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ABSTRACT: The Liquefaction Experiment and Analysis Project (LEAP), an international research collabora-
tion among researchers from the US, UK, Japan, China and Taiwan, is a validation campaign to assess the ca-
pabilities of existing numerical/constitutive models for liquefaction analysis by using laboratory experiments
and centrifuge tests. The nature, goals, and scope of the project are presented in this paper. The goals of the
planning phase of the project that is currently ongoing in the US are briefly discussed. The main components
of the validation campaign and their corresponding challenges are outlined.

1 BACKGROUND
1.1 The need for a new validation campaign

Liquefaction-induced permanent deformations
and failure in geo-structures such as retaining
structures, soil slopes, and earth embankments
remain a major concern to the geotechnical
engineering  community. Following large
earthquakes, recorded data, field investigations, and
various case studies have often been used to
understand the mechanisms of failure and to
establish a link to key features of soil stress-strain-
strength behavior.  Furthermore, intensive efforts
have been undertaken by researchers towards the
development of constitutive and numerical modeling
tools capable of predicting cyclic and permanent
deformations of liquefaction prone soils (e.g.,
Zienkiewicz et al., 1998; Elgamal et al., 2003;
Manzari and Dafalias, 1997; Dafalias and Manzari,
2004; Jeremic, et al., 2008). Except for occasional
efforts such as that by EPRI (1993), thorough
assessment and validation of these computational
tools has been limited.

In a recent paper, Perlea and Beaty (2010)
explain how advanced numerical methods are now
being used by the US Army Corps of Engineers to
evaluate the effects of seismic loading and
liquefaction on dams. They describe the use of three
different codes including FLAC (with a
hypoplasticity model, Wang et al., 2006; with
UBCSand model, Byrne et al., 2003; and with an
empirical pore pressure generation model, Dawson
et al.,, 2001), DYNAFLOW (Prevost, 1983), and
TARA (Finn et al., 1986) in the assessment of the
seismic response of a number of earth dams. The
extensive computational work reported in Perlea and
Beatty (2010) clearly demonstrates the continuing
need of practicing engineers for validation and
assessment of modern numerical tools that are now
available for geotechnical analysis.

In the early 1990’s, over 20 teams of numerical
modelers participated in an elaborate prediction ex-
ercise that was meant to VErify Liquefaction Anal-
yses by Centrifuge Studies (VELACS) (Arulanandan
and Scott 1993-1994). Centrifuge tests were con-
ducted and duplicated at different centrifuge facili-



ties in the US (UCD, RPI, University of Colorado at
Boulder, and Princeton University) and Cambridge
University in the UK. A large number of “Class A”
(i.e., true prediction of an event made prior to the
event) numerical simulations of these centrifuge
tests were submitted and compared at a symposium.
The two key lessons learned from this exercise were
that: (1) none of the numerical techniques available
at that time were reliable for producing high quality
predictions of liquefaction problems, and (2) there
was significant variability in many of the centrifuge
test results.

Over the past few decades, the geotechnical engi-
neering community has seen remarkable advances in
experimental and computational simulation capabili-
ties. Experimental research using increasingly relia-
ble element scale laboratory tests, in-situ tests, and
centrifuge experiments have provided the communi-
ty with significantly improved understanding of the
response of geosystems to earthquake loading.

In the same vein as the VELACS project, a recent
exercise was conducted in Italy, on predicting the
tunnel-soil interaction using numerical procedures
that are matched to centrifuge test data. This project
titled Round Robin Tunnel Tests (RRTT) has in-
volved seven different numerical modeling teams
that were involved in predicting the centrifuge test
results in terms of tunnel lining forces and bending
moments amongst other parameters, Bilotta et al
(2014).

The tremendous advances in computational power
and computational methods have provided an un-
precedented opportunity for the analysis of very
large geo-structural systems using sophisticated con-
stitutive and numerical modeling techniques. Com-
pared to 25 years ago, there are far better computa-
tional and numerical modeling techniques available
for the analysis of soil liquefaction and its conse-
quences. In the realm of constitutive modeling, there
are several well-established constitutive models for
saturated granular soils (Elgamal, et al., 2003; Ling
and Yang, 2006; Manzari and Dafalias, 1997;
Cubrinovski and Ishihara, 1998; Dafalias and
Manzari, 2004; Taiebat, 2009). Moreover, several
commercial finite element/finite difference codes
(e.g., FLAC) provide nonlinear fully-coupled effec-
tive stress capabilities for analysis of geostructures
involving liquefiable soils.  New advances in
meshfree (Manzari and Regueiro, 2005), finite ele-
ment analysis (Regueiro and Borja, 2001; Manzari,
2004; Manzari and Yonten, 2010, 2011-a, 2011-b)
and discrete element techniques (Zeghal and El
Shamy, 2004) have provided the community with

powerful tools to model liquefaction as well as post-
failure response of geostructures.

All these advanced computational tools still need
to be assessed and validated against high-fidelity ex-
periments. Without validation, the profession will
remain rightfully skeptical and reluctant to adopt
such tools. Given the significant advances in numer-
ical modeling over the past twenty five years, it is
time for a reassessment of the reliability of modern
numerical modeling techniques in analysis of ge-
otechnical engineering problems involving liquefac-
tion.

1.2 Development of LEAP

The Liquefaction Experiments and Analysis Pro-
ject (LEAP) is an international effort to produce a set
of high quality centrifuge test data that can be used
for validation of existing numerical simulation pro-
cedures for liquefaction analysis in a class-A predic-
tion exercise. Evaluation of a wide range of analysis
procedures requires a wide range of experiments and
analysts.  International collaboration widens the
scope, gravitas, and impact of the findings. LEAP is
an ongoing collaboration that encompasses the writ-
ers and their research groups and a team of research-
ers from the UK led by Cambridge University, the
geotechnical earthquake engineering research group
at Kyoto University, the geotechnical engineering
group at National Taiwan University, and research-
ers from Zhejiang University in China.

The birth of the LEAP collaboration may have
been in November 2011 when the writers submitted
a NEESR proposal that included significant interna-
tional collaboration. The writers had shared their
proposal with a team of Japanese and a team of UK
researchers, and in return they committed to submit
parallel proposals to their respective national fund-
ing agencies.

Fortunately, the Japanese proposal, led by Susumu
lai from Kyoto University, was successfully funded
and they began performing experiments and analyses
at multiple institutions in Japan in 2012. Manzari,
Kutter, and Madabhushi were invited to attend a
meeting in Kyoto on January 30-31 2013 that in-
cluded a first phase prediction exercise.

On the first day of the meeting simulations of ex-
periments from three different centrifuge facilities
were compared. The experiments modeled liquefy-
ing level and sloping ground. Simulations included
use of numerical simulation codes such as FLIP
ROSE, FLIP TULIP, LIQCA (lai et al., 1992, 2011),
and the FE simulation software developed by
Manzari. These comparisons reminded us how im-



portant it is to carefully model boundary conditions
in both the centrifuge and the analyses, and proved
once again that nonlinear finite element simulations
of liquefaction can be prone to error, and experi-
ments of liquefaction can produce variable results
when using different equipment.

On the second day of the Kyoto meeting a smaller
group of international collaborators (from Taiwan,
Japan, UK and the US) met to discuss how interna-
tional efforts could be synergistically coordinated.
The group came up with the name LEAP (Liquefac-
tion Experiments and Analysis Project), and an
overall objective/goal: To evaluate the capability of
a wide range of analysis procedures to accurately
predict the response (especially deformations) of ge-
otechnical structures including effects of liquefac-
tion.

Details of the project are further discussed in the
next sections.

2 NATURE AND GOALS OF THE PROJECT
2.1 Kyoto Document

A document describing the nature and goals of the
collaboration was produced following the Kyoto
meeting. The Kyoto document states that at least 3
LEAP “projects”, each involving a focused set of
experiments and simulations are presently envi-
sioned. For example: (1) Level ground and sloping
ground, (2) retaining structure (sheet pile or sea-
wall), (3) embankment and/or embankment dams,
and (4) additional focused sets of experiments de-
pending on the sub disciplines of the funding agen-
cies (tunnels, ports, transportation infrastructure,
levees, etc.).

It is envisioned that each project under LEAP
could proceed in parallel but out of phase with the
other projects. Each LEAP project would be led and
hosted by one national LEAP team, but international
participants will be invited and expected to partici-
pate. The leader of each LEAP project will become
a member of the international steering committee,
which provides a mechanism for coordination.

Protocols for specifying experiments, simulations,
material properties and constitutive model calibra-
tions, as well as results of experiments and simula-
tions would be shared amongst all the LEAP pro-
jects. A core group for each project will make the
specifications for the experiment and simulations for
each blind prediction exercise. Broader participa-
tion by other physical and/or numerical simulation
teams will then be invited. Each LEAP project
would culminate in an international prediction sym-

posium. The plan has the following benefits and ad-
vantages:

o LEAP will involve different problem-focused
projects that will each attract different agen-
cies and sub disciplines.

0 Lessons learnt in the earlier projects can benefit
planners of the later LEAP projects.

o Class A prediction data developed in one LEAP
project can be used as Class C (i.e., predictor
validates a model by comparing results to
known data) prediction data in later LEAP
projects

0 Material properties and constitutive law calibra-
tions developed in one LEAP project can be
used in later LEAP projects

0 Making LEAP projects asynchronous allows
different international teams to have different
levels of activity at different times depending
on the ebb and flow of their team’s funding.

0 Feedback from physical modelers to numerical
analysts and vice versa in successive LEAP
projects will lead to a gradual improvement in
the process of experimental validation of nu-
merical procedures and best practices for ex-
periments and analysis.

2.2 Planning Phase of LEAP in the US

The writers are currently involved in a research
project that lays the ground for a LEAP in the US.
The current activities consist of six complementary
components that are discussed in the following sec-
tions.

e Organization of Existing Experimental Data for

Class-C Predictions and Calibrations,

e New Complementary Laboratory Element Tests,

System Identification Analysis of a Select Set of
Existing Centrifuge Experiments,

Class-C Predictions and Numerical Simulation of
Existing Centrifuge Tests,

Preparation for a Numerical Prediction (Valida-
tion) Exercise in a follow-on research project,

An international workshop for planning the next
phase of the project.

3 SCHEDULE

The US project has started in early fall 2013 and is
currently in a planning phase to lay the ground for
future centrifuge experimental campaign to investi-
gate liquefaction and its consequences. It is ex-
pected that the planning phase will conclude in late
2015 and the experimental phase of the project will
begin in 2016.



4 CURRENT STATUS OF THE PLANNING
PROJECT

The planning phase of the project that is carried
out by the US team is currently focused on the fol-
lowing efforts:

1. Prepare a preliminary set of guidelines and
protocols that can be used for future compari-
sons of the centrifuge experiments with nu-
merical simulations. This effort will also en-
compass the development of the minimum
information required to present a numerical
and/or constitutive model and the key
stress/strain paths that should be simulated to
assess the performance of a model (Kutter et
al., 2014).

2. A thorough review of the centrifuge experi-
ments documented in NEEShub and identifi-
cation of a small number of high quality ex-
periments that can be used for class-C
simulations by LEAP researchers and by fu-
ture modelers who intend to assess or cali-
brate their numerical/constitutive modeling
tools (Zeghal, et al., 2014).

3. A critical review of the numerical simulation
techniques, currently available and commonly
used for analysis of soil liquefaction and its
consequences, in order to identify the key
properties required for their proper calibra-
tion.

5 VALIDATION CAMPAIGN: CHALLENGES
AND OPPORTUNITIES

The LEAP project is an ambitious attempt to vali-
date existing numerical and constitutive modeling
approaches available for liquefaction analysis
through the use of high quality experimental data
that are mainly based on element tests and centrifuge
modeling. The key elements of this campaign are re-
liable experimental data and a thorough procedure to
assess the capabilities of the numerical/constitutive
modeling techniques. These components are further
discussed in the following sections.

5.1 Availability and reliability of the experimental
data

Many existing constitutive/numerical procedures
for soil liquefaction have been built based on the ob-
served response of soil. Moreover, to use these pro-
cedures one needs to calibrate them against the re-
sults of laboratory tests. For example, to obtain the
essential constants/parameters of an advanced
elastoplastic model the following information may
be needed:

a) Shear modulus degradation and damping char-
acteristics of the soil at very small to small strain
levels.

b) Stress-strain-strength properties of the soil at
small to relatively large strain levels which are nor-
mally obtained through monotonic triaxial compres-
sion tests. To be useful for critical state based mod-
els, these experiments must be done up to a stage
where the critical state can be identified.

c) Cyclic stress-strain response of the soil in
drained and undrained conditions via cyclic triaxial,
direct simple shear, or torsional shear tests.

All the above mentioned tests must be done on
representative samples of the soil that reproduce the
fabric of the soil in the centrifuge experiments which
will eventually be used to assess the predictive capa-
bilities of the model in a boundary value problem.
Moreover, these tests must be repeated to establish
their reliability for the use in model calibration.

The next and even more challenging step is the
undertaking of centrifuge experiments that can serve
as a basis for all future validation exercises. The soil
specimens must be prepared with extra care to re-
produce the intended boundary value problem. Here
in addition to the usual precautions regarding scaling
laws, use of appropriate pore fluid, and proper repre-
sentation of far-field boundary conditions, one must
carefully consider the proper placement of sensors,
sensitivity of the sensors to the wide range of re-
sponses that soil exhibits during earthquake loading,
interaction of sensors with the soil in the near lique-
faction stage, difficulties in controlling the base ex-
citation, and the consequences of the unintended
movements of the soil container due to the base ex-
citation. Centrifuge experiments must be repeated
and potential sources of data scatter should be estab-
lished.

5.2 Assessment of constitutive models

It is expected that a number of existing and future
soil constitutive models will be used to simulate the
experimental database produced by LEAP projects.
A majority of existing models use plasticity (includ-
ing elastoplasticty, hypoplasticity, hyperplasticity,
etc.) as the main framework. However they may dif-
fer significantly in their ingredients, e.g. elastic re-
sponse, yield surface, flow rule, and hardening laws.
Some of these models are based on critical state soil
mechanics and may require substantial experimental
data (laboratory based element tests or in-situ tests)
for determination and calibration of model parame-
ters. Moreover, constitutive models that are devel-
oped for liquefiable soils may be designed to capture
shear-induced volume change but may lack proper
ingredients to model the volume change caused un-
der loading with constant shear stress ratio. In some
occasions, a model appears to perform well in pore
pressure generation stage but is unable to reproduce



the deformations caused by soil-reconsolidation.
Most models are unable to properly simulate void ra-
tio redistribution resulting from water flow induced
by excess pore pressure gradients.

Implementation of the constitutive model is also
an important aspect of the entire simulation tool.
Time integration of the rate equations is performed
by using a variety of explicit, explicit-implicit, and
fully implicit techniques. The accuracy of these
techniques will have significant impact on the over-
all simulation results. Figure 1 shows the stress path
and the stress-strain response of a soil plasticity
model in an undrained cyclic triaxial test when a ful-
ly implicit integration technique is used.

Figure 2 shows the performance of the same con-
stitutive model in the simulation of the same test
when an explicit technique without strict error con-
trol is used.

Instead of a smooth stress path, this time the
stress path shows locally erratic patterns due to spu-
rious unloading during plastic loading. The spurious
unloading is more visible in the g-time graph shown
Figure 2(b).

Hence, it is important that this aspect of the mod-
el implementation be well documented in the course
of the validation exercise envisioned in the LEAP
projects. To allow for a more thorough assessment
of the constitutive models used in the simulation
phase of LEAP projects, it is planned to document
the performance of these models in a variety of
stress/strain paths, so that potential versatility as well
as shortcomings of these models in the simulation of
more complex boundary value problems can be cor-
related with their performance in the simulation of
element tests.

To this end, Kutter et al. (2104) propose a set of
basic experiments that a soil constitutive model
needs to simulate before it is used in the simulation
of boundary value problems.
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Figure 1. Performance of a soil plasticity model in

simulation of an undrained cyclic triaxial shear test

when a fully-implicit integration technique is used.
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Figure 2. Performance of a soil plasticity model in
simulation of an undrained cyclic triaxial shear test
when a simplified explicit integration technique is
used.

5.3 Assessment of numerical modeling tools

A plethora of numerical simulation platforms are
now available for geotechnical engineering simula-
tions involving liquefaction. While a majority of
commonly used techniques are mesh-based (e.g., fi-
nite difference and finite element methods), there
have been significant new developments on particle-
based techniques such as meshfree and material
point methods (MPM). In addition to these continu-
um-based methods, new developments in the realm
of discrete element methods are also quite promising
and are being used to study dynamic response of lig-
uefiable granular soils.

Continuum-based methods are expected to be the
dominant choice for the simulation phase of LEAP
projects. Most available simulations tools (such as
OpenSEES, FLAC, PLAXIS, etc) treat the saturated
soil as two-phase media in which the differential
equations governing the motion of soil and flow of
pore water are formulated by using Biot's theory or
mixture theory. Implementation and application of
these formulations involve several key components
that need to be clearly described to achieve a thor-
ough assessment of their performance in a boundary
value problem. The following issues are of particu-
lar interest to LEAP projects:

a) The main formulation used in the numerical

simulation.



b) The element type used in finite element simu-

lations using a particular formulation

c) The method of time integration.

For example, Zienkiewicz and Shiomi (1984)
have described three different formulations for dy-
namic analysis of saturated porous media, i.e. u-p, u-
U, and u-U-p, where u, U, and p represent the dis-
placements of the soil skeleton, displacements of
pore water, and pore pressure, respectively. The u-
U-p formulation provides the most complete formu-
lation, but it requires a significantly larger number of
unknowns per node.

Through an analysis of an elastoplastic column of
soil subjected to a dynamically varying surface pres-
sure, Zienkiewicz and Shiomi (1984) showed that
for some earthquake problems the u-p formulation
may be able to provide solutions with sufficient ac-
curacy. A recent work by Manzari (2014) has shown
that while the results of the two methods may be
close in many earthquake engineering problems,
there may be significant numerical oscillations when
a finite element-based u-p formulation is used in
liquefaction analysis. Figure 3 shows the excess pore
pressure time histories computed near the ground
surface in a uniform sand deposit that is subjected to
20 cycles of a sinusoidal motion with maximum
amplitude of 0.25 g.
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Figure 3. Comparison of two different formula-
tions in seismic analysis of a saturated sand de-
posit.

Eight-noded brick elements using u-U-p and u-p
formulations were used in the simulations. The 3D
elements were constrained in the direction perpen-
dicular to the direction of ground motion. Large os-
cillations are observed in the results obtained by the
u-p formulation. The oscillations seem to be an arti-
fact of the numerical scheme rather than the true re-
sponse of the soil.

A similar analysis for a fully submerged mildly
sloping ground shows that with the u-p formulation,
the choice of the finite element has an impact on the
simulation results. Figures 4 and 5 compare the re-
sults of seismic analyses using the u-p formulation

with different finite elements. In these Figures, u4-
p4 and u9-p4 are plane strain finite elements with 4
and 9 degrees of freedom for displacement of the
soil skeleton and 4 degrees of freedom for pore pres-
sure. The u8-p8 element is an 8-noded brick ele-
ment with displacement and pore pressure degree of
freedoms for all nodes. Finally the stabilized u8-p8
is a stabilized version of the traditional u8-p8 ele-
ment when only one integration point is used in the
analysis.
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Figure 4. Comparison of pore pressure time his-
tories near ground surface in a sloping ground;
performance of different finite elements using u-p
formulation.
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The observed differences in the computed lateral
displacements are larger while the impact on com-
puted pore water pressure is not as significant.

Given the above mentioned observations, it is
important to document details of the numerical pro-
cedures used in the simulation phase of the LEAP
project.

Examples of the details that need to be specified
when a numerical simulation is submitted are:

0 Type of the simulation platform (mesh-based, par-
ticle-based, etc.),

o General formulation used to formulate the govern-
ing equations,

o Nature of interpolation functions used in mesh-
based or particle-based methods,

o0 Numerical scheme used in numerical integration
of integrals leading to the final matrix equations,

o Numerical scheme used in time integration of the
governing equations along with the parameters
used,

0 Return algorithms used for integration of the con-
stitutive rate equations,

o Solution scheme used in the solution of nonlinear
matrix equations.

A detailed set of information needed for submis-
sion of the numerical simulations is being developed
and a preliminary set is reported by Kutter et al.
(2014).

6 CONCLUSION

This paper presented an overview of the concept
behind the Liquefaction Analysis and Experiment
Project (LEAP), an ongoing international collabora-
tion among researchers from the US, the UK, Japan,
China, and Taiwan. The nature and goals of the pro-
ject as well as the current state of the planning phase
of the project in the US were discussed. Some key
challenges and opportunities that face LEAP as a
validation campaign for assessment of numeri-
cal/constitutive models for liquefaction analysis
were presented.
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