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Regional scale liquefaction assessments are currently performed using approaches such as qualitative liquefac-
tion susceptibility rankings based on mapped geology and groundwater information, interpolation of liquefaction
vulnerability indices from widely spaced subsurface explorations, or use of proxies for geologic, geotechnical,
and groundwater conditions that affect liquefaction triggering calculations. These methods often do not include
assessments of the consequences of liquefaction, such as the potential lateral spread displacement and its un-

certainty. This study presents a procedure for probabilistically assessing liquefaction-induced lateral spread
displacement at the regional scale by estimating a distribution of lateral displacement index (LDI) using models
conditioned on surficial geology, depth to groundwater, peak ground acceleration, and earthquake magnitude.
Existing topographic correlations are used to convert distributions of LDI to distributions of lateral spread
displacement. Case histories illustrate its performance in regional assessments of the lateral spread hazard.

1. Introduction

Liquefaction-induced lateral spread displacement is a common
mechanism of seismic displacement and often causes severe damage to
port facilities and distributed infrastructure, such as buried pipelines.
The lateral spread displacement hazard can be assessed at the site-
specific scale using empirically-based, in-situ penetration test methods
or by performing advanced numerical analyses that requires laboratory
testing, but these methods are impractical for assessing potential lateral
spread displacements across large, distributed infrastructure systems.
Distributed infrastructure systems such as water and gas pipeline net-
works may include hundreds of kilometers of pipelines, and the lique-
faction and lateral spread displacement hazard may vary significantly
throughout the geographic area of these networks. To assess the lateral
spread displacement hazard to lifeline systems, a need exists for
improved regional scale analysis methods. This paper describes and il-
lustrates the use of a new procedure to probabilistically assess potential
liquefaction-induced lateral spread displacements at regional scales.

The procedure proposed in this paper was developed as part of a
larger research effort to create a new seismic risk assessment program
called OpenSRA, which utilizes the Pacific Earthquake Engineering
Research (PEER) center’s Performance-Based Earthquake Engineering
(PBEE) methodology. The PEER PBEE framework assesses seismic
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performance at the system level by probabilistically quantifying an in-
tensity measure (IM), such as the peak ground acceleration (PGA), and
the response of the system to the IM in terms of seismic displacement or
other engineering demand parameters (EDP). The EDPs are used with
fragility relationships to estimate the damage to the system such as
longitudinal pipe strain or other damage measures (DM). Finally, the
DMs are used to evaluate decision variables (DV) such as the probability
of pipeline rupture. To be used in the PBEE framework for estimating the
seismic displacement EDP, the proposed method is required to estimate
quantitatively potential lateral spread displacement and the uncertainty
of its estimate. The method is intended for regional scale analyses for the
purpose of identifying areas of high lateral spread displacement hazard
where site-specific techniques can further refine the lateral spread
displacement hazard.

To develop the procedure, cone penetration test (CPT) data are
collected in a region and are sorted by surficial geology. The lateral
displacement index (LDI) is calculated for each CPT for 225 unique
combinations of depth to groundwater (GWT), peak ground acceleration
(PGA), and earthquake moment magnitude (M,,). Standard penetration
test (SPT) data could also be used to inform the models, albeit with
greater uncertainty and lower reliability in comparison to the CPT. The
data are used to derive relationships to estimate the probability that LDI
equals zero (Pypj—g), where small values of LDI are assumed to be
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essentially zero, and the mean, non-zero LDI. The P;p;_( and mean, non-
zero LDI relationships are combined using a mixed-random variable
model whereby there is a mass probability that LDI equals zero (denoted
LDIp) and a continuous distribution of non-zero LDI. The distribution of
non-zero LDI is then converted to a distribution of non-zero lateral
spread displacement using existing topographic correlations of LDI to
lateral spread displacement. Finally, to realistically model the spatial
extent of lateral spreading, the modeled lateral displacements are scaled
by the proportion of a surficial geologic unit estimated to be susceptible
to surface liquefaction and a minimum displacement threshold is
established. The modeling is shown to estimate reasonably both the
spatial extent and severity of lateral spreading in the San Francisco Bay
Area of California for the 1989 M,, 6.9 Loma Prieta earthquake and in
Christchurch, New Zealand for the 2010 M,, 7.1 Darfield and 2011 M,,
6.2 Christchurch earthquakes.

2. Available regional scale liquefaction triggering and lateral
spread displacement procedures

Evaluating liquefaction triggering and potential lateral spread dis-
placements at regional scales is challenging due to the variability and
large uncertainty inherent to estimating geotechnical, groundwater, and
topographic conditions as well as the earthquake shaking intensity. The
Zhu et al. [1,2] procedures use proxies for geotechnical and ground-
water conditions, such as slope-based shear wave velocity in the upper
30 m (Vs3p), compound topographic index (CTI), mean annual precipi-
tation, and distance to the coast, nearest river, or nearest body of water,
along with the PGA or peak ground velocity (PGV) to estimate the
probability of liquefaction triggering. Given that these procedures use
only proxies for subsurface conditions, their estimates are highly un-
certain. Moreover, these methods do not quantify the aleatory vari-
ability (uncertainty due to inherent randomness) or epistemic
uncertainty (uncertainty due to lack of data). Furthermore, the Zhu et al.
methods [1,2] do not attempt to quantify the potential consequences of
liquefaction, such as lateral spread displacements.

Alternatively, geologic-based assessments [3] have been employed
for decades to qualitatively assess the relative susceptibility of surficial
geologic units to liquefaction triggering over regions with large-scale
geologic mapping that differentiates quaternary units by age and
depositional environment. Geologic-based maps of relative liquefaction
susceptibility can be converted to quantitative estimates for the proba-
bility of liquefaction triggering and lateral spread displacement using
the Hazus [4] methodology. The Hazus method [4] for estimating lateral
spread displacement is based on the liquefaction severity index (LSI) [5],
which loosely correlates the severity of liquefaction to the distance to
the seismic energy source (R) and the earthquake M,,. The Hazus
method implicitly assumes that lateral spreading is only an inertia
driven process, whereby the stronger the shaking, the greater the lateral
spread displacement, and it does not consider topography in estimating
displacements. This approach does not consider the potential mecha-
nism for lateral spread displacement where earthquake shaking gener-
ates excess pore water pressure resulting in liquefaction and overlying,
non-liquefied sediments move gently downslope or towards a free-face
due largely to gravitational forces greater than the strength of the lig-
uefied material at times with high excess pore water pressures. For these
reasons, the Hazus method may not reliably characterize the lateral
spread displacement hazard. In addition, Hazus does not estimate the
aleatory variability or epistemic uncertainty in the lateral spread
displacement estimate.

Another approach to evaluating liquefaction at regional scales is to
calculate liquefaction vulnerability indices, such as the liquefaction
potential index (LPI) [6] or the liquefaction severity number (LSN) [7],
at CPT locations or at soil exploratory borings with standard penetration
test (SPT) blow counts, to then interpolate between investigation sites
using kriging techniques, and lastly, to correlate the calculated vulner-
ability index to the probability of liquefaction triggering or potential
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consequences of liquefaction. This approach has validity but is limited to
areas with many geotechnical investigations spaced relatively close
together. It is difficult to apply these techniques in seismic risk analyses,
which may require evaluating thousands of ground shaking iterations,
and it is difficult to track the uncertainty from dozens to thousands of
individual geotechnical investigations.

A recent paper by Paolella et al. [8] proposed a unitless, generalized
liquefaction severity number (GLSN) to estimate liquefaction severity at
regional scales. Their method calculates a modified LDI with a newly
proposed depth weighting factor which uses the inverse tangent func-
tion. The modified LDI is then multiplied by a topography factor (TF)
based on the topographic correlations presented by Zhang et al. [9]. The
GLSN is calculated at individual CPTs across a study region and inter-
polated using kriging techniques. Liquefaction severity is assessed
qualitatively by binning the GLSN into broad categories such as no
damage, minor damage, moderate damage, and severe damage. While
this method is reasonable for assessing general categories of potential
liquefaction-induced damage, it does not provide an estimate of poten-
tial lateral spread displacement or assess the uncertainty of the
displacement estimate. The PBEE framework employed in the PEER
project described previously requires this information.

In another approach that was the inspiration of this paper, Holzer
et al. [10] merged geologic-based evaluations with subsurface
geotechnical investigations to develop what they termed Liquefaction
Probability Curves for Surficial Geologic Deposits. Holzer et al. [10]
collected CPTs in several study regions, sorted them by surficial geology,
and calculated LPI for many different PGAs and for two groundwater
depths (1.5 and 5 m). PGA was scaled by the magnitude scaling factor
(MSF) from Youd et al. [11] to generalize the relationships to all
earthquake magnitudes and at each value of the magnitude-scaled PGA,
the percentage of CPTs within a geologic unit with LPI >5 is taken to be
the probability of liquefaction. The threshold LPI value of 5 was selected
because Toprak & Holzer [12] found that liquefaction is likely when LPI
>5. Logistic models were then fitted to the data to create relationships
that estimate the probability of liquefaction triggering given
magnitude-scaled PGA and depth to groundwater of 1.5 or 5 m.

While the Holzer et al. [10] method was a significant contribution to
advance regional scale modeling techniques, it is not without limita-
tions. Holzer et al. [10] presents models for two discrete groundwater
depths (1.5 and 5 m) rather than modeling the depth to groundwater as a
continuous variable. The method also employs LPI, which has validity in
estimating the likelihood of surface manifestations of liquefaction (i.e.,
ground failure), but LPI has not been correlated directly to lateral spread
displacement (LD). Finally, Holzer et al. [10] do not estimate aleatory
variability or epistemic uncertainty with their method.

3. Topographic drivers of lateral spreads and the lateral
displacement index

As discussed previously, lateral spread displacement is often driven
by gravitational forces as non-liquefied soils overlying liquefied sedi-
ments move gently downslope or towards a free-face (e.g., river banks or
the waterfront at port facilities). In other cases, inertial effects may also
contribute to lateral spread displacements; however, the liquefaction of
continuous soil layers is still a primary mechanism of lateral spreading in
these cases. Methods for estimating potential lateral spread displace-
ments typically require site-specific geotechnical investigations (e.g.
Refs. [9,13-15], and characterize in-situ static driving stresses using
topographic slope or free-face ratio (FFR, which is the ratio of the dis-
tance to the bottom of a free-face feature, L, to the height of the free-face,
H). The Zhang et al. [9] procedure is one of the most commonly
employed CPT-based methods in engineering practice. Its topographic
correlations for converting LDI to LD are used in this study.

Zhang et al. [9] correlates LDI to lateral spread displacement (LD) for
gently sloping sites far from a free-face as Equation (1) and the corre-
lation for sites near a free-face is presented as Equation (2).
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where S is the topographic slope in percent and FFR is the free-face ratio
(L/H). LDI as defined by Zhang et al. [9] is calculated using Equation (3)
and is an index of the cumulative shear strain potential from all lique-
fiable layers in the subsurface.

LDI = / Y maxdZ 3
0

The maximum potential shear strain of a soil layetr, y,,,,. is a function
of the relative density of the soil layer and the excess pore pressure ratio,
represented by the factor of safety against liquefaction triggering (FSy;q).
For this study, the factor of safety against liquefaction triggering was
estimated using the 50% probability of liquefaction cyclic resistance
ratio (CRR) relationships from Boulanger & Idriss [16] and the Ku et al.
[17] probabilistic modification to the Robertson & Wride [18] as
updated by Robertson [19] procedure, giving equal weight to the two
methods. As recommended by Holzer et al. [10], soils in the San Fran-
cisco Bay Area with soil behavior type index I, > 2.4 were considered not
susceptible to liquefaction triggering. For soils in Christchurch, soils
with I, > 2.6 were assumed to not be susceptible to liquefaction

Table 1
Range of investigated parameters.

Parameter Range of Values

PGA (g) 0.1, 0.15, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0
My 6.0, 6.5, 7.0, 7.5, 8.0
GWT (m) 0.5, 1.5, 3.0, 5.0, 7.0
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triggering, which is a typical assumption (e.g., Maurer et al. [20]). To
evaluate liquefaction triggering using Boulanger & Idriss [16], their
relationship to estimate the fines content was used for soils in the San
Francisco Bay Area while the relationship from Maurer et al. [20] was
used to estimate the fines content for soils in Christchurch. Relative
density was estimated using the relationships from Idriss & Boulanger,
Jamiolkowski et al., and Kulhawy & Mayne [21-23], giving weights of
0.4, 0.3, and 0.3, respectively. y,,,, was calculated using the relation-
ships from Zhang et al. and Idriss & Boulanger [9,21], giving equal
weight to the two methods.

The definition of LDI presented in Equation (3) assumes liquefaction
at all depths contributes equally to lateral displacement at the ground
surface, with the only recommended limitation from Zhang et al. [9]
being that liquefaction triggering should not be evaluated below a depth
of 23 m. In the regions evaluated for this study, free-faces are generally
small (typically a few meters) so estimating lateral spread displacement
by considering liquefaction triggering to a depth of 23 m leads to sig-
nificant overestimation of the lateral spread hazard for the free-face
condition. Additionally, for the gently sloping ground condition, lique-
faction at depths greater than about 10-15 m is unlikely to contribute to
lateral displacement at the ground surface. For these reasons, a sensi-
tivity study was performed to estimate an appropriate maximum depth
for evaluating liquefaction triggering and to investigate potential depth
weighting factors (DWFs) to limit the contribution of deep liquefiable
layers to the lateral spread hazard.

It became clear early in the study that a DWF was required to capture
the observed lateral spread displacements in the 1989 Loma Prieta
earthquake. LDI was calculated with no DWF to maximum depths of 10
m and 15 m, and using several potential forms of DWFs, which are
presented in Fig. 1. The linear DWF is similar to that employed in the
calculation of LPI, but the linear DWF used to calculate LPI is linear to
20 m and not 15 m. DWF 1 and DWF 2 place more weight on liquefied
layers near the ground surface compared to the linear DWF, and apply
zero weight on liquefiable layers below 12 m and 15 m, respectively.
DWEF 3 is similar to that recommended independently by Paolella et al.
[8]. The intent of DWF 3 is to place most weight on the upper 7 m of the
soil profile and little weight to soil below a depth of 12 m with a sharp
transition.

To evaluate the appropriateness of each of these assumptions, the
procedure described in later sections of this paper was evaluated in the
San Francisco Bay Area for the M, 6.9 Loma Prieta earthquake and the
results interrogated. It was found that evaluating LDI with no DWF leads
to unacceptable overestimation of the spatial extent of lateral spreading
and displacement magnitudes. DWF 1 (bolded red in Fig. 1) reduces the
overestimation of the lateral spread hazard at the regional scale to an
appropriate degree for the San Francisco Bay Area dataset. DWF 1 also
worked well for the Christchurch dataset, which will be discussed later.
DWF 1 was developed to place the most weight on the upper 6 m of the
soil profile with no weight for soils below a depth of 12 m, which is
consist with the patterns of lateral spread ground deformation observed
in the field. There is epistemic uncertainty in the form of the DWF, and
several DWFs could be included using a logic tree approach. However, in
this study DWF 1 worked best in this regional scale method to reduce the
overestimation of the lateral spread hazard due to deep liquefiable
layers so it was adopted. Accordingly, the definition of LDI is modified in
this study to incorporate DWF 1 as presented in Equation (4).

LDI = / YmaW(2)dz, where w(z) =1 — sinh < @
0

ﬁ) 2.5

In addition to incorporating DWF 1 in the calculation of LDI, LDI was
assumed to be zero for CPTs with less than 0.30 m of soil expected to
liquefy (i.e., soil profile had less than 0.30 m with FS;;; < 1.0). For
lateral spreading to occur, liquefied soils must be continuous over a
relatively large area, which is less likely when only thin layers of lig-
uefied soil are present. The selected value of 0.3 m is still likely
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conservative as the thinnest liquefied layer in the case history database
used by Youd et al. [13] to develop their lateral spread displacement
procedure was 1.0 m and the thinnest liquefied layer in the case histories
used by Zhang et al. [9] to develop their procedure was 0.6 m. LDI was
calculated for each of the CPTs for every combination of PGA, M,, and
GWT presented in Table 1 (225 unique combinations).

4. Data sources and uncertainty

The following subsections summarize the datasets available in the
two study regions evaluated in this paper and discuss and quantify their
uncertainty. While the aleatory variability and epistemic uncertainty in
each dataset could be evaluated using Monte Carlo or other error
propagation techniques, only the aleatory variability in the assessment
of LDI and the aleatory variability in the PGA are assessed in this study.
By evaluating the plus- and minus-one standard deviation LDI and PGA
values, their sensitivity to the overall lateral spread displacement
assessment are demonstrated. A full probabilistic study that propagates
the uncertainty in each of the datasets could be performed, but the
purpose of this paper is to introduce and validate the new method. The
new method is incorporated within the OpenSRA software, which will be
used to perform a comprehensive seismic risk assessment in regions
within California.

4.1. San Francisco Bay Area datasets and uncertainty

The implementation of the proposed regional scale liquefaction-
induced lateral spread displacement procedure is illustrated through
its use in two regions: the San Francisco Bay Area of California and the
Christchurch area of New Zealand. In the San Francisco Bay Area, the
CPT database comes from the United States Geological Survey (USGS)
[24], the geologic map is the 1:24,000 scale mapping from Witter et al.
[25]; and a groundwater table model assuming local mean sea level
(LMSL) conditions comes from the USGS Coastal Storm Modeling System
(CoSMoS) project [26], who modeled the depth-to-groundwater in the
coastal areas around the San Francisco Bay Area using the groundwater
modeling program MODFLOW [27]. Topographic slope and free-face
ratio are derived from 10-m resolution digital elevation models
(DEMs) of terrestrial elevations from the USGS [28] and a 10-m reso-
lution DEM with bathymetric elevations of the San Francisco Bay from
the USGS [29]. Geometry of free-face features in the Bay area comes
from the Bay Area Aquatic Resources Inventory (BAARI) GIS database
published by the San Francisco Estuary Institute and Aquatic Science
Center [30] and from a shapefile database of streams in the San Fran-
cisco Bay Area published by the Bay Area Open Space Council [31]. The
model is evaluated using the USGS ShakeMap estimates for the median
PGA for the 1989 M,, 6.9 Loma Prieta Earthquake [32] and observations
of liquefaction primarily from the USGS study [33] supplemented by
those from the Seed et al. [34] study.

The datasets used for modeling in the San Francisco Bay Area all
have uncertainty. Most of the CPTs in this dataset are electric cones but
some are mechanical cones. CPTs have uncertainty in the measured
corrected tip resistance (q;) and the measured sleeve friction (f;). Kul-
hawy & Mayne [23] estimate the coefficient of variation (COV) for tip
resistance measurements collected with mechanical or electric cones is
10% and 5%, respectively. The COV for sleeve friction measurements
collected with mechanical or electric cones is 20% and 10%, respec-
tively. In addition to the uncertainty in the actual CPT tip resistance and
sleeve friction measurements, interpreting CPT data introduces addi-
tional uncertainty into the assessment. For example, CPT measurements
are used to estimate the fines content (FC) of potentially liquefiable
sands in liquefaction triggering assessments with significant uncer-
tainty. The variability in the tip resistance and sleeve friction mea-
surements and the uncertainty associated with estimating fines content
from CPT measurements were not considered in this study. Instead,
measured values were used. However, a full probabilistic study could be
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performed with a logic tree approach to capture these sources of
epistemic uncertainty.

The most significant potential uncertainty in the Witter et al. [25]
mapping is in the accuracy of the mapped units. There is the potential
that the units indicated on the map may not always align with the ge-
ology at the site. For the purposes of this study, all mapped units are
assumed to be accurate.

The depth to groundwater model used in this study from the USGS
CoSMoS project [26] has significant uncertainty which stems largely
from the methods used to generate the model using MODFLOW [27].
There is also uncertainty due to the inherent temporal variability in the
groundwater table. According to Befus et al. [35], the area’s hydroge-
ology was modeled with uniform aquifer thickness along the coast with a
horizontal impermeable layer at a depth of 50 m below sea level. Given
that the properties of the aquifer are unknown, the aquifer hydraulic
conductivity (k) was assumed to be constant with values of 0.1, 1, and
10 m/day assumed to span the estimated range of aquifer hydraulic
conductivities in the study region. Depth to groundwater models were
generated by solving the steady-state groundwater flow equation at a
10-m resolution. Model depth to groundwater estimates were compared
to well measurements in the study area with the model assuming k = 1
m/day producing results that adequately approximate mean depth to
groundwater conditions with the assumption of local mean sea level
(LMSL) conditions. The models assuming k = 0.1 and 10 m/day sys-
tematically bias the model to produce high and low depth to ground-
water estimates, respectively. The steady-state depth to groundwater
model residuals assuming LMSL and k = 1 m/day is estimated to have
COV ~ 41% and it is assumed to be approximately lognormally
distributed. The form of the residual distribution was not investigated by
Befus et al. [35].

According to Wechsler [36], DEMs may be subject to three types of
errors: blunders associated with the data collection process, systematic
errors associated with improperly calibrated equipment or data pro-
cessing software, and random errors. The USGS can identify and remove
blunders and systematic errors, but random errors persist in the pub-
lished datasets. According to Stoker & Miller [37], the uncertainty in the
USGS 10-m DEMs is normally distributed with standard deviation equal
to 0.82 m. This standard deviation was estimated using 10-m DEMs from
all over the United States and may or may not accurately reflect the
uncertainty of the 10-m DEMs in the Bay Area. These errors carry
through the calculation of the topographic slope and the free-face ratio,
but for the purposes of this study, the uncertainty in the calculated slope
and free-face ratio resulting from the uncertainty in the DEM elevations
was not considered.

ShakeMap provides estimates of the intensity of ground motions for
the 1989 M,, 6.9 Loma Prieta earthquake as an uncertainty-weighted
average of direct ground motion observations and estimates from
ground motion models (GMMs). Total uncertainty is geospatially vari-
able and is a function of the uncertainty obtained using a distance-to-
observation spatial correlation function and the uncertainty of the
GMMs. ShakeMap datasets for the Loma Prieta earthquake including
uncertainty are available from the USGS [32]. For the purposes of this
study, the lateral spread displacement model was evaluated using the
median ground motion estimates and the sensitivity to the shaking in-
tensity was interrogated by evaluating the model for the 16% and 84%
probability of exceedance ground motion estimates.

The Witter et al. [25] geologic map for the San Francisco Bay Area
was simplified into three distinct groups: the artificial fill over Holocene
estuarine mud (afem) deposits, latest Holocene alluvial fan levee (Qhly)
and similar highly susceptible alluvial and fluvial deposits, and Holo-
cene alluvial fan (Qhl) and similar moderately susceptible alluvial and
fluvial deposits. The USGS CPT database [24] does not contain enough
CPTs in older deposits to attempt to estimate a distribution of LDI in
those units. They are assumed to not be susceptible to liquefaction in this
study. The USGS CPTs in the San Francisco Bay Area used in this study
are overlaid on the simplified version of the Witter et al. [25] geologic
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Fig. 2. (color): Locations of USGS CPTs in the San Francisco Bay Area overlaid on simplified version of the Witter et al. [25] geologic map.

Table 2
Number of CPTs in each investigated surficial geologic deposit.
Area Surficial Geologic Deposit Number of
CPTs
San Francisco Bay Artificial Fill over Estuarine Mud 89
Area Deposits (afem)
Latest Holocene Alluvial Fan Levee 41
Deposits (Qhly)
Holocene Alluvial Fan Deposits (Qhl) 177
Christchurch Avon River Floodplain Deposits 442
Christchurch Formation: Low Energy 150
Deposits
Christchurch Formation: High Energy 46
Deposits

map in Fig. 2. The number of CPTs in each evaluated deposit, including
in New Zealand, is presented in Table 2. All CPT data are available from
the USGS [24].

An innovative aspect of this method is the use of LDI calculated from
CPT data representative of each geologic unit and then conversion of LDI
distributions to distributions of lateral spread displacement using
existing topographic correlations. To do this, free-face ratio and topo-
graphic slope are mapped in the Bay Area. Gently sloping areas with
slopes less than 5° are easily distinguished by calculating a slope map
from the DEM but estimating free-face ratio at regional scales is more
difficult. Fig. 3 displays the process of deriving a map of free-face ratio in
a portion of the Bay Area around Oakland. Fig. 3a displays a continuous
10-m raster DEM image with terrestrial and bathymetric elevations, and
Fig. 3b displays shapefiles of the free-face features and the calculated
distance up to 250 m from the free-face features. Then, Fig. 3c displays

the resulting estimated heights of the free-face features. The height of a
free-face feature was estimated by performing a focal statistics operation
whereby the minimum elevation in a 250 m neighborhood around every
cell was subtracted from the elevation of the center cell of the moving
window. In the last step, free-face ratio, which is displayed in Fig. 3d,
was estimated by dividing the distance to the free-face features by the
height of the free-face features.

Fig. 4 displays the other model inputs in the Bay area for the back-
analysis of the 1989 M,, 6.9 Loma Prieta earthquake. Fig. 4a displays
median PGA contours from the USGS ShakeMap [32], Fig. 4b displays a
groundwater table model in the Bay Area [26], and Fig. 4c displays lo-
cations of observed liquefaction [33].

4.2. Christchurch, New Zealand Area datasets and uncertainty

Christchurch CPTs, DEMs, event-specific depth to groundwater
models, and liquefaction observations and interpretations are provided
in the New Zealand Geotechnical Database (NZGD) [38] and papers by
Refs. [39-44]. This study relied primarily on the datasets provided in the
NZGD [38] and the Bradley et al. [39] CPT dataset. The DEMs and
groundwater models were provided in GIS raster and shapefile formats
by Sjoerd van Ballegooy and Nathan McDougall from Tonkin + Taylor
[45].

Elevations contained in the 5-m resolution DEMs in the Christchurch
area have less uncertainty relative to the USGS 10-m DEMs of the San
Francisco Bay Area. Residuals for all DEMs are normally distributed with
standard deviations generally on the order of 0.06-0.16 m [46]. For the
purposes of this report, uncertainties in the DEM elevations were not
considered to investigate their impact on the modeled lateral spread
hazard.
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Fig. 3. (color): Process for mapping free-face ratio in Bay Area (a) continuous 10 m resolution DEM with terrestrial and bathymetric elevations, (b) shapefiles of free-
face features with calculated distance to features up to 250 m, (c) estimated height of free-face features, and (d) resulting free-face ratio map in Bay Area.

According to van Ballegooy et al. [47], uncertainty in the depth to
groundwater models comes predominantly from two sources: temporal
fluctuations in groundwater elevations caused by seasonal rainfall,
short-term dewatering, or other natural or artificial events, and from
geospatial modeling uncertainties from lidar-derived ground surface
elevations, errors from interpolation, or errors from other sources. Un-
certainty in the depth to groundwater models is geospatially variable
and is a function of distance to the nearest monitoring well and the
number of readings at that well. Four geospatial classes were created to
communicate confidence in the modeled depth-to-groundwater: lowest
(west of 4 m median groundwater contour), lower (groundwater table
based on widely spread monitoring wells), medium, and higher
(groundwater table surface based on closely spread monitoring wells
with longer duration monitoring records). Uncertainty in the ground-
water table for each of the described uncertainty classes is +0.5 to +£1.0
m, +0.4 m, +0.2 m, and +0.1 m, respectively. The areas investigated
for the purposes of this study are in the medium and higher confidence
classes with uncertainty less than +0.2 m. The uncertainty in the depth
to groundwater was not investigated in this study. The sensitivity to the
uncertainty in the modeled depth to groundwater is expected to be small
given the relatively low values of uncertainty in this dataset.

The western part of the Avon River floodplain was mapped using
satellite imagery and LiDAR-based DEMs for this study. This study area
was selected because significant lateral spreading was observed during
the Darfield and Christchurch earthquakes and although the geology
could be refined further, it is generally similar enough within the
mapped study area to permit reasonable regional assessments. Regional
assessments should not be expected to capture the subsurface geotech-
nical conditions in as much detail as site-specific assessments. Two

additional areas were mapped: a) an area near the coast with Christ-
church Formation sands deposited in a high wave energy environment
(termed “high energy deposits”) and b) an area adjacent to the high
energy deposits, but further inland, with Christchurch Formation sands
deposited in a lower energy environment (termed “low energy de-
posits”). The high energy deposits experienced little to no surface
liquefaction during both the Darfield and Christchurch earthquakes and
the low energy deposits experienced significant liquefaction. The Avon
River floodplain and the NZGD CPTs in that area are shown in Fig. 5.

Free-face ratio in the Avon River floodplain in Christchurch was
mapped in a similar manner to the process described previously for the
San Francisco Bay Area and illustrated in Fig. 3, except that the free-
faces along the Avon River were mapped manually. Additionally,
bathymetric data could not be located for the Avon River; therefore,
based on cross-sections presented by Robinson [48], it is assumed that
the Avon River is a constant 3.5 m depth. As the Avon River is generally
between 2 and 5 m depth, use of a constant depth of 3.5 m introduces
additional epistemic uncertainty into the analysis.

Fig. 6 displays the median PGA contours and liquefaction severity
observations for the Darfield and Christchurch earthquakes in Christ-
church. As described by Bradley & Hughes [49], the estimated PGA and
uncertainty contours (termed “conditional” PGA and “conditional” un-
certainty) were estimated using a New Zealand-specific ground motion
model (GMM) and conditioned on observations of ground motion in-
tensity at recording stations. Conditional uncertainty is a function of
distance to the nearest recording station; where ground motion is known
exactly (i.e., at a recording station), the uncertainty in the shaking in-
tensity is zero and at locations far from a recording station, the uncer-
tainty in the shaking intensity increases to the uncertainty of the New
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Fig. 4. (color): Datasets in Bay Area for back-analysis of My, 6.9 Loma Prieta earthquake (a) median PGA contours, (b) GWT model, and (c) locations of observed
liquefaction.

Fig. 5. (color): Investigated regions of Christchurch with locations of NZGD CPTs.
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Fig. 6. (color): Conditional median PGA contours and liquefaction severity observations for (a) 2010 M,, 7.1 Darfield earthquake and (b) 2011 M,y 6.2 Christchurch

earthquake [49].
Zealand-specific GMM.

5. Model functional form and the mixed random variable
distribution

The LDI datasets calculated for each geologic deposit were evaluated
to develop models to assess the probability that LDI equals “zero” (i.e., a
negligible value), which is delineated as Pypj—o. To estimate Pypi_o,
small values of LDI < 3 were assumed to be essentially zero and the
percentage of CPTs with LDI < 3 at each depth to groundwater and each
magnitude-scaled PGA was taken to equal Pypj_o. The sensitivity of the
results to using an LDI threshold of 3 was investigated and found to be
minor, as discussed later.

Equation (5a) was fit to the data to estimate Pypj—o.

Prob;pi—o=1

1+ ay x GWT“ (5a)
[1+ expl(ay + a3 * GWT) x (PGA/MSF — (a4 + GWT%))]]*

where ay, a1, az, as, as, as, and ag are model fitting coefficients, GWT is
the depth to the groundwater table, and the magnitude scaling function
(MSF) from Idriss & Boulanger [21]:

MW
MSF = 6.9 exp< Z ) —0.058, MSF < 1.8 (5b)

The non-zero LDI data was transformed using the natural logarithm,
and Equation (6a) was fit to the data to estimate the mean, non-zero In
(LDI).

LDI=0
PGA _ (PGA PGA  /PGA
23 (o
MSF=\MSF ) ,;, [bo+bl*GWT]*{MSF (MSF> }
else,ln(LDl): PCA PCA mind
by+b3%GWT |+ | —=— | ==
oot ).

(6a)

where by, b1, by, and b3 are model fitting coefficients, and

(PGA

W) - =0.012 * GWT + 0.06 (6b)

The threshold value of LDIp = 3 was selected after performing an
analysis using the dataset calculated from the CPTs available in the afem
geologic unit in the San Francisco Bay Area. Equation (5a) and Equation
(6a) were fit to the data assuming different LDIj values of 1, 3, 5, and 10,
and the sensitivity of the results to each of these potential threshold
values was evaluated. Using the fitted models for the four potential LDI,
values listed, the median LDI was evaluated for many scenarios con-
sisting of different combinations of PGA, My, and GWT and were found
to generally have low sensitivity to the selected LDI, threshold value.

The residuals for the mean, non-zero [n(LDI) models were tested for
normality using the Lilliefors test, which is an improvement to the
Kolomorgorov-Smirnov (K-S) test. The model residuals for each of the
deposits were found to not be normal and were instead fit with skew-
normal distributions, which requires shape (a), location (£), and scale
(o) fitting parameters. The skew-normal cumulative distribution func-
tion (CDF) cannot be solved using closed-form solutions in Excel but is
easily solved using programming languages such as Python.

As employed by Bray & Travasarou, Rodriguez-Marek & Song, and
Bray & Macedo [50-52], the LDI data are distributed as a mixed random
variable. A mixed random variable distribution separates a discrete,
lumped mass probability that LDI equals zero from a continuous distri-
bution for non-zero In(LDI) so that meaningless differences in the rela-
tive values of low LDI values do not determine the uncertainty in the
estimate of meaningful values of LDI when LDI is larger than a selected
threshold LDI value (i.e., LDIy = 3).

6. Geologic based models for San Francisco Bay Area deposits
and christchurch, New Zealand deposits

The Py pi_o data and the fit of Equation (5a) to these data and the
mean, non-zero [n(LDI) data and the fit of Equation (6a) to these data for
the afem, Qhly, and Qhl geologic units in the San Francisco Bay Area are
shown in Fig. 7. The Py pj—¢ data and the fit of Equation (5a) to these data
and the mean, non-zero In(LDI) data and the fit of Equation (6a) to these
data for the Avon River floodplain, and Christchurch Formation low
energy and high energy deposits of the Christchurch area are shown in
Fig. 8. The model regression coefficients for each of the evaluated de-
posits are presented in Table 3. Fitting parameters for the skew-normal
residual distributions for each of the evaluated deposits are presented in
Table 4.
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Fig. 7. (color): Prob;p;_o and mean, non-zero In(LDI) models fit to data for: (a) and (b) afem deposits, (c) and (d) Qhly deposits, and (e) and (f) Qhl deposits.

For each geologic deposit, the Ppi—o data show that at low
magnitude-scaled PGA values, the Py p;_oequals or is close to one, which
indicates lateral spread displacement is unlikely (i.e., LDI is likely
negligible). The Pp;_o decreases as the magnitude-scaled PGA in-
creases. At large magnitude-scaled PGA values, the Pyp—¢ asymptoti-
cally approaches the percentage of evaluated CPTs within a particular
geologic unit with LDI < 3.

The non-zero In(LDI) data show that at magnitude-scaled PGA values
less than the minimum magnitude-scaled PGA estimated in Equation
(6a), the mean, non-zero In(LDI) equals zero. As the magnitude-scaled
PGA increases to an intensity greater than the minimum threshold
value estimated for liquefaction triggering and lateral spreading to
occur, the mean, non-zero In(LDI) increases quickly before asymptoti-
cally approaching the average non-zero In(LDI) value from all evaluated
CPTs within a particular geologic unit.

This asymptotic behavior exhibited in both the Pyp;_¢ and non-zero
[n(LDI) data is mechanistically correct; as the shaking intensity in-
creases, LDI should not increase in an unbounded manner because all

saturated, liquefiable soils will eventually liquefy at sufficiently strong
ground shaking levels, albeit with low strain potential for dense de-
posits. The model aleatory variability (inherent randomness) comes
from the range of non-zero LDI calculated at each CPT within a partic-
ular geologic unit.

7. Conversion of LDI distribution to Lateral Spread
Displacement Distribution

The models presented in Figs. 7 and 8 are used to estimate distri-
butions of LDI. An estimated distribution of LDI is converted to a dis-
tribution of potential lateral spread displacement using the topographic
correlations from Zhang et al. [9] presented as Equations (1) and (2). An
example LDI distribution and conversion to a distribution of lateral
spread displacement using Equation (2) for Avon River Floodplain de-
posits and several different values for the free-face ratio is presented as
Fig. 9.

To be consistent with the widely used CPT processing software CLigq,
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Fig. 8. (color): Prob;p;—¢ and mean, non-zero In(LDI) models fit to data for: (a) and (b) Avon River Floodplain deposits, (c) and (d) Christchurch Formation: Low

Energy deposits, and (e) and (f) Christchurch Formation: High Energy deposits.

the model bounds for Equation (1) are modified from the values pre-
sented in Zhang et al. [9] to slopes ranging from 0.1% < S < 5%. Areas
far from free-faces with S < 0.1% may experience level ground lique-
faction with sand boils and ejecta, but these areas lack sufficient static
driving stress to experience lateral spreading. The results are not sen-
sitive to the selection of a threshold value of S = 0.1%. Areas with S >
5% have deposits that are assumed to be too dense to experience lateral
spreading. In areas with 3.5% < S < 5%, S = 3.5% is applied in Equation
(1) to limit excessive lateral spread displacement estimates.

The model bounds for Equation (2) are expanded in CLiq from the
values presented in Zhang et al. [9] to FFR (L/H) ranges of 1 < FFR < 50.
This study adopts the increased upper bound of FFR = 50, but in areas
with 1 < FFR < 4, FFR = 4 is applied in Equation (2) to limit excessive
lateral spread displacement estimates. Lateral spreading due to prox-
imity to a free-face is considered to a maximum of 250 m from a free-face
feature.

In areas with gently sloping ground and near a free-face feature with

10

FFR < 50, the lateral spread displacement is taken as the maximum
value estimated using both the sloping ground displacement estimated
from Equation (1) and the free-face displacement estimated from
Equation (2). This is advantageous because it is not always clear which
condition controls (i.e., sloping ground or free-face). By allowing the
model to make this determination automatically, strict, artificial tran-
sitions between the two models are avoided.

Liquefaction case histories in California and worldwide indicate that
although large areas are often mapped as being susceptible to lique-
faction in regional scale studies, only a small proportion of the total land
area experiences surface effects of liquefaction and an even smaller
proportion experiences lateral spread displacement. In addition to
overestimating the spatial extent of surface manifestations of liquefac-
tion, regional assessments also typically overestimate the severity of
liquefaction. Even at the site-specific scale, 1-D liquefaction vulnera-
bility indices, such as LPI and LSN, do not capture all of the variables
that affect liquefaction severity at the ground surface. For example,
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Table 3
Model coefficients for San Francisco Bay Area and Christchurch Area deposits.

Surficial Prpi—o Model Coefficients
Geologlc Parameter
Deposit

ag a ap as ay as ag
afem —0.081 1.01 -28.8 232 —-0.98 0.012 15
Qhly —0.142 0.55 —14.6 0.34 -1.16 0.018 112
Qhl —0.270 0.50 -14.0 0.84 -1.01 0.019 13
Avon River —0.0003  3.63 —-29.0 215 -0.93 0.033 57
Low Energy —0.005 030 -319 1.70 -1.11 0.012 1340
High Energy —0.044 0.59 -19.1 0.73 —-0.82 0.045 27

Surficial Geologic Deposit Mean Non-Zero In(LDI) Model Coefficients

Parameter

bo by by b3
afem 4.43 —0.212 0.018 0.001
Qhly 3.89 —0.096 0.011 0.002
Qhl 3.53 —0.159 0.006 0.0001
Avon River 5.03 —0.148 0.010 0.005
Low Energy 4.83 —0.078 0.018 0.013
High Energy 3.42 0.035 0.035 0.018

Table 4

Skew-normal residuals distribution fitting parameters for San Francisco Bay
Area and Christchurch Area deposits.

Surficial Geologic Deposit Skew-Normal Distribution Fitting Parameters

Parameter

Shape, o Location, & Scale, ®
afem 0.00 0.01 0.80
Qhly -5.72 1.26 1.56
Qhl 1.72 -0.72 1.15
Avon River —3.88 1.04 1.31
Low Energy —3.03 0.75 0.93
High Energy -1.90 0.60 1.02

Hutabarat & Bray [53] studied in-depth 45 sites in Christchurch with
and without liquefaction ejecta manifestation. They show that at many
of the sites, severe liquefaction manifestation would be predicted using
vulnerability indices such as LPI or LSN, but none or only minor mani-
festation occurred. They found that ejecta manifestation is highly
dependent on seepage-induced upward water flow, which is not
captured by LPI or LSN. The same is true for the lateral spread hazard;
there are many locations where CPTs indicate non-zero LDI and the
surface topography is slightly sloping ground or close proximity to a

@ 00
90
80
70
60
50
40
30
20
10

0
| 10

LDI (cm)

Probability of Exceedance (%)

100 1000

(b)

Soil Dynamics and Earthquake Engineering 171 (2023) 107928

free-face, yet no lateral spreading occurred. In these cases, simplified
methods for assessing potential lateral spread displacement do not
capture all the variables that affect the potential for and severity of
lateral spreading (e.g., spatial continuity of liquefiable layers, and the
strength and thickness of the non-liquefied, overlying sediments). For
these reasons, the estimated lateral spread displacements are scaled by
the proportion of the land area in each unit estimated to be susceptible
to liquefaction to limit the overestimation of the liquefaction hazard.
Hazus [4] estimates the proportion of land area that is susceptible to
liquefaction according to the liquefaction susceptibility class mapped
using Youd & Perkins [3] methodology as summarized in Table 5.
Lateral spread displacements estimated using the described proced-
ure are multiplied by the proportion of land area estimated to be sus-
ceptible to liquefaction using the values presented in Table 5. Testing of
the presented models to estimate LDI and lateral displacements across
the study regions without scaling by the factors presented in Table 5
results in significant overestimation of the spatial extent of lateral
spreading and the lateral spread severity. In the Bay area, both the afem
and Qhly deposits were estimated by Witter et al. [25] to be very highly
susceptible to liquefaction and the Qhl deposits were estimated by
Ref. [25] to be moderately susceptible to liquefaction. In the Christ-
church area, the Avon River Floodplain and the low depositional energy
Christchurch Formation sands are estimated to be very highly suscep-
tible to liquefaction and the high depositional energy Christchurch
Formation sands are estimated to have low liquefaction susceptibility.

8. Illustrative case history assessments

8.1. San Francisco Bay Area during the 1989 M,, 6.9 Loma Prieta
Earthquake

The 1989 M,, 6.9 Loma Prieta earthquake caused significant lique-
faction of the sandy artificial fill over estuarine mud (afem) deposits
along the margins of the San Francisco Bay, especially around Oakland
and Alameda, Treasure Island, and the Marina District. Locations of

Table 5
Proportion of land Area susceptible to liquefaction (after [4].

Liquefaction Susceptibility Class Proportion of Class Susceptible to Liquefaction

Very High 0.25
High 0.20
Moderate 0.10
Low 0.05
Very Low 0.02
None 0.00
100 e FFR=50

Probability of Exceedance (%)

| 10
Lateral Spread Displacement (cm)

100 1000

Fig. 9. (color): (a) Example LDI distribution for Avon River Floodplain deposits, GWT = 2.5 m, PGA = 0.41 g, M, = 6.2 and (b) conversion of LDI distribution to

lateral spread displacement distribution for free-face ratios of 50, 25, 10, and 5.
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Fig. 10. (color): Modeled Prob;p;_¢ in the San Francisco Bay Area for the 1989 M,, 6.9 Loma Prieta earthquake.

observed surface effects of liquefaction in the Bay area are presented in
Fig. 4c. Lateral spread displacements for the Loma Prieta earthquake
were modeled using the proposed procedure with the simplified version
of the Witter et al. [25] geologic map presented in Fig. 2, the ground-
water table model from the USGS CoSMoS project [26], and the USGS
ShakeMap estimates for median PGA [32] shown in Fig. 4a. The study
focused on the Oakland and San Jose areas, where the USGS CPT data
[24] were available.

Fig. 10 displays the spatial distribution of the estimated Probyp;_g
parameter and Fig. 11 shows the estimated 84%, 50%, and 16% prob-
ability of exceedance LDI in the San Francisco Bay Area. This proposed
procedure estimates that LDI is highest in the artificial fill deposits
around the margins of the Bay and in the youngest Holocene alluvial fan
levee deposits in the San Jose area, which is consistent with the observed
locations of liquefaction in these areas in the post-earthquake recon-
naissance (e.g., Holzer [33]. The proposed procedure estimates the
Probypi—o to be less than one (though typically greater than 0.5) in the
Holocene alluvial deposits. The Probypi—¢ in these areas is higher (i.e.,
lateral spreading is less likely) compared to the artificial fill and youn-
gest Holocene alluvial fan levee deposits. This is consistent with ex-
pectations for these deposits which were mapped as moderately
susceptible to liquefaction by Witter et al. [25] compared to very high
susceptibility for the artificial fill and youngest Holocene alluvial fan
levee deposits. Liquefaction was not observed in the Holocene alluvial
fan deposits [33].

Fig. 12 shows the estimated 84%, 50%, and 16% probability of ex-
ceedance lateral spread displacements in the Bay Area. At the 50%
probability of exceedance level, the proposed procedure estimates the
largest lateral displacements near significant free-faces in the artificial
fill deposits around the margins of the Bay and in the youngest Holocene

12

alluvial fan levee deposits in the San Jose area near major tributaries
such as the Guadalupe River at the 16% probability of exceedance level.
Lateral spread displacements estimated as a function of LDI are an index
for both the likelihood of liquefaction occurrence and the severity of
potential displacements. Estimated lateral spread displacements less
than or equal to 5 cm are considered to be negligible, because these areas
are unlikely to experience surface manifestations of liquefaction or
noticeable lateral spreading. The proposed procedure focuses only on
areas where the estimated lateral displacement exceeds 5 cm, which
reduces the tendencies for regional scale liquefaction ground failure
hazard models to overestimate the spatial distribution and severity of
the liquefaction hazard. Comparison of the lateral spread displacement
estimates will be discussed further in Section 9 of this paper.

To evaluate the sensitivity to the PGA, the proposed procedure is
evaluated in the Bay Area with the 84% and 16% probability of ex-
ceedance ground motions. Figs. 13 and 14 show the estimated lateral
spread displacements with the 84% and 16% probability of exceedance
PGA, respectively. This assessment shows that the estimated spatial
extent of lateral spreading and magnitude of displacements decreases
significantly with the 84% probability of exceedance PGA as the shaking
intensity is insufficient to trigger liquefaction in some areas. The esti-
mated spatial extent and magnitude of displacements increases modestly
with the 16% probability of exceedance PGA.

8.2. Christchurch Area during the 2010 M,, 7.1 Darfield and 2011 M,,
6.2 Christchurch Earthquakes

The 2010 M,, 7.1 Darfield and 2011 M,, 6.2 Christchurch earth-
quakes caused severe, widespread liquefaction in Christchurch, New
Zealand with the Christchurch earthquake causing significantly more
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Fig. 11. (color): Modeled LDI in the San Francisco Bay Area for the 1989 M,, 6.9 Loma Prieta earthquake (a) modeled 50% probability of exceedance LDI, (b)
modeled 84% probability of exceedance LDI, and (c) modeled 16% probability of exceedance LDI.

Fig. 12. (color): Modeled lateral spread displacement (LD) in the San Francisco Bay Area for the 1989 M,, 6.9 Loma Prieta earthquake median PGA (a) modeled 50%
probability of exceedance LD, (b) modeled 84% probability of exceedance LD, and (c) modeled 16% probability of exceedance LD.
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Fig. 13. (color): Modeled lateral spread displacement (LD) in the San Francisco Bay Area for the 1989 M,, 6.9 Loma Prieta earthquake 84% probability of exceedance
PGA (a) modeled 50% probability of exceedance LD, (b) modeled 84% probability of exceedance LD, and (c) modeled 16% probability of exceedance LD.

Fig. 14. (color): Modeled lateral spread displacement (LD) in the San Francisco Bay Area for the 1989 M,, 6.9 Loma Prieta earthquake 16% probability of exceedance
PGA (a) modeled 50% probability of exceedance LD, (b) modeled 84% probability of exceedance LD, and (c) modeled 16% probability of exceedance LD.
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Fig. 15. (color): Avon River Floodplain deposits: (a) Probp_o for the Darfield earthquake, (b) Prob;p_o for the Darfield earthquake, (c) 84% probability of ex-
ceedance LDI for the Darfield earthquake, (d) 84% probability of exceedance LDI for the Christchurch earthquake, (e) 50% probability of exceedance LDI for the
Darfield earthquake, (f) 50% probability of exceedance LDI for the Christchurch earthquake, (g) 16% probability of exceedance LDI for the Darfield earthquake, and
(h) 16% probability of exceedance LDI for the Christchurch earthquake.
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Fig. 16. (color): Avon River Floodplain deposits: (a) Modeled 84% probability of exceedance lateral spread displacement (LD) for the Darfield earthquake, (b)
modeled 84% probability of exceedance LD for the Christchurch earthquake, (c) modeled 50% probability of exceedance LD for the Darfield earthquake, (d) modeled
50% probability of exceedance LD for the Christchurch earthquake, (e) modeled 16% probability of exceedance LD for the Darfield earthquake, and (f) modeled 16%

probability of exceedance LD for the Christchurch earthquake.

liquefaction-induced damage due to its closer proximity to most of the
urban area of Christchurch. Fig. 15 shows the estimated Prob;p; —
o parameter and the 84%, 50%, and 16% probability of exceedance
estimated LDI values in the Avon River floodplain deposits for the
Darfield and Christchurch earthquakes. This proposed procedure esti-
mates the Probyp;—¢ is significantly higher during the Darfield earth-
quake compared to the Christchurch earthquake, which is consistent
with field observations of liquefaction severity (e.g., Refs. [18,38,40,43,
44,48]). Correspondingly, the estimated LDI values are much higher for
the Christchurch earthquake compared to the Darfield earthquake,
which is also consistent with observations [38]. Fig. 16 displays the
estimated 84%, 50%, and 16% probability of exceedance lateral spread
displacements in the Avon River Floodplain deposits for the Darfield and
Christchurch earthquakes, which will be discussed further in Section 9 of
the paper.

Fig. 17 displays the estimated Probypj_g in the low and high depo-
sitional energy Christchurch Formation deposits for the Darfield and
Christchurch earthquakes. The Prob;p;_¢ for the low energy deposits is
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much lower compared to the high energy deposits and the non-zero LDI
is much greater. Correspondingly, the low energy deposits are estimated
to have greater LD, as shown in Fig. 18, which is consistent with ob-
servations [38].

9. Discussion of illustrative case history assessments

The reasonableness of the lateral spread displacement estimates
using the proposed procedure can be quantitatively assessed in the
Christchurch area due to the extensive high quality LiDAR ground
displacement vectors available [38]. The uncertainty of the
LiDAR-derived estimates of lateral spread displacements is generally
about twice the uncertainty of the vertical measurements of the LiDAR
survey. Most of the areas studied for the purposes of this report have
vertical accuracy of 0.2 m meaning that the LiDAR derived estimates
for lateral displacements generally have accuracy of +0.4 m.

Fig. 19 shows the median estimated lateral spread displacements
compared to the measured lateral spread displacements from LiDAR in
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Fig. 17. (color): Modeled Prob;p;_o in the Low and High Energy Christchurch Formation deposits for: (a) Darfield earthquake and (b) Christchurch earthquake.

the Avon River Floodplain deposits and the low depositional energy
Christchurch Formation deposits for the Christchurch Earthquake. In the
Avon River Floodplain deposits, 62% of median estimated lateral spread
displacements for the Christchurch Earthquake are greater than the
measured displacements from Lidar indicating the median performance
of the proposed procedure is biased slightly high, but the overall
magnitude of displacements is captured well for the Christchurch
earthquake. Additionally, 54% and 75% of the estimated lateral spread
displacements are within a factor of two and within a factor of three,
respectively, of the lateral ground displacement measurements from
LiDAR. In the low energy deposits, 59% of estimated lateral spread
displacements are greater than the measured ground displacements
from LiDAR and 48% and 68% of the estimated lateral spread dis-
placements are within a factor of two and within a factor of three,
respectively, of the LiDAR ground displacement measurements. The lack
of significant LD in the high energy deposits is captured well by the
proposed procedure.

In both the Avon River Floodplain deposits and the low energy de-
posits, the proposed procedure does not capture well the lateral dis-
placements measured from LiDAR during the Darfield Earthquake at the
median performance level. The magnitude scaled PGA is near the
threshold for liquefaction triggering and the proposed models estimate
Pipi—o to be slightly greater than 0.5 (~0.55) in many parts of the
evaluated units, leading to zero displacement. The proposed procedure
captures the measured lateral displacements from LiDAR well at the
16% probability of exceedance performance level.

In the San Francisco Bay Area, the performance of the proposed
procedure is evaluated qualitatively based on the estimated spatial
extent of lateral spreading and a comparison of the estimated lateral
spread displacements to the reported lateral displacements in select
areas. Holzer [33] reports cracks approximately 30 cm wide in the main
runway and adjacent taxiway at Oakland International Airport, and he
reports 50-70 cm of lateral spread displacement along the west perim-
eter dike at Oakland International Airport. Additionally, Holzer [33]
reports 10-cm wide cracks at the Alameda Naval Air Station, fissures
approximately 30 cm wide near the approach to the Bay Bridge, and
several meters of lateral spread displacement in the Seventh Street
Marine Container Terminal and Matson Terminal at the Port of Oakland
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where a perimeter dike wall failed. Minor lateral spreading with cracks
generally less than 3 cm were reported along Interstate Highway 80,
south of the University Avenue exit from Interstate Highway 80 and the
frontage road west of the highway [33]. The 84%-16% probability of
exceedance range of lateral spread displacements estimated by the
proposed procedure in these areas generally capture the observed lateral
spread displacement, except for the area where the perimeter dike wall
failed. The 84%-16% probability of exceedance lateral spread
displacement estimate range underestimates the reported displacement
of several meters in this area. Overall, the observed lateral spread dis-
placements in the Oakland/Alameda area are captured reasonably well
by the proposed procedure.

Holzer [33] reports that no significant lateral spreading was
observed in the San Jose area. Minor lateral spreading resulted in slight
ground cracking at the San Jose International Airport along the east
bank of the Guadalupe River. No lateral spreading was observed along
Coyote Creek. The 84%-16% probability of exceedance modeled lateral
spread displacements in these areas generally capture the reported
amount and distribution of lateral spread displacements in the San Jose
area. Overall, the spatial extent and severity of lateral spread displace-
ments are estimated well in the San Francisco Bay Area.

The performance of the proposed procedure in the Christchurch area
and in the San Francisco Bay Area is judged to be good to outstanding for
a regional scale liquefaction-induced lateral spread displacement pro-
cedure. Both the geospatial extent of lateral spreading and the severity
of lateral spreading are estimated reliably for the investigated field case
histories. Furthermore, the estimated lateral spread displacements are
not biased excessively high or low as demonstrated with the Christ-
church earthquake data. Regional scale models tend to overestimate
both the spatial extent of liquefaction and liquefaction severity. This is
not the case with the proposed procedure.

An analysis by Russell et al. [54] compared the estimated lateral
spread displacements using the Zhang et al. [9] method at individual
CPTs within approximately the same area of Christchurch of this study
and found that 77% of the lateral spread displacement estimates are
higher than the displacement measurements for the Christchurch
earthquake and 57% of the estimates plot within a factor of two of the
displacement measurements. Even when assessing the lateral spread
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Fig. 18. (color): Low and High Energy Christchurch Formation deposits: (a) modeled 84% probability of exceedance lateral spread displacement (LD) for the Darfield
earthquake, (b) modeled 50% probability of exceedance LD for the Darfield earthquake, (c) modeled 16% probability of exceedance LD for the Darfield earthquake,
(d) modeled 84% probability of exceedance LD for the Christchurch earthquake, (e) modeled 50% probability of exceedance LD for the Christchurch earthquake, (f)

modeled 16% probability of exceedance LD for the Christchurch earthquake.

hazard at individual CPTs, the Russell et al. [54] analysis demonstrates
the inherent difficulty in estimating lateral spread displacements using
simplified procedures. The performance of the proposed regional scale
procedure introduced in this study is about as reliable as the site-specific
CPT-based lateral spread procedures widely used in engineering prac-
tice. Thus, its performance for the Christchurch earthquake at the
regional scale is satisfactory.

10. Limitations

The proposed procedure has several limitations. Firstly, the proposed
procedure is only as good as the input geospatial datasets, which all have
epistemic uncertainty. GIS-based geologic maps have uncertainty in the
accuracy of the linework and in the mapped deposit (i.e., the geologic
map may be incorrect). Additionally, surficial geologic maps do not
communicate information regarding subsurface conditions, and it is
common, especially in alluvial fan environments, for different types of
deposits to overlap in the subsurface (e.g., sheet flood deposits may
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overlap fluvial deposits). Groundwater levels are inherently difficult to
map as there is significant uncertainty due to temporal variability in
groundwater levels in the rainy season versus the dry season, tidal
variations, and local variability due to local groundwater drawdown or
recharge and local variations in the hydraulic conductivity of the
geologic units. Additionally, long-term climatic trends such as pro-
longed droughts or a series of exceedingly wet winters will influence the
depth to groundwater. Each of these uncertainties vary in time and space
and are difficult to assess. Similarly, DEMs have uncertainty from the
LiDAR measurements and conversion to bare earth topography.
Another source of uncertainty comes from the way that the free-face
ratio is mapped at regional scales. Free-face ratio is defined as the dis-
tance to the bottom of the free-face divided by the height of the free-face.
To map the free-face ratio in the San Francisco Bay Area and around the
Avon River in Christchurch, the lateral distance was estimated to the
edge of the free-face features, which likely does not correspond to the
location of the bottom of the free-face feature. This systemically un-
derestimates the distance to the free-face feature, resulting in
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Comparison of Median Lateral Spread Displacement Estimates to Measurements from LiDAR
Christchurch Earthquake

Avon River Floodplain Deposits

75

50

50% Probability of Exceedance Displacements (cm)
N}
&

Observed Local Displacement from LiDAR (cm)

(b)

Christchurch Formation Low Depositional Energy Deposits

50% Probability of Exceedance Displacements (cm)

Observed Local Displacement from LiDAR (cm)

Fig. 19. (color): Comparison of lateral spread displacements measured with lidar from Christchurch earthquake to (a) 50% probability of exceedance lateral spread
displacement estimates in the Avon River Floodplain deposits and (b) 50% probability of exceedance lateral spread displacement estimates in the Low Depositional

Energy Christchurch Formation sands for median PGA values.

systemically slightly higher free-face ratios. Additionally, the Zhang
et al. [9] topographic equations used in the proposed procedure are
intended for free-field sites. At regional scales, it is unlikely that sites
with free-field conditions can be easily distinguished from sites that
have retaining walls or other, non-free-field conditions that buttress the
soil and prevent lateral spreading.

Given the limitations associated with evaluating liquefaction-
induced lateral spread displacements at regional scales, the method
performs well. The highlighted limitations concerning the quality of the
input geospatial datasets are in many instances unavoidable, but do not
prevent reasonable regional scale assessment of the lateral spread
hazard.

11. Conclusions

A new regional scale procedure is presented for probabilistically
estimating the lateral spread displacement hazard. The proposed pro-
cedure combines subsurface data from CPTs with surficial geologic
mapping, groundwater data, the earthquake magnitude, and the earth-
quake shaking intensity to estimate a distribution of LDI, which is con-
verted to a distribution of lateral spread displacement using the
topographic correlations of LDI to lateral displacement presented by
Zhang et al. [9].

The proposed procedure produces reasonable results for the 1989 M,,
6.9 Loma Prieta earthquake in the San Francisco Bay Area and the 2010
M,y 7.1 Darfield and 2011 M,y 6.2 Christchurch earthquakes in Christ-
church, New Zealand. For both investigated regions, the models esti-
mate reasonably both the spatial extent and severity of liquefaction. In
the Christchurch area, the modeling is quantitatively shown to estimate
lateral spread displacements in an unbiased manner. Moreover, the
median estimate of lateral spread displacement for the Christchurch
Earthquake captures most of the measured lateral spread displacement
within a factor of two, and this regional scale method performs as well as
site-specific CPT-based methods in Christchurch. In the San Francisco
Bay Area, the proposed procedure estimates the largest displacements
near significant free-faces in the artificial fills along the Bay, particularly
in the Oakland/Alameda area, which is consistent with post-earthquake
reconnaissance observations.
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The proposed procedure advances the state-of-the-practice of
regional scale liquefaction and lateral spread displacement modeling
through several innovations. Firstly, the proposed procedure capitalizes
on the innovative liquefaction probability curves approach developed
by Holzer et al. [10]. As discussed, regional scale models typically
employ either proxies for geotechnical, geologic, and groundwater
conditions (e.g. Zhu et al. [2]- uses Vgs3¢ as a proxy for geotechnical
conditions) or they use kriging techniques to interpolate the liquefaction
hazard between widely spaced CPTs or soil exploratory borings. Holzer
et al. [10] combined subsurface data from CPTs in the form of the
liquefaction potential index (LPI) with surficial geologic mapping, a
reliable means for characterizing the liquefaction potential at regional
scales [3]. Holzer et al. [10] show that the probability of surface
liquefaction can be estimated reasonably as the proportion of CPTs in a
geologic unit with LPI > 5 for given PGA, My, and GWT.

This study extends the Holzer et al. [10] framework in an innovative
manner by characterizing surficial geologic units using the lateral
displacement index (LDI), which is commonly used in site-specific
methods to estimate lateral spread displacement but has not been used
widely in regional scale methods. Models are developed to estimate a
distribution of LDI, which are conditioned on surficial geology, PGA,
M,,, and GWT. The lateral spread displacement is then estimated based
on LDI using topography estimated from DEMs.

Another innovative aspect of this work is how topography is char-
acterized and used in this regional scale procedure. Most lateral spreads
occur near a free-face condition and have been characterized by Zhang
et al. and Youd et al. [9,13], among others, using the ratio of the distance
to the bottom of the free-face to the height of the free-face (i.e., the
free-face ratio). As such, to estimate reasonably the locations and
severity of lateral spreading at regional scales, it is important to estimate
reasonably the free-face ratio of potential lateral spread areas across the
region being studied. As illustrated in Fig. 3, the proposed procedure can
estimate reliably the free-face ratio using data commonly available over
large regions. For example, free-face ratio had not been mapped previ-
ously over areas as large as the entirety of the San Francisco Bay Area.

Additional validation studies with the proposed procedure are war-
ranted. For example, the performance of the proposed procedure for
other earthquakes, such as the 2014 M,, 6.0 South Napa earthquake,
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which produced only limited amounts of minor liquefaction, could be
interrogated. The South Napa earthquake produced limited amounts of
minor liquefaction in part because it occurred in August at the height of
the dry season and it occurred in the midst of a severe, multi-year
drought during which groundwater and stream flows were much
lower than historical measurements. Additionally, it would be infor-
mative to perform forward modeling for several earthquake scenarios in
the San Francisco Bay Area. For example, in 2018 the USGS released the
results of their HayWired study [55], which hypothesized a M, 7.0
earthquake on the Hayward Fault and modeled the potential ground
shaking intensity in the Bay Area. Using the modeled ground shaking
intensity, the lateral spread displacement hazard can be estimated and
compared if the earthquake occurs during the dry season or the rainy
season. Additionally, investigating the effect of potential sea level rise
on the lateral spread hazard would be an interesting application of the
proposed procedure.

This study demonstrates that liquefaction-induced lateral spreading
can be modeled reasonably at regional scales and provides a framework
for performing regional scale lateral spread assessments. The San
Francisco Bay Area and Christchurch are unique in the quantity and
quality of geotechnical, geologic, groundwater, and topographic data
that are available. It is hoped that this study motivates organizations to
collect the data required to enable the proposed regional scale lateral
spread procedure, as well as other procedures, to be performed in other
important regions, such as in Los Angeles, Salt Lake City, or Seattle.
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