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ABSTRACT: Conducting liquefaction hazard analysis in the framework of performance-
based earthquake engineering requires an optimal characterization of ground motions, which
reduces variability and uncertainty in the predicted response. Existing studies evaluating inten-
sity measures rely only on unidirectional seismic shearing analysis, disregarding the multidir-
ectional nature of ground motion excitations. In particular, the impact of bidirectional seismic
shearing on the liquefaction potential of level ground sand deposits has been shown to be sig-
nificant compared to unidirectional shearing. Consequently, selection of optimal intensity
measures for bidirectional shearing should not be overlooked. This paper studies the results of
a series of numerical simulations of sand deposits subjected to unidirectional and bidirectional
seismic shearing to evaluate optimal intensity measures for liquefaction hazard. Depth-aver-
aged peak excess pore water pressure ratios were chosen as index for liquefaction potential.
The results suggest that CAV and CAV5 are optimal ground motion intensity measures to
assess the effect of bidirectional seismic shearing on the liquefaction potential of uniform sand
deposits.

1 INTRODUCTION

Within the framework of performance-based earthquake engineering, liquefaction hazard ana-
lyses evaluate the possible occurrence of liquefaction along with its potential consequences.
For this purpose, geotechnical engineers can employ tools ranging from semi-empirical pro-
cedures for liquefaction triggering (e.g., Kayen & Mitchell 1997, Idriss & Boulanger, 2008) or
for liquefaction-induced settlement (e.g., Bray & Macedo 2017, Bullock et al. 2018), to fully
coupled nonlinear dynamic analyses. These approaches characterize ground motions using
intensity measures (IM), such as peak ground acceleration (PGA) or Arias Intensity (Ia),
either as direct input or to select and scale earthquake records to different levels of seismic
hazard.
Kramer & Mitchell (2006) and Dashti & Karimi (2017) conducted numerical studies to

identify optimal IMs that correlate with excess pore water pressure ratio, an engineering
demand parameter (EDP) chosen to assess liquefaction potential. Similar evaluations were
conducted by Karimi & Dashti (2017), Karimi et al. (2018) and Macedo & Bray (2018) for
liquefaction-induced foundation settlement. All these works, however, relied on nonlinear
dynamic analysis of models subjected only to unidirectional (UD) seismic shearing, thus neg-
lecting the potential contribution of the simultaneous application of seismic shearing in two
orthogonal directions, i.e., bidirectional (BD) shearing, on excess pore water pressure develop-
ment. The importance of the latter in the liquefaction potential of saturated sands was first
depicted by Seed et al. (1978), who showed through shaking table tests that BD shearing
increases excess pore water pressure when compared to UD shearing. The impact of BD shear-
ing on excess pore water pressure generation has been further investigated through laboratory
(e.g., Ishihara & Nagase 1988, Kammerer et al. 2001) and centrifuge (e.g., Su & Li 2008, El
Shafee et al. 2017, 2018) tests, as well as numerical analyses (e.g., El Shamy & Abdelhamid
2016, Reyes et al. 2019). In particular, the study of the authors in Reyes et al. (2019) revealed
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that depth-averaged peak excess pore water pressure ratios were up to 60% higher when BD
shearing is considered. Furthermore, their study also showed that, in loose and medium dense
30 m-deep homogeneous sand deposits, BD shaking induced an increase of 5 to 6 m in the
thickness of the liquefied layer when compared to UD shaking. These findings highlight the
need to address the impact of BD seismic shearing and characterize ground motions for this
type of loading in liquefaction hazard evaluations.
This paper revisits results of a series of three-dimensional (3D), nonlinear, fully coupled,

validated nonlinear dynamic analyses (Adinata et al. 2019, Reyes et al. 2019) to identify opti-
mal ground motions IMs for the liquefaction hazard of level ground saturated sand deposits
subjected to both UD and BD seismic shearing. The results of the aforementioned analyses in
terms of excess pore water pressure are evaluated against a number of ground motion IMs to
quantify their efficiency and sufficiency. Insight from these findings will steer future proced-
ures to account for the repercussion of BD shearing in liquefaction hazard analysis.

2 DESCRIPTION OF NUMERICAL MODEL

The nonlinear seismic site response analysis revisited in this study consisted of modeling 30 m-
deep fully saturated homogenous sand deposits overlying a rigid and impermeable bedrock
(Reyes et al. 2019). The analyses were conducted for three levels of relative density, DR ¼ 30,
55 and 80%, to represent loose, medium dense and dense sand deposits, respectively. The
numerical model was built using the finite difference program FLAC3D to simulate the
response of fully-water saturated soil columns spatially discretized with 8-node brick zones
with a size of 0.5 � 0.5 � 0.5 m and with a dynamic time-step of 10�5 s.
The SANISAND model, as described in Dafalias & Manzari (2004), with an overshoot-

ing correction scheme (Dafalias & Taiebat 2016) and implemented by Barrero (2019), was
chosen as constitutive model to simulate the nonlinear response of saturated sand under
both UD and BD shearing. The choice was made upon extensive validation of the model
for capturing the monotonic and pre-liquefaction excess pore water pressure cyclic response
of sands in element (e.g., Taiebat et al. 2010, Yang et al. 2018) and centrifuge testing
(Ramirez et al. 2018, Adinata et al. 2019) for both UD and BD shearing. On the other
hand, the built-in isotropic fluid model in FLAC3D was used to simulate the pore fluid
response. For all models, a constant value of hydraulic conductivity of 5 � 10�4 m/s was
considered. Control points distributed every 2 m along the height of the soil column
recorded the variation of pore water pressure. Details on the selection of model spatial and
temporal discretization, choice of boundary conditions to guarantee one-dimensional (1D)
wave propagation, use of Rayleigh damping and SANISAND model parameters are
described in Reyes et al. (2019). Figure 1 shows a schematic of the numerical model used in
the analyses.
The models were subjected to 40 shallow crustal ground motions (80 records considering

the horizontal x and y directions), selected from the PEER Strong Motions Database
(Ancheta et al. 2003). These records were chosen to cover wide range of source parameters, i.
e, Moment magnitude (Mw) and rupture distance (Rrup), as well as IMs historically associated
to liquefaction triggering such as peak ground acceleration (PGA) (e.g., Idriss & Boulanger
2008) and Arias Intensity (Ia) (e.g., Kayen & Mitchell 1997). This selection deliberately
avoided records with forward directivity effects. The list of the ground motions and their main
characteristics can be found in Reyes et al. (2019). Figure 2 illustrates the distribution of
source parameters and IMs for these motions.
The motions were applied separately in the x and y directions as UD shearing (UDx and

UDy, respectively) and simultaneously as BD shearing, for a total of 360 analyses related to 3
(relative densities) � 3 (loading directions) � 40 (ground motions). Finally, the seismic events
were evaluated in terms of 26 different IMs, presented in Table 1. Throughout this study, each
ground motion was characterized by combining the individual IMs from the x and y record-
ings by computing their geometric mean, an averaging type commonly used in ground motion
prediction equations.
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3 EVALUATION OF OPTIMAL INTENSITY MEASURES

In this study, the criteria to identify optimal IMs relied on the concepts of efficiency and suffi-
ciency (Shome & Cornell 1999, Luco & Cornell 2007). The efficiency of an IM is a measure of
the uncertainty with which an EDP can be estimated using such IM; hence, is an indicator of
the variability in predicting and EDP given an IM. A sufficient IM is one that manages to
estimate an EDP conditionally independent of other quantities such as Mw or Rrup. The most
efficient and efficient IMs were then deemed to be optimal. It is important to note that, while
efficiency and sufficiency are related, combining the observations derived from each assess-
ment can be a subjective task given that no combined metric is yet fully established in the lit-
erature – see Dhulipala et al. (2018) for a recently proposed unified index.

For the purposes of this investigation, the EDP was the depth-averaged peak excess pore
water pressure (�ru;peak) resulting from the UD and BD shearing analyses. This index allowed

Figure 1. Numerical configuration of soil column used for the simulations (after Reyes et al. 2019).

Figure 2. Histograms of distribution of Moment magnitude, rupture distance, peak ground acceleration

and Arias intensity of the ground motions used in the numerical simulations.
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to condense the overall excess pore water pressure response of the soil deposits, therefore
being a simple indicator of its liquefaction potential and overall volumetric response during
shaking. Considering that ground motions with possible forward directivity effects were not
included in the analyses, the �ru;peak resulting from the UD shearing analysis in the x and y
direction were averaged. Consequently, for a single scenario of DR, each ground motion and
its respective IMs, were associated to two values of �ru;peak: one from the UD analyses and the
other obtained from BD shearing. The following sections provide the evaluations of IMs in
terms of their efficiency and sufficiency, conducted in a similar fashion as Kramer & Mitchell
(2006) and Dashti & Karimi (2017).

3.1 Efficiency criterion

The efficiency evaluation was completed by examining the correlation between the EDP,
�ru;peak, and the different IMs by means of a regression analysis. Several regression types were
considered among which logarithmic and power relations were found to yield the best esti-
mates for the UD and BD scenarios. The logarithmic regression in the form of

EDP ¼ aþ b logðIMÞ ð1Þ

was the one chosen to perform the efficiency assessment. Values of �ru;peak ¼ 1 were neglected
in the regressions, given that scatter drastically reduces upon approaching this limit.
Figure 3 illustrates the regression analyses and equations of both UD and BD shearing for

PGA, Ia, CAV5 and SaðT0Þ calculated for the model with DR ¼ 55%. The results revealed that
correlating PGA with �ru;peak introduces significant uncertainty. Conversely, the scatter decreases
when considering Ia and CAV5, IMs proposed by Kayen & Mitchell (1997) and Kramer &
Mitchell (2006), respectively, to assess liquefaction potential. The correlation also improves by
considering SaðT0Þ, IM suggested by Dashti & Karimi (2017) for the same purpose, although

Table 1. Summary of ground motion intensity measures used in this study.

Symbol Description

PGA Peak ground acceleration

PGV Peak ground velocity

PGD Peak ground displacement

arms Root mean square of acceleration

vrms Root mean square of velocity

drms Root mean square of displacement

CAV Cumulative absolute velocity

CAV5 CAV after application of 5 cm/s2 as threshold acceleration

CAV25 CAV after application of 25 cm/s2 as threshold acceleration

CAVstd Standardized CAV

CAVdp CAV for damage potential

CAD Cumulative absolute displacement

Ia Arias intensity

SED Specific energy density

Ic Characteristic intensity

SIR Shaking intensity rate

ASI Acceleration spectrum intensity

VSI Velocity spectrum intensity

DSI Displacement spectrum intensity

HSI Housner spectrum intensity

Tm Mean period

Tp Predominant period

SaðT0Þ Spectral acceleration at fundamental period of the site

Sað1:5T0Þ Spectral acceleration at degraded period of the site

D5�75 Significant duration with upper threshold of 75% Ia
D5�95 Significant duration with upper threshold of 95% Ia
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not as efficiently as with Ia and CAV5. The coefficient of determination(R2) and standard error
of the estimate (σest) of the regression were used to quantify and evaluate the efficiency of the
IMs. The largest and smallest R2 depicted in Figure 3 correspond to CAV5 and PGA, respect-
ively, reflecting on their ability (and lack of) in correlating with �ru;peak. Similarly, the regressions
based on CAV5 and PGA resulted in the smallest and largest values of σest, respectively, which
speaks to their efficiency. Note that the difference between R2 and σest from UD and BD shear-
ing is negligible in spite of �ru;peak being always higher in BD shearing than in the corresponding
UD case. Comparable observations were derived from the regression analyses for the models
with DR ¼ 30% and 80%, with relatively similar values of R2 and σest.

Figure 4 summarizes the efficiency evaluation of all IMs and for both loading conditions in
terms of R2 and σest, where each point per IM corresponds to the mean value of the three
levels of DR analyzed. The results indicate that IMs from the family of CAV, with the excep-
tion of CAVdp, are the most efficient ones with respect to �ru;peak. Again, this statement is valid
for both UD and BD shearing. It is interesting to note as well that other IMs considering vel-
ocity-based quantities (e.g., PGV, HSI) exhibit fairly good correlation parameters.

3.2 Sufficiency criterion

Sufficiency was determined by correlating the distribution of residual errors resulting from the
regression in the efficiency evaluation to the source parameters Mw and Rrup associated to
each ground motion. The residual error, ε, is defined as:

ε ¼ EDPnda � EDPreg ð2Þ

where EDPnda is the EDP obtained from the nonlinear dynamic analysis and EDPreg is the
EDP resulting from the regression equation.Mw and Rrup were subsequently correlated to ε using
a linear and the logarithmic form in Eq. 1, respectively. From these, the slope of the correlations,

Figure 3. Efficiency evaluation of PGA, Ia, CAV5 and SaðT0Þ for UD and BD shearing computed for

the model with DR ¼ 55%.
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cMw
and cRrup

, were used to judged the dependency to source parameters or sufficiency of the IMs
in predicting �ru;peak. Flat slopes suggest independency, whereas steep ones indicate otherwise.

As in the efficiency evaluation, Figures 5 and 6 illustrate the correlation and equations of
both UD and BD shearing for PGA, Ia, CAV5 and SaðT0Þ calculated for the model with

Figure 4. Summary of efficiency evaluation for UD and BD shearing in terms of coefficient of determin-

ation, R2, and standard error of the estimate, σest.

Figure 5. Moment magnitude sufficiency evaluation of PGA, Ia, CAV5 and SaðT0Þ for UD and BD

shearing computed for the model with DR ¼ 55%.
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DR ¼ 55%. As expected, PGA demonstrates a considerable dependency to source parameters,
reflected in particular in the use of magnitude correction factors in liquefaction assessment
procedures that use this IM (e.g., Idriss & Boulanger 2008). On the other hand, CAV5 proved
to be fairly independent of Mw and Rrup when predicting �ru;peak.

Figure 7 compiles the sufficiency evaluation in terms of the absolute values of cMw
and cRrup

,
following a similar style as for the efficiency assessment. The summary shows that some IMs
deemed earlier as reasonably efficient, such as CAVstd and Ia, can be relatively insufficient for

Figure 6. Rupture distance sufficiency evaluation of PGA, Ia, CAV5 and SaðT0Þ for UD and BD shear-

ing computed for the model with DR ¼ 55%.

Figure 7. Summary of sufficiency evaluation for UD and BD shearing in terms of dependency to

Moment magnitude, cMw
, and dependency to rupture distance, cRrup

.
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both source parameters. Moreover, in general the dependency on Mw and Rrup is higher in BD
shearing than in the UD case.
Combining the efficiency and sufficiency assessments presented in Figures 4 and 7 and pla-

cing an stronger importance on the former, the results show that CAV and CAV5 are optimal
for the prediction of �ru;peak and liquefaction potential for loose to dense saturated sand
deposits subjected to both UD and BD shearing. On the other hand, HSI and Sað1:5T0Þ are
optimal for the same purpose if sufficiency is preferred over efficiency. Nevertheless, the use
of CAV and CAV5 to account for the impact of BD shearing is more attractive given the avail-
ability of ground motion prediction equations (e.g., Kramer & Mitchell 2006, Campbell &
Bozorgnia 2012, Bullock et al. 2017) and relative simplicity involved in characterizing and
scaling ground motions for combined UD and BD seismic shearing if these scalars are con-
sidered to characterize seismic hazard.

4 CONCLUSIONS

This paper presented an evaluation of optimal ground motion intensity measures for the
assessment of liquefaction hazard of saturated level ground sand deposits subjected to bidirec-
tional seismic shearing. The evaluation was based on the results of nonlinear dynamic analyses
of 3D level ground sand deposits modeled with a nonlinear constitutive model validated to
capture the cyclic behavior of saturated sands when subjected to unidirectional and bidirec-
tional shearing in element and centrifuge tests.
The assessment of IMs and their correlation to liquefaction potential revealed that CAV

and CAV5 are optimal for the prediction of excess pore water pressure in sand deposits under
both unidirectional and bidirectional seismic shearing. These intensity measures can be used
for characterizing and scaling ground motions in order to account for the impact of bidirec-
tional seismic shearing in liquefaction hazard evaluations.
Uncertainty in the results of this study is generally related to the deterministic nature of the

analyses in terms of its parameters, use of constant hydraulic conductivity throughout shaking
and ground motion variability. Consequently, the conclusions presented here can be revisited
by considering spatial and temporal variability of material properties, deposit stratigraphy
and earthquakes from different tectonic environments.
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