
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

The paper was published in the proceedings of the 7th 

International Conference on Earthquake Geotechnical 
Engineering and was edited by Francesco Silvestri, Nicola 
Moraci and Susanna Antonielli. The conference was held 
in Rome, Italy, 17 – 20 June 2019.

https://www.issmge.org/publications/online-library


Earthquake Geotechnical Engineering for Protection and Development of
Environment and Constructions – Silvestri & Moraci (Eds)

© 2019 Associazione Geotecnica Italiana, Rome, Italy, ISBN 978-0-367-14328-2

Numerical modelling of liquefaction for long duration
motion-challenges and solutions

B. Ghosh, V. Kumar & R. Tan
Mott MacDonald, UK

ABSTRACT: Soil liquefaction during past earthquakes has caused major damage to engin-
eering designed buildings and infrastructure. In general, long duration motions have a poten-
tial for liquefaction triggering at longer distances and in denser soils than typically seen for
short duration motions. The objective of this paper is to develop insight into the triggering
and development of liquefaction due to long duration ground motions and to provide recom-
mendations for analysis and design. The paper presents the numerical modelling performed to
assess liquefaction potential for highly stratified ground in seismic region. Numerical model-
ling was performed using PLAXIS 2D where advanced soil model UBC3D-PLM was used for
soil layers susceptible to liquefaction and HSsmall was used for layers which are not expected
to liquefy during the seismic shaking. Results showed that as the cyclic strain builds up due to
long duration of the motion, the depth of liquefaction increases. Numerical modelling showed
that even the dense sand layers which are considered as non-liquefiable during the short dur-
ation motions, tend to liquefy at the end of shaking of long duration motions.

1 INTRODUCTION

Soil liquefaction during past earthquakes has caused major damage to engineering designed
buildings and infrastructure. In the past decades, laboratory studies have provided useful
insight into the complex mechanism of liquefiable soil behavior, and systematic field investiga-
tions of earthquake case histories have led to the development of useful empirical procedures
for evaluating the potential for triggering and the consequences of liquefaction. In general,
conventional laboratory tests offer a simplified representation of earthquake loading and field
case histories are sparse over ranges of conditions that are of interest in the professional prac-
tice. These results, along with the dearth of case histories from very large magnitude earth-
quakes in the empirical database, illustrate the need to account for ground motion duration in
liquefaction hazard evaluations.
An earthquake with a moment magnitude of 9.0 occurred in the off Sanriku area of the

Tohoku district on March 11, 2011. This earthquake was an ocean trench type of earthquake
and its focus was located at a depth of about 24 km. One of the characteristics of this earth-
quake is the tsunami that followed it and the significant damage that resulted from it. Lique-
faction can also be counted as another characteristic of this earthquake because it occurred
over a wide area - from the Tohoku district to the Kanto district, and caused significant
damage (Figure 1). Case histories of liquefaction in the Tohoku district are reported in this
paper (Yamaguchi et al. 2012). The liquefaction following this earthquake report was mainly
identified by sand boils which caused damage to earth structures and residential houses as
well as the uplift of manholes.
The objective of this paper is to develop insight into the triggering and effects of liquefac-

tion due to long-duration ground motions and to provide recommendations for analysis and
design. The paper presents the numerical modelling performed to assess liquefaction potential
for highly stratified ground in seismic region. Numerical modelling was performed using
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PLAXIS 2D where advanced soil model UBC-PLM3D was used for soils susceptible to lique-
faction and HSsmall was used for layers which are not expected to liquefy during the seismic.
Liquefaction was modelled by using the UBC3D-PLM which is a generalized formulation
model which utilizes isotropic and simplified kinematic hardening rules for primary and sec-
ondary yield surface modelling. Detailed calibrations were performed for all the soil layers
using published data.

2 LONG DURATION MOTION

During the 2011 off the Pacific Coast of Tohoku Earthquake, which was the largest earth-
quake in Japanese history, soil liquefaction was observed over a wide area along the Pacific
Coast in Tohoku and in Kanto, including the Tokyo Bay area. Extensive damage was
caused by the effect of soil liquefaction to residential lands and houses as well as to infra-
structure, such as roads, rivers, ports, and water supply/sewage systems. Unjoh et al. (2012)
presented strong motion observation data obtained on the liquefied and non-liquefied
grounds and highlighted the effect of the duration and the number of cycles on the progress
of the soil liquefaction (Kramer et al. 2016). Typical pinching motion with pulse-like ampli-
tude is also observed in the acceleration waveform recorded in this earthquake as seen in
Figure 2.
The key ground motion characteristics are frequency, amplitude and duration. It has

been established that for the long duration motion spectral acceleration is insensitive to its
duration. Long duration motions are usually obtained from large magnitude earthquakes
which have large rupture areas and low corner frequencies, leading to greater low-fre-
quency energy content than smaller magnitude earthquakes. Normally the low frequency
components are unlikely to have much effect on the triggering of liquefaction which is
guided by peak accelerations but after the onset of liquefaction these low frequency com-
ponents may become important in generation of shear strains. Figure 2 shows that max-
imum acceleration is 0.135g is at 118s duration and the maximum velocity is 36cm/s at
104s and the maximum displacement is 37cm at 99.54s for the recorded ground motion in
the Tohoku earthquake at the recording station YMTHO1. Sustained maximum acceler-
ation (Nuttli 1979) is 0.119g. The bracketed duration is 169s and the significant duration
is 110s. The magnitude of PGA is moderate; however, the long duration had an effect in
the liquefaction observed in the area. However, it was difficult to establish any direct cor-
relations as discussed by Towhatta et al. (2014) between the duration and liquefaction
damage.

Figure 1. Liquefaction damage in Tohoku Earthquake (https://ars.els-cdn.com/content/image/1-s2.0-

S0038080612000960-gr32.jpg).
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3 PRELIMINARY LIQUEFACTION ASSESSMENT

The liquefaction triggering procedures (Cetin et al. 2004, Boulanger & Idriss 2014) were pri-
marily based on data from the Crustal earthquakes. The intensity measures typically used for
liquefaction triggering analysis is magnitude-adjusted PGA, which is a combination of the
PGA and a Magnitude Scaling Factor. However, it has been shown that the current empirical
databases are insufficient to evaluate the behaviour of soils subject to long duration earth-
quakes, such as a possible Mw = 9.0 Cascadia Subduction Zone earthquake (Greenfield 2017).
In general, long duration motion has a potential for liquefaction triggering at longer distances
and in denser soils than typically seen in the crustal events. Additionally, the soil in a liquefied
state is subjected to shaking for a longer duration motion. The effects of drainage on the lique-
fied soil becomes much more critical.
The current project site is underlain by alluvial fan delta and fluvial sediments and the soil

consist of mostly medium to coarse gravel and sand extending upto 15m. This is underlain by
marine silts and clays. The subsurface soils underlying the site consist of surficial fills compris-
ing loose to compact sand with some gravel typically ranging from 1.5 m to 3 m in thickness,
underlain by a thin layer of soft/loose clay and silt with organics typically ranging from 0.5 m
to 1.5 m in thickness.
Underneath the clay and silt, the soils consist of mainly gravel and sand with cobbles or

boulders of variable density to a depth ranging from 10 m to 23 m below the existing ground
surface. Below the gravel and sand deposit, the materials are predominately gravelly sand
with cobbles or boulders and some silty layers to a depth about 48 m, followed by a firm to
stiff sandy silt/clay layer of low plasticity. The gravelly sand deposit is generally compact to a
depth of about 32 m and becomes dense below 32 m. Table 1 shows the geotechnical param-
eters for the ground profile that is used for the site response and liquefaction assessment.
These parameters were derived from site specific geotechnical investigation consisting of SPT
and BPT. The shear wave velocities were obtained from seismic CPT tests.
Preliminary Liquefaction assessment was performed by using the Idriss & Boulanger (2014)

method for the assessment of liquefaction potential of the soil layers. The liquefaction

Figure 2. Acceleration, velocity, and displacement time history for the YMTH01, NS2 component.
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susceptibility is determined by the Factor of Safety (FL), defined by the ratio between the
Cyclic Stress Ratio (CSR) and the Cyclic Resistance Ratio (CRR).

FL ¼
CRR

CSR
1ð Þ ð1Þ

Influence of duration is usually accounted in the empirical liquefaction assessment methods
by using suitable MSF (Magnitude Scaling Factor). Liu et al. (2001) showed that the number
of loading cycles correlates well with earthquake duration, and that the number of cycles of
loading serves as a proxy for the ground motion duration. The concept of equivalent cycles
(Neq) is used to convert the irregular stress history. In general, it has been shown that the cor-
relation between Neq and duration is relatively weak. For the current scenario, using (Han-
cock & Bommer 2005)

Neq ¼ 1:1t5�75 2ð Þ ð2Þ

Where t 5-75 is 73s based on the ground motion shown in Figure 2. The approximate dur-
ation factor (Kramer et al. 2013) is calculated as 1.6 and is used in the liquefaction calcula-
tions. In general, the sensitivity of liquefaction triggering to duration decreases with increasing
duration.
The CSR is calculated as:

CSR ¼ 0:65
amax

g

σvo

σ
0

vo

rd

MSF
3ð Þ ð3Þ

where amax = peak ground acceleration (0.156g at surface after 1D site response); σvo =
Total vertical stress;σ0vo = Effective vertical stress; rd = shear mass participation factor (reduc-
tion coefficient) and MSF = Magnitude Scaling Factor accounting for long duration.
Liquefaction assessment is performed for the ground motion shown in Figure 2 with Mag-

nitude 9 event and the PGA (Peak Ground Acceleration) of 0.156g (surface). Based on this
analysis, there is a high risk of liquefaction of the overburden soil for the longer return period
event (2475 yrs.) extending to about El. -28.0m (Layer 7). The layers that are most likely to
liquefy include Layer 4, Layer 6 and Layer 7. However, this method does not give any indica-
tion of the evolution of liquefaction or the effect of duration on the triggering mechanisms.
This is likely to be the most important parameter while designing liquefaction remediation
works. It should be noted that the cyclic resistance ratio for a Mw = 9 earthquake is an

Table 1. Soil properties used in ground response and SSI analysis.

Layer Unit Name
Thickness
(m) Unit Weight (kN/m3)

Shear
Modulus
(MPa) (N1)60

1 Fill 3.05 18.5 50.0

2 Clayey Silt 1.5 17.5 73.0

3 Sand & Gravel 1.5 18.5 108.0 27

4 Sand & Gravel 3.0 18.5 134.0 19

5 Sand & Gravel 3.0 18.5 166.0 40

6 Sand & Gravel 6.0 18.5 165.0 22

7 Sand 15.0 18.5 177.0 20

8 Sand & Gravel 5.5 20.0 224.0 36

9 Sand 11.5 20.0 294.0 49

10 Silt/Clayey Silt 15.0 19.0 152.0

11 Till-like 8.0 22.0 807.00
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extrapolation for this method and the largest magnitude in the database is the Mw = 8.1
Michoacan earthquake.
The free field post liquefaction reconsolidation settlement was calculated using the methods

prescribed by Idriss & Boulanger (2008). The total free field vertical settlement following
liquefaction is calculated as 364mm accounting for fines correction. Bulk of this settlement
occurs in Layer 7 (almost 217mm) which has a low SPT and higher thickness. Numerical mod-
elling was used to verify these predictions using PLAXIS 2D. After the ‘End of Shaking’, con-
solidation analysis was performed wherein the liquefied layers 3-7 were assigned
representative degraded stiffness and strength. The dissipation of excess pore water pressure
leads to generation of volumetric strains as a function of time. This stage does not simulate
the sedimentation stage in the post liquefaction stage.

4 NUMERICAL MODELLING

4.1 Comparison of 1D and 2D site response

The purpose of numerical modelling was to understand the effect of long duration on the evo-
lution of liquefaction during shaking. A careful validation and verification process were fol-
lowed to ensure that 2D responses were calibrated to 1D responses.
1D site response column was established using the ground profile shown in Table 1, and the

small strain stiffness profile were taken from the same table corresponding to the data
obtained from different correlations. Shear modulus degradation and damping curves were
established from the database of published information. The comparison of horizontal dis-
placements from DEEPSOIL (http://deepsoil.cee.illinois.edu/) and 1D Non-linear time history
analysis from PLAXIS is given in Figure 3. Overall, there is good agreement between the two
analyses. The slightly higher magnitude of horizontal displacement in PLAXIS could be
attributed to higher damping (and hence, the shear stress-strain loop) and soil model being
characterized with plastic shear strength parameters as opposed to Equivalent Linear analysis
which does not consider plasticity at all.
Site response analysis was then performed in 2D to verify the response of PLAXIS 2D

model with PLAXIS 1D soil column while allowing for strain accumulation and accounting
for boundary effects. The comparison of response between 1D and 2D Site Response models
is shown in Figure 4. The match is reasonably good and was used for further analyses.

Figure 3. Comparison of 1D Free Field Response between DEEPSOIL and PLAXIS.
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4.2 Liquefaction model calibrations

The parameters that are needed to define the liquefaction behavior in the UBC3D-PLM in
PLAXIS follows a set of equations in which the corrected SPT value (N1)60 is the sole vari-
able. UBC3D-PLM is a descriptive model, so its parameters were derived by curve fitting
from laboratory tests on the same material. Most of the parameters have been obtained by
using these published correlations (Makra et al. 2013).
The calibration procedure aimed at matching the cyclic resistance ratio indicated by the

NCEER/NSF curve for a given corrected SPT blow count to induce liquefaction at 15 uni-
form loading cycles as seen in Figure 5. The match is considered reasonable.

4.3 Excess pore pressure generation with liquefaction

The rate of pore pressure generated during harmonic loading in laboratory tests is commonly
described using the number of cycles of loading, N, relative to the number of cycles as seen in
various publications. The zero change in volume assumption for undrained analyses, the

Figure 4. Comparison of PLAXIS 1D and 2D Site Response Models.

Figure 5. UBC3D-PLM model calibration against standard published curve.
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volumetric shear strains generated due to cyclic shear strains lead to accumulation of excess
pore pressures until the end of the shaking motion with negligible vertical deformations aris-
ing from the ground motion.
Figure 6 presents comparison of Ru from the 2D models in PLAXIS for different time

instances. Ru in a soil element at any time instance during the dynamic analysis can be
expressed as:

Ru ¼
σ
0
v

σ
0
vo

ð4Þ

where σ
0
v = current vertical effective stress (during shaking) and σ

0
vo = initial vertical effect-

ive stress.
The dynamic analysis is considered as an undrained analysis i.e., the excess pore pressures

generated during the liquefaction were not allowed to dissipate during the full duration of the
motion. In the initial duration of motion (t=40.0s), the progression of liquefaction is evident
from the trend of Ru plot with depth – soil layers at shallow depth tend to liquefy earlier than
the soil layers at deeper depths. As predicted by the empirical relationships, Layer 5 (with
(N1)60 = 40) has a very low liquefaction potential at this stage. As the cyclic strain continues
to accumulate with time and the ground motion reaches its peak amplitudes, the bulk of the
soil layers, including Layer 5 tend to achieve Ru > 0.7 by 100.71s. At the end of shaking
(180s), the in-situ soil has fully liquefied with Ru values of nearly 1 for Layers 3-7. It is also
observed that Layers 8 and 9, which were considered as non-liquefiable under empirical
methods, start developing excess pore pressures due to continued build-up of cyclic strains
from 100.71s-180s.

5 CONCLUSIONS

This paper reviews liquefiable soil behavior and the implications of very long duration ground
motions on that behavior and describes a framework that allows the timing of liquefaction to
be taken into consideration in the evaluation of liquefaction hazards. In very long duration

Figure 6. Comparison of Ru during the shaking period.
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motions, a soil deposit in which liquefaction is triggered relatively early will be subjected to a
high level of cumulative loading. In its liquefied state, it can lead to large cyclic and permanent
deformations. It highlights the need for advanced constitutive models to evaluate the accumu-
lation of excess pore water pressure during the long duration shaking. Such an accumulation
will have a high impact on the overall stability of the structure and should be accounted in
routine SSI analyses. Empirical methods can be used for initial screening, but the designer
should not hesitate to embrace numerical modelling for solving complex SSI problems.
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