
these methods.

As a part of this comparison, data will be collected from two piers in Port Coronel, Chile:
Lo Rojas or Fisherman’s Pier, and el Carbonero. Lo Rojas is a municipally owned pier which
failed in the 2010 earthquake. Dr. Kyle Rollins gathered detailed engineering survey data
defining lateral spread displacements along this pier in a reconnaissance visit with other GEER
investigators after the earthquake. El Carbonero was under construction during the earthquake,
but no known lateral displacements were observed. Collaboration with local universities and
personnel contributed a great deal of knowledge about the soil profile. In early April 2014,
collection of SPT and CPT data began in strategic locations to fill gaps of understanding about
the stratigraphy near the two piers. Additional testing will provide necessary information to carry
out predictions of displacements using current empirical models, which can then be compared
with observed displacements collected after the earthquake. Collected data will also be complied,
and this alone will provide useful information as it represents a unique case history for future
evaluation.

The goals of this study are therefore: (1) Collect data for two piers (Lo Rojas and el
Carbonero) in Port Coronel, Chile to provide a useful case history of lateral displacements
observed; (2) Conduct a liquefaction and lateral spread analysis to predict displacement of the
two piers in question, considering lateral spread and slope stability; (3) Compare predicted
values with observed displacements and draw conclusions on the predictive capabilities of
analyzed empirical equations for similar earthquakes (4) Make recommendations to improve
when possible.

Keywords: Maule Chile 2010 earthquake, liquefaction, lateral spread.
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1 INTRODUCTION

Loss of life and property remains an unavoidable consequence of major earthquakes.
Throughout history, studies of the effects of major earthquakes have attempted to assess the
damage and provide recommendations to mitigate loss in the case of future earthquakes. Of these
effects, liquefaction induced lateral spread ground failure is considered one of the most common
and detrimental.

Liquefaction occurs when saturated soil loses strength, changing from a solid to a liquid
state due to an increase in pore-water pressure, as typically observed in loose saturated sands
with silt or even gravels with seams of impermeable layers that prevents proper drainage.
Applied cyclic shear stresses causes loose soils to compact, increasing the water pressure in pore
spaces. As pore water pressure increases, effective soil stress decreases to near zero reducing the
soil strength and allowing the ground to deform. Settlement, lateral spreading, and slope failure
are all examples of observed liquefaction induced ground deformation (Kramer, 1996).

When cyclic stresses cause the soil to become unstable, such that the static shear force
required to maintain soil in equilibrium exceeds the shear strength of the soil, flow failures
occur. Since the amount of deformation is often large, flow failures can be catastrophic. In the
1971 San Fernando earthquake, liquefaction induced ground failures almost resulted in the loss

of the Lower San Fernando Dam.



Lateral spreading, defined in this study according to Youd et al. (2002), occurs when
mostly intact discrete blocks of soil slide over a liquefied soil layer, moving generally down a
gentle slope or toward a free-face. Static shear forces remain lower than the soil shear strength,
resulting in smaller deformations that develop incrementally during the earthquake shaking.
Movement typically ranges from a few centimeters (cm) to tens of meters (m), affecting areas up
to a few square kilometers (km) (Bardet et al., 2002). As saturated soil is a requirement for
liquefaction, both flow failures and lateral spreads are frequently observed near bodies of water.

Though lateral spreading will not necessarily cause the catastrophic failures observed in
other forms of liquefaction failures such as deep-seated flow failures, it is considered one of the
most pervasive forms of liquefaction-induced failure, partially because damage to lifelines is
significant. Water, transportation, and communication lines often break under the displacements
caused by lateral spread, exacerbating all other impacts and impeding relief efforts. For example,
fires generated in the 1906 San Francisco earthquake were devastating due to a lack of water
from broken pipelines (Barlett and Youd, 1995).

Though the effects of lateral spreading observed in the 1906 San Francisco earthquake
resulted in significant loss of life and property, the phenomena was not well understood and did
not begin to catch international attention until the 1960s, following extensive liquefaction
observed in the 1964 Alaska and Niigata earthquakes. Significant damage to railroads and port
facilities in Alaska and riverfront facilities in Japan lead to the development of several empirical
models which attempt to predict ground displacement expected from similar earthquakes.

In 2010, an 8.8 moment magnitude (My) earthquake struck of the coast of Concepcion in
the Maule region, Chile. This earthquake was the fifth largest earthquake in recorded history,

lasting 90 to 150 seconds. Extensive liquefaction and lateral spreading were observed among



port facilities around the area, a critical lifeline facilitating relief efforts and rebuilding of the
economy. Port Coronel demonstrated signs of significant lateral spread among various piers,
resulting in almost 3 m of movement in some locations and the failure of one pier.

Current methods for predicting the amount of displacement frequently rely on empirical
methods, as mechanistic models require parameters that are difficult to measure or estimate.
However, due to the nature of empirically generated formulas, use on sites with parameters that
vary significantly from the cases selected to develop the formulas may result in erroneous
predictions. Development of these models is limited to the current data recorded from past
earthquakes, with updates allowing the incorporation of more recently collected data and
modifications to improve predictive capabilities. Although the M9.2 1964 Alaskan earthquake
was in the database this is the only earthquake with a moment magnitude over 8.0 included in
current empirical correlations, due to a general lack of availability and documentation of large
magnitude earthquakes. As the moment magnitude of the Muale Chile earthquake falls above the
generally acceptable range of 8.0 for extrapolation with current empirical prediction techniques,
predicted displacements may not correlate well to actual observed displacements.

The purpose of this study is:

(1) to document geotechnical, structural, and performance data collected from two Port

Coronel piers that underwent the 2010 Maule, Chile earthquake as case histories

(2) to evaluate the current state of the art for empirical lateral displacement prediction
methods for large magnitude earthquakes in subduction zones using two Port Coronel
piers case histories, and

(3) to suggest modifications in lateral spreading analysis procedures to improve their

predictive capabilities, particularly for large magnitude earthquakes.



Seismic, topographic, and geotechnical data has been collected for each pier, several
liquefaction and lateral spread methods are evaluated, and accuracy is evaluated by comparing
predicted displacement to observed displacements measured in the Geo-Engineering Extreme
Events Reconnaissance (GEER) report (Bray et al. 2010). Conclusions on the applicability of
each method to the specific case histories are drawn, and future research is suggested. Methods
for evaluating liquefaction triggering include: Youd et al. (2001), Idriss and Boulanger (2004)
and Cetin et al. (2004). Methods for evaluating lateral spread displacements will include: Youd,
Hansen, and Bartlett (2002), Rauch and Martin (2000), Bardet et al. (2002), Zhang et al. (2012),

Faris et al. (2006), and Zhang et al. (2004).



2.1

2 CURRENT EMPIRICAL MODEL REVIEW

Several common methods for liquefaction triggering and lateral spreading are reviewed in
this section. While numerous versions of each method often exist with previous iterations
highlighting advancements, only the most recent versions are examined here. See the references

for more detail on the development of each method.

Liquefaction Triggering Equations
In order for lateral spread to occur, a continuous layer of liquefiable soil must be present.
Most empirical techniques require a liquefaction triggering study to identify a layer that is likely
to liquefy. Three common liquefaction triggering methods are examined: Youd et al. (2002), Cetin
et al. (2004), and Idriss and Boulanger (2004). Since developers of lateral spread and liquefaction
techniques often collaborate or are the same authors, an attempt is made to associate the favored

liquefaction method with each lateral spread method.

2.1.1 Youd et al. (2001)
Developed during the 1996 NCEER and 1998 NCEER/NSF workshops on evaluation of
liquefaction resistance of soils, this method is based on the earlier “simplified procedure”

developed by Seed and Idriss in 1971 that was standard practice at the time. No major update had



been made since 1985, and the conference aimed to incorporate additions and modifications to the
procedure.
Two terms are required for evaluation: Cyclic Stress Ratio (CSR) and Cyclic Resistance

Ratio (CRR). CSR estimates the seismic demand on a soil layer, as shown in equation (2-1) :

Oyvo amax)
CSR = 0.65 . T, 2-1
[dvo J ( o d ( )

Where amax = peak horizontal acceleration at the ground surface from the earthquake; g=

acceleration due to gravity; ov and c’vo are total and effective vertical overburden stresses,

respectively; and rq = stress reduction coefficient defined in equations (2-2) and (2-3).

4 = 1.0 — 0.00765 for z < 9.15m (2-2)

ry = 1.174 — 0.0267 for 9.15m < z < 23m (2-3)

CRR estimates the capacity of the soil to resist liquefaction, and can be estimated by several
types of test data including SPT, CPT, shear wave velocity (Vs), and the Becker penetration test.
Field tests are preferred over laboratory testing, due to high sample disturbance during sampling
and transportation to the lab.

Advantages of SPT correlations include abundant SPT data from past earthquakes and the
ability to retrieve a sample for classification. The equation for estimating CRR for a 7.5 magnitude

earthquake from SPT data is shown in equation (2-4):



_ 1 (N1)socs 1 _ 1
CRR75 = 34(NDgocs T (10x(N1)gges+45)2 200 (2-4)

Where (N1)eo is blow count normalized for overburden pressure, and corrected for hammer
efficiency, borehole diameter, rod length, sampler, and clean sand equivalent. This equation
calculates CRR and is only valid for (N1)socs less than 30, as larger blow counts are considered
non-liquefiable.

Advantages of CPT data include continuous data, good detection of variability within the
layer, good quality control, and repeatability. However, CPT data does not always indicate
variation in fines content well. CRR is estimated from CPT data using equations (2-5) and (2-6),

where (qcin)es 1S cone tip resistance normalized for overburden and atmospheric pressure:

CRR;s = 0.833 [“282] 1+ 0,05 if (qern)es < 50 (2-5)
3
CRRy5 = 93[L0%]" 1 0.08if 50 < (qern)es < 160 (2-6)

Although not as widely available as SPT and CPT data, Vs data is a basic mechanical
property of soil, which is directly related to small-strain shear modulus. However, liquefaction
occurs with medium to high-strain. Vs also performs well in gravelly soils, unlike SPT and CPT,
but may not detect thin, weakly cemented low Vg strata if the measurement interval is too long.

As there is some debate over the benefits of normalizing Vs data for CRR calculations,

CRR can be calculated using both Vs and Vsi. Equation (2-7) calculates CRR from Vs; :

CRR;5 = 0.022 2| + 2.8 (—— - =) 2-7)

V*s1=Vs1  Vsi



For gravels, BPT tests are a good option, as they are able to penetrate these dense materials.
However, this test is not discussed in detail here as it is not applicable to the examined case studies.

To correct for magnitude effects, either a Magnitude Scaling Factors (MSF) can be applied
to CRR, or CSR is adjusted by dividing by a weighting factor, which is the inverse of a MSF. Both
are used to find the corresponding CRR for earthquakes of magnitudes other than 7.5 and achieve
the same result. Youd et al. (2001) applies a MSF, where equation (2-25) calculates a factor of
safety against liquefaction (FS) using the I. M. Idriss MSF referenced in equation (2-10) where Ko

corrects for overburden pressure:

FS = (oas) » MSF * K, (2-8)
MSF = 10%%* /M,,*>° (2-9)

Cetin et al. (2004)

Unlike the Youd et al. (2001) paper which considered various forms of in situ field data
for determining CRR, Cetin et al. (2004) focuses exclusively on SPT data. Several additional case
histories were added, and all case histories were carefully examined for quality and uncertainty
and poor quality histories were eliminated. Additionally, this method deals specifically with issues
regarding fines content, magnitude correlations, and effective overburden stress corrections. The
Cetin et al. (2004) procedure also accounts for improved understanding of SPT data interpretation,
assessment of in situ cyclic shear stress ratio, and site-specific earthquake ground motions such as
directivity effects and site specific response. Use of high-order Bayesian updating probabilistic

tools in addition to case history screening reduced uncertainty. The final method follows the same



pattern as Youd et al. (2001) with a few changes, including a new rq stress reduction factor and
fines correction factor. Equation (2-10) shows rq for depths less than 20 m, with equation (2-11)

for depths greater than 20 m.

—23.013 — 2.949a,,,4, + 0.999M,, + 0.0525V ;5,,,
[1 + 16.258 + 0. 201 e%341(-20+0.0785V; ;,,,+7.586) ]
[1 4 —23.013 — 2.949a,,,, + 0.999M,, + 0. 0525V:_12m] (2-10)

16 258 + 0 201e0'341(0'0785V;,12m+7'586)

to.,,

Ta
—23.013 — 2.949a,,,4, + 0.999M,, + 0.0525V ;5,,,
_ [1 + 16.258 + 0. 201eO.341(—20+0.0785V;12m+7.586) ]
[1 + —23.013 — 2.949a,,,,, + 0.999M,, + 0. 0525V§)12m] (2-11)

16.258 + 0. 201eO.34-1(0.0785V;‘12m+7.586)

—0.0046(d - 20) + o,

Where,

O, = d®85%0 4 0.0198. (2-12)

Equation (2-12) defines standard deviation o4 as a function of depth (d), where d is limited
to a maximum of 12 m, remaining constant after that depth. The stiffness factor V*s 12 m is

measured or estimated with a minimum of 120 m/s for very soft soils and a maximum of 250 m/s



for very stiff soils. The necessity of estimating shear wave velocity for site stiffness when
evaluating SPT data could be considered a weakness.

SPT blow counts are also corrected for fines, by multiplying Ni 6o,cs values by Crines:

FC
Crines = (1+0.004 +FC) + 0.05 ( ) (2-13)
Nie60

Where FC is percent fines, with a maximum of 35% and a value equal to zero for fines less
than 5%. Magnitude is correlated from a duration weighting factor (DWFwm), as shown in Figure 1

and equation (2-14).

5 | | i 1
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Figure 1. Cetin et al. (2004) recommendations for magnitude scaling (labeled as THIS STUDY) compared
with previous methods.

CSR*cqy = CSR.q/DWFy (2-14)
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2.1.2 Idriss and Boulanger (2004)

Building on the same framework as Youd et al. (2001) and Cetin et al. (2004), Idriss and
Boulanger (2004) redefine parameters rq, MSF, K and Cn. Idriss performed several hundred
parametric site response analyses as a basis to redefine these variables, and derived equations

(2-15) — (2-17):

In(ry) = a(z) + B(z) - M (2-15)
a(z) = —1.012 — 1.126sin (11 —+ 5.13) (2-16)
B(z) = 0.106 + 0.118 sin (11 —+ 5.142) 2-17)

Where depth (Z) is less than or equal to 34 m. To correct for magnitude effects, CSR is
multiplied by the MSF factor given by (2-18) instead of multiplying CRR by MSF as proposed by
Youd et al. (2001). Nevertheless, the effect on the factor of safety against liquefaction is the same

in both cases, as described in equation (2-19), with MSF limited to a maximum of 1.8.

-M
MSF = 6.9e(T) —0.058 (2-18)
CSRy = MSF % CSRy—7 s (2-19)

Figure 2 shows curves for re-evaluated K by Boulanger and Idriss, with several equations

to obtain these curves described in more detail in Idriss and Boulanger (2004).
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Cn relations are re-evaluated as well, with final recommendations in equations (2-20):

P, \™
Cy =( p ) <17 (2-20)

Where m = 0.784 — 0.0768 * ((N1)0)"> for SPT data and m = 1.338 — 0.249 * (qcin)"**
for CPT data. (N1)so values are limited to a maximum of 46, with qci~ limited to a maximum of
254. Note that solving equation (2-20) requires iteration, as (N1)eo = Cn(N)so and qc1 = Cnqe. Idriss
and Boulanger (2004) discuss Vs data, but only briefly, as they do not recommend using

liquefaction estimations from Vs data outside of creating limiting bounds.
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Figure 2. Re-evaluated K, curves from Idriss and Boulanger (2004).
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2.2 Lateral Spread Prediction Methods

Several deterministic models have been developed to estimate lateral spread, including
methods based on SPT and CPT data. Six models are examined here, including: four fully
empirical methods for SPT data only, Youd et al. (2002), Rauch and Martin (2000), Bardet et al.
(2002), Zhang et al. (2012); one semi-empirical method for SPT data, Faris et al. (2006); and one
empirical method for CPT data, Zhang et al. (2004).

Several deterministic methods use Multiple Linear Regression (MLR) analysis to create
empirical equations that estimate future behavior based on observations from previous
earthquakes. The assumption that a true but unknown relationship exists between measured
displacement and site specific or seismic characteristics drives selection of certain parameters
which are statistically shown to best approximate the observed movement. Typically, many
different parameters are considered, each one evaluated on the availability and quality of data from
existing case histories and statistical independence when regressed. One parameter is selected at a
time which appears to best reduce error between predicted and observed measurements, and the
process is repeated until a consensus is reached on a set that together maximize the coefficient of
determination, 2. More realistic and easily estimated parameters might be selected despite a

slightly lower 2.

2.2.1 Empirical SPT Methods
Several empirical SPT methods are evaluated, including Youd et al. (2002), Rauch and

Martin (2000), Bardet et al. (2002), and Zhang et al. (2012).
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2.2.1.1 Youd, Hansen, and Bartlett (2002)

Based off an earlier version published by Bartlett and Youd in 1995, this revision offers a
simplified technique for estimating ground displacement from liquefaction-induced lateral
spreading, which has gained widespread popularity for predictive purposes in current practice. The
82.6% R? of the original Bartlett and Youd (1992) method increased to 83.6% for the Youd et al.
(2002) model. The revision included additional datasets, corrected some errors, and adjusted the
general form slightly. Specifically, the addition of a log function improves predictions for gravels
and an added constant to the distance term prevents unrealistically large displacements according

to the current case history database.

A
A J

|

Figure 3. Idealized schematic of Youd et al. (2002) free face and gentle slope scenarios.

The authors found a strong correlation between ground topography and displacement, and
developed an equation for two categories of lateral spread displacement: (1) movement towards a
free face and (2) movement down a gentle slope where no free face is present. The classic cases
of a free face condition and a gentle slope condition are shown in Figure 3. The general form of

the revised MLR equation for the free-face condition is:
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log(Dy) = —16.713 + 1.532M — 1.406log(R*) — 0.012
+ 0.592log(W) + 0.540 log(T45)

+ 3.41310og(100 — F5) (2-21)
—0.795log( D505 + 0.1 mm)
where,
R*=R+R,,and (2-22)
Ro — 10(0.89M—5.64) (2_23)

Using the same definitions of R* and Ry, the general form of the revised MLR equation for

the gentle slope condition is:

log(Dy) = —16.213 + 1.532M — 1.406 log(R*) — 0.012R
+ 0.3381log(S) + 0.540 log(T5)
+ 3.413l0g(100 — F45)
—0.795log( D505 + 0.1 mm)

(2-24)

Dy is the estimated lateral ground displacement, in meters; M is the moment magnitude of
the earthquake; R is the nearest horizontal or map distance from the site to the seismic energy
source (in kilometers), Ry is a distance constant that is a function of M; R* is the modified source
distance; 775 is the cumulative thickness of saturated layers with corrected blow counts, (N;)s0, less
than 15 blow/ft, in meters; Fs is the average fines content (fraction of sediment sample passing a
No. 200 sieve) for materials included within 775, in percent; D50;s is the average mean grain size
for materials within 775, in millimeters; W is the free-face ratio defined as the height () of the
free face divided by the distance (L) from the base of the free-face to the site, in percent. Though
not included in the equation, Zr, the depth to the top of the liquefiable layer 775, is included as a

limit to prevent application to deeper liquefiable layers than represented in the database. A
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liquefaction analysis must be applied previously, as these equations are only considered valid in
locations that have already been determined as likely to liquefy.

The liquefiable layer is considered when determining the base of the free face. When
calculating the free face ratio W, H is considered the horizontal distance from the site to the toe of
the exposed liquefiable layer, and L the vertical distance from the site to the toe of the liquefiable
layer. Dr. Leslie Youd described the base of the free face as where the base of the liquefiable layer
sees daylight (personal communication, Feb. 26, 2014). Figure 4 shows a schematic for identifying

the base of a free face for the Youd et al. (2002) equation.

- - >
A ‘
Spread Location
H ————— _— L oar —-_— B—
Liquefiable Layer
A 4

Base of Free Face

Figure 4. Free face base for the Youd et al. (2002) lateral spread method.

The applicability of these equations is limited by the variability of the data used to develop
the equation. Youd et al. (2001) recommend caution when working with W falls outside of the 1%
to 20% range, as displacements are generally small when W < 1% and slumping or flow failure
may occur near a free face with W > 20%. Extrapolation limits recommended for each parameter

due to sufficient representation in the case history database are shown in Table 1. Rrin Ambraseys’
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(1988) equation, shown as Equation (2-25) defines the upper limit of R. Acceptable ranges for

D5015 and Fi5 are shown in Figure 5.

Table 1. Acceptable Range of Parameters for Youd et al. (2002) Lateral Spread Equations

Parameter Min Max
My 6 8
R or Req Ambraseys
(km) 0.5 (1988)
W (%) 1 20
S (%) 1 5
T15(m) 1 15
Z1 1 15

Where Ambraseys (1988) equation is:.

My, =0.18 4+ 9.2 x 1078 % R + 0.9logR¢ (2-25)

100 [ Legend |

e Data From LJ.S. Sites
a Data From Japanese Sites
Data from 278 boreholes.
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Figure 5. The acceptable range of Fis and D501s for Youd et al. (2002) lateral spread equations.
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The Bartlett and Youd database from the 1995 version as well as the Youd, Hansen, and
Bartlett database from the 2002 revisions consists exclusively of earthquake sites within Japan and
the United States. The 2002 revision attempts to account for variations in ground motions among
different regions by incorporating a chart that uses three different attenuation relations, correlating
average Peak Ground Acceleration (PGA) and earthquake magnitude to an equivalent source
distance, Req which can be used in place of R. This chart, as shown in Figure 6, includes attenuation
relations from: Abrahamson and Silva (1997) intended for shallow crustal earthquakes in active
tectonic regions; Boore et al. (1997) intended for shallow earthquakes in western North America;
and Campbell (1997) intended for worldwide earthquakes with a distance to seismogenic rupture
less than 60 km. Locations where boundary effects may have impeded displacement were not

included in the 2002 database.
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Peak Horizontal Ground Acceleration, pga (g)

Figure 6. Equivalent distance Req to replace R in Youd et al. (2002) lateral spread equations.
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2.2.1.2 Rauch and Martin (2000)

Rauch and Martin generated the Empirical Prediction of Liquefaction-induced Lateral
Spreading (EPOLLS) model which is similarly regressed using MLR like the Youd et al. (2002)
model but attempts to compensate for varying levels of available information. EPOLLS models
consist of three different versions:

e Regional-EPOLLS, requiring only general seismic source and local intensity data

e Site-EPOLLS, requiring all Regional-EPOLLS data plus site specific data like
topography and slide area dimensions

e Geotechnical-EPOLLS, requiring all Site-EPOLLS data plus subsurface data from

field tests.

By creating models that only include more generalized and easily obtainable information,
Rauch and Martin allow the user to enter the model even if there are gaps in collected data. This
also allows more sites to be used in developing the Regional and Site EPOLLS models, as less
information is required for the site to be included the database for each model. The EPOLLS
models are also intended to predict average magnitude of displacement across a general region,
unlike Youd et al. (2002) which predicts at a specific site. When compiling the case history
database, individual displacement vectors were grouped to create one displacement case study as
long as the general direction of the contiguous soil mass remained the same, ignoring slight
variations in direction due to local topography and geology. One average horizontal displacement
value was then calculated for the whole case study site using individual vectors. Grouping
displacements decreases the degree of dependency, where otherwise a few sites with several

displacement measurements might become disproportionally represented. This is different from
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the Youd et al. (2002) method which can use multiple displacement vectors from the same slide
mass.

Lateral spread is limited to mostly horizontal displacement on gentle ground slopes of 5%
or less. Sites with embankment slumps, failed retaining walls, and sites with rock-filled dikes or
large concrete structures were excluded.

Similar to Youd et al. (2002), all three models require liquefaction assessments to qualify the
site prior to entering the EPOLLS models. Equations were similarly regressed until error was
minimized, with an emphasis on including parameters which could be easily obtained with
reasonable accuracy. Equation (2-26) predicts average horizontal displacement for the
Geotechnical-EPOLLS model. Table 2 from Rauch and Martin (2000) defines used parameters.

Rauch and Martin provide the option to use either St for a gentle slope scenario, Hpce for a
free face scenario, or both for a scenario in which both a free face and gentle slope are present.

Limits are provided in Table 3 for each parameter as well as predicted displacement for the
Geotechnical-EPOLLS model. Since the data used to develop their models is primarily from Japan,
California, and Alaska, Rauch and Martin acknowledge that reliability of predictions outside of

these areas is unknown.

0.613M,, — 0.0139R; — 2.42A 4, — 0.0114T,; \?
AVGhory = +0.000523Lg4, + 0.0423S,,,
+0.0313H; 4 + 0.0506Zpgmin, — 0.0861Z;, — 2.49 (2-26)

+0.124

20



Table 2. Definition of Variables Used in EPOLLS Model from Rauch and Martin (2000).
Parameter Definition
My Moment magnitude of earthquake
Rr (km) Shortest horizontal distance from site to surface projection of fault rupture or zone
of seismic energy release
Amax (g) | Horizontal acceleration at ground surface of site that would occur in absence of
excess pore pressures or liquefaction generated by earthquake
Ta (s) Duration of strong earthquake motions at site, defined as time between first and
last occurrences of surface acceleration > 0.05 g
Lsiige (m) | Maximum horizontal length from head to toe of lateral spread in prevailing
direction of movement
Stop (%) Average slope across surface of lateral spread, measured as change in elevation
over distance from head to toe
e When free face is present, surface slope is measured from head of slide to
crest of free face
e Negative Sip indicates surface that slopes in direction opposite to
prevailing direction of movement
Hface (m) | Height of free face, measured vertically from toe to crest of free face
e Hpee = 0 when no free face present
e  When free face is stream bank, measure Hece from bottom of stream and
do not include height of narrow levees along top
Zrsmin (M) | Average depth to minimum factor of safety in potentially liquefiable soil
Ziiq (m) Average depth to top of liquefied soil
Avg Horiz . . . o .
(m) Average horizontal displacement predicted, limited to Geotechnical-EPOLLS here

Table 3. EPOLLS Model Limits

Parameter | Minimum Maximum
Value Value
My, 6.5 9.2
R¢ (km) 0 119
Amax (g) 0.16 0.52
Tq (s) 4 88
Lsiide (m) 20 1360
Stop (%) -0.7 5.2
Hface (M) 0 9
ZESmin (M) 2.4 12.4
Ziiq (m) 0.9 7.3
Avg Horiz 0.23 4.29
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2.2.1.3 Bardet, Tobita, Mace, and Hu (2002)

Bardet et al. (2002) provide a more simplified version of the Bartlett and Youd (1992)
model intended to provide general estimates of lateral spread displacements over large areas, as
would be necessary for a risk assessment across spatially distributed lifeline networks.

Since the geotechnical parameters Dso and Fis are the most difficult to estimate over large
areas, Bardet et al. (2002) dropped these terms, using only a subset of four parameters from the
original Bartlett and Youd (1992) equation. The simplified general equation was regressed using
the same case history data base and MLR regression techniques as Bartlett and Youd (1992).

Additionally, the four parameter general equations was regressed using a subset of the
original case history database which included only cases with measured displacements less than 2
m. As the ability of engineering practice to limit damage to structures that experience
displacements greater than 2 m is difficult, this second case history data base was intended to
improve estimates for more common applications.

The general equation is shown in (2-27) with coefficients in Table 4. Data Set A consists
of all case histories in the original Bartlett and Youd (1992) database, with Data Set B the case
histories with less than 2 m of displacement. Note that the Bardet et al. (2002) method limits R to

0.2 — 100 km. For other limits, refer to Bardet et al. (2002).

by log(W) + bs log(S) + b (T1s) - (2-27)
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Table 4. Regressed Coefficients for Bardet et al. (2002) Model

Coefficients Data Set A Data Set B

bo -6.815 -6.747
botf -0.465 -0.162
b1 1.017 1.001
b2 -0.278 -0.289
bs -0.026 -0.021
ba 0.497 0.090
bs 0.454 0.203
be 0.558 0.289
R? adjusted 64.25% 64.27%
Data points 467 213

Though this model calls for the epicentral distance, Bardet et al. (2002) also define the
epicentral distance as “the nearest horizontal distance to seismic energy source or fault rupture”
which is almost identical to the Youd et al. (2002) distance R definition, “the horizontal or mapped
distance from the site in question to the nearest bound of the seismic energy source”. Bardet et al.
(2002) reports values from the Youd LD database as “epicentral distances”, even though distance
values are identical to the database values reported from Dr. Youd’s website, which are Joyner-
Boore distances. It is therefore determined that the Bardet et al. (2002) model is developed from
the same Joyner-Boore distances used by Youd et al. (2002), despite the confusing use of the term
epicentral.

In addition to the distance R, Moment magnitude M, liquefiable layer thickness Tis, free-
face ratio W, and ground surface slope S are all defined the same as Bartlett and Youd (1992). The
free face case and slope case are considered separately. R values outside of 0.2 km — 100 km are
not recommended, and low values of R with high values of M fall into an area of “No Data” shown

in Figure 7.
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Figure 7. Range of available data from Bartlett and Youd (1992) and Ambraseys (1988) databases.

The accuracy of the Bardet et al. (2002) model is significantly lower with an R? at 64%.
Bardet et al. (2002) acknowledges the R? of the Bartlett and Youd (1992) model is higher when
all six parameters are known but claims their model has a higher R? if average values of F1s = 13%

and D505 = 0.292 mm are used.

2.2.1.4 Zhang, Changwei, Zhao, McVerry (2012)

The Zhang et al. (2012) model combines response spectral acceleration from local strong-
motion attenuation models with the geotechnical parameters from the lateral displacement dataset
on the Youd website, with the intention of increasing the applicability of the model in regions
outside of the western United States and Japan. By replacing the source to site distance term with
spectral displacement, the model can theoretically predict lateral spreading displacement anywhere
local attenuation relations are sufficiently developed to estimate ground shaking.

Equations for the free-face case and gentle slope case are shown in equations (2-28) and

(2-29), respectively.
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Free-face case:

log(Dy) = 1.86191og(SD) + 0.608log(W) + 0.0342T;5

(2-28)
+2.464310g(100 — F;5) — 0.83821og(D50,5 + 0.1) — 3.4443
Gentle slope case:
log(Dy) = 1.861910g(SD) + 0.4591 log(S) + 0.0197T;5 +
(2-29)

2.464310g(100 — F,s) — 0.83821og(D505 + 0.1) — 2.7096

Parameters are defined as in Youd et al. (2002), with the exception of SD which is pseudo-
spectral displacement in meters. SD is found by dividing the spectral acceleration obtained from a
local strong-motion attenuation model at a period of 0.5s by (4m)>. While the Alaska 1964
earthquake was not included in the database for this model as it did not appear to fit well with the
other case histories, successful application to earthquakes in Turkey and New Zealand improves

confidence in the Zhang et al. (2012) model.

2.2.2 Strain-Based Semi-Empirical Model: Faris, Seed, Kayen, Wu (2006)

The Faris et al. (2006) model is semi-empirical, combining knowledge from laboratory
studies to case history field data. Correlations developed by Wu (2002) between cyclic simple
shear obtained in the lab with SPT counts is used to estimate the Strain Potential Index(SPI), the
limiting or maximum shear strain experienced due to cyclic loading in Figure 8. SPI is considered
indicative of the deformation potential in liquefied soils, and can account for varying probability

of displacement within a liquefiable layer as opposed to a uniform parameter such as Tis from
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Youd et al. (2002) that weights the entire liquefiable layer evenly. Note that curves in Figure 8 are

interpolated from extremely limited data with large CSR and small SPT values.

50% 35% 20% 10% 5% 3% 50% P,
0.6 1 }
. |
0 o5 k I
o 0.
o 8 TR
% I 84 f o é & 0
0.4 F 3 sz Aa
a ‘ G,Go.za %
o l 10 1s 2 =7
7] I = 44 ' ‘529 '%*-3 ;ﬁeﬁ
=03 L ” Y og, 5 21 A4DkPa, Dr=35%
g l @ 3(;.}. (18)f O P &5 O 40kPa, Dr = 45%
« 8) ol C40kPa, DF = 60%
;"".. , an 3B gg 4 .40 E?” 0z 02 O40kPa, Dr =80%
S 0.2 | o 9.15 ST M.@ a3 A 80kPa, Dr = 35%
o / {24]}‘ 1231 YA # 80KPa, Dr = 45%
a S\ % (50294 *00 1/ P 53 W80KPa, Dr = 80%
3 041 | “u 14,30/ ? P01 o #50kPa, Dr =80%
5 0 /0. vl % 180kPa, Dr = 50%
< e i # next lo markers are the SA shear strain at the = 180kPa, Dr = 65%
15th eycle, values in brackets are aslimaled. % 180kPa, Dr = B0%
o_u [ 1 1 L 1 [ 1
0 5 10 30 35 40

1§|:r1' N-vzaque N;, szos.cs

Figure 8. SPI as a function of N1,60,CS and adjusted CSR* for Mw=7.5 (Wu, 2002).

Using the Seed et al. (2003) liquefaction analysis method, SPT blow counts are corrected
to (N1)eo and a CSR 1is obtained. Faris et al. (2006) then corrects SPT counts to a clean sand
equivalent (Nje0,cs) and CSR to equivalent cycles under a 7.5 magnitude earthquake (CSR*).
Using curves based on Wu (2002) but interpolated to include a 75% SPI curve (Figure 9), SPI is
obtained from normalized CSR and SPT values. Displacement Potential Index (DPI) is calculated
by simply multiplying the SPI for each layer by the layer thickness. Maximum DPI (DPlmax) is the
summation of the DPI for all liquefiable layers. A final deterministic equation (2-30) is then
developed via a Bayesian probabilistic approach to predict Hmax, the maximum displacement

expected due to liquefaction-induced lateral spread. Hmax and DPImax both are defined in meters.
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Strain Potential Index, Wu (2002)
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Figure 9. Modified SPI curves given N1,60,CS and adjusted CSR* for Mw=7.5 (Faris et al., 2006).

Hppor = exp(1.0443 In(DPl,,4,) + 0.0046 In(a) + 0.0029My, ) (2-30)
Where,
( H or free — face cases
0.25L forf !
a= S for sloping ground cases (2-31)

H + 0.01S for combination cases
0.25L |
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While DPImax accounts for cyclic shear stress from the earthquake, a represents horizontal
driving shear stress from the vertical effective stress of the soil. By defining o separately for a free
face and sloping ground scenario, combination scenarios where both a free face and slope exist
can be accounted for by applying both terms, as seen in the final definition of a in equation (2-31).
My, is moment magnitude; S the average slope in percent of the ground surface across the entire
length of the lateral spread; H the height of the free face in meters and L the distance from the toe
of the free face to the site of the lateral spread, in meters.

Lateral spread here is defined similarly to the definition of Rauch and Martin (2000), where
displacement of a mass of soil is considered one case history, instead of considering each

displacement vector recorded separately, such as in Youd et al. (2002).

2.2.3 Empirical CPT Method: Zhang, Robertson, Brachman (2004)

Similar to Faris et al. (2006), this model presents a semi-empirical approach based on
potential maximum cyclic shear strains. However, Zhang et al. (2004) is compatible for both SPT
and CPT data. Relative density (D) from field data and the Youd et al. (2001) factor of safety
against liquefaction (FS) is correlated with laboratory studies on clean sand from Ishihara and
Yoshimine (1992) to estimate ymax, the maximum amplitude of cyclic shear strains due to cyclic
loading, as shown in Figure 10. A modified version of Meyerhof’s (1957) correlation is suggested
to obtain D; from SPT data (2-32), and a modified version of Tatsuoka et al. (1990) with effective

overburden stress correction from Robertson and Wride (1998) for CPT data (2-33).
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Figure 10. Max cyclic shear strain from D and FS against liquefaction (Zhang et al., 2004).

Dr =14 % \/ZN1)60, for (N1)go < 42 (2-32)
Dr =-85+ 7610g(quN), for dcin < 200. (2_33)

A Lateral displacement Index (LDI) is then determined from equation (2-34), which is then
combined with geometric parameters to determine total displacement. Zmax is the maximum depth
below all potential liquefiable layers with a FS below 2.0, with 23 m presented as a maximum
within the verified range. Equation (2-35) is used to compute Lateral Displacement (LD) for a free
face case, while equation (2-36) is used to calculate LD for a gentle slope case. The case of a free
face with gentle slope is examined, but ultimately no equation is presented due to insufficient data.

Relationships represented by these equations were fit by-eye rather than statistically with a
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regression analysis. Only three earthquakes with CPT data qualified for the Zhang et al. (2004)

study, and a need for additional CPT-based case histories is emphasized.

Zmax
2-34
LDI = f Ymax Az ( )
0

Free Face:

-0.8 _
b =6(L/y) " LDI fora <L/, <40 (2-33)
Gentle Slope:
LD = (S+0.2) «LDI, for 0.2% < S < 3.5% (2-36)

LD is in meters, L is the horizontal distance from the free face toe to the site in mete