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Numerical Modeling of Sloping Ground under Earthquake Loading
Using UBCSAND Model
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Abstract

A numerical procedure is presented for evaluating seismic liquefaction on sloping ground sites. The procedure uses
a fully coupled dynamic effective stress analysis with a plastic constitutive model called UBCSAND. The model was
first calibrated against laboratory element behavior. This involved cyclic simple shear tests performed on loose sand
with and without initial static shear stress. The numerical procedure is then verified by predicting a centrifuge test with
a slope performed on loose Fraser River sand. The predicted excess pore pressures, accelerations and displacements
are compared with the measurements. The results are shown to be in good agreement. The shear stress reversal patterns
depend on static and cyclic shear stress levels and are shown to play a key role in evaluating liquefaction response
in sloping ground sites. The sand near the slope has low effective confining stress and dilates more. When no stress
reversals occur, the sand behaves in a stiffer manner that curtails the accumulated downslope displacements. The
numerical procedure using UBCSAND can serve as a guide for design of new soil structures or retrofit of existing

ones.
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1. Introduction

The concern for soil structures located in active seismic
zones is the potential for large displacements in the event
of the design earthquake. Such displacements can be very
large if soil liquefaction occurs. Remedial measures to
reduce liquefaction induced displacements involve densifi-
cation and/or drainage. Rational assessment of remediation
methods requires a reliable prediction of soil response for
the design earthquake.

The plastic constitutive model called UBCSAND has
been developed for predicting liquefaction response of
granular soils (Park et al. 2005). The effective stress
UBCSAND procedure is a fully coupled stress-flow plasti-
city approach in which shear induced contraction and a
dilation of the skeleton induce pre- and post-liquefaction
response characteristics. The soil skeleton controls the
response, and the effect of the pore fluid is purely one
of controlling the skeleton volume and bulk stiffness.
Most constitutive models are calibrated based on triaxial
loading conditions, whereas the UBCSAND model is
validated in plane strain condition by capturing a simple
shear loading condition similar to earthquake loading.
The underlying feature of UBCSAND is simplicity and
robustness for practical purposes. This effective stress
analysis can estimate the displacements, accelerations and
porewater pressure generation and dissipation caused by
a specified input motion. Such analyses involve capturing
the cyclic simple shear tests with and without static shear
stress, and then modeling the soil-structure as a collection
of such elements subjected to the design earthquake base
motion.

Failure mechanisms due to earthquake loading can be
caused not only by a zero effective stress state, generally
called liquefaction, but also by large residual deformation
with non-zero effective stress. On level ground sites,
100% excess pore pressure rise and liquefaction can
oceur, but residual displacements are small as there is no
“driving” stress. Whereas on sloping ground sites, 100%
excess pore pressure rise may not occur, displacement
can be very large due to “driving” shear stresses and their
pattern of reversal. The 3 categories of shear stress
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Fig. 1. Patterns of shear stress reversal (Hyodo et al. 1991)

reversal are explained in Figure 1 (Hyodo et al. 1991).
The categories depend on whether the cyclic shear stress,
Teye, 18 larger, equal to, or smaller than the static shear
Stress, Tsta.

The effective stress approach including the concept of
shear stress reversal can explain the different type of
failure pattern that occurs at slope site due to large
displacements. In this paper it is applied to capture the
cyclic simple shear tests with and without static shear
stress. Then, the model is applied to centrifuge test data
representing a finite slope and the prediction is compared

with the measured response.

2. Effect of Static Shear Stress on Liguefaction

Soil elements benecath dams and slopes and near
building structures have an initial static shear stress on
horizontal planes. For example, soil elements near the
surface of a slope have two characteristics in terms of
stress; a driving shear stress, and a low confining stress.
In effective stress space, these elements are located near
the phase transformation line. Upon earthquake loading

the element stress state will move to the phase transfor-



mation line and commence to dilate. This will increase
its resistance and lead to limited strain and displacement
rather than a failure. The cyclic simple shear tests for
these stress conditions showed that the intermediate or
no shear stress reversal (one-sided loading) pattern resulted
in accumulated large displacements rather than zero
effective stress. This one-sided loading pattern was captured
in the numerical prediction.

The effect of static shear on liquefaction resistance is
briefly reviewed from published laboratory test results.
Lee and Seed (1967) found that the larger the initial
static shear stress the larger is the liquefaction resistance
based on cyclic triaxial compression tests on anisotropically
consolidated samples. Since then the effects of initial
static shear have been investigated by several researchers
using mainly triaxial tests (Vaid and Chern 1983; Ishibashi
et al. 1985; Hyodo et al. 1991) and few simple shear tests
(Vaid and Finn 1979, Rahhal and Lefebvre 2000). When
the cyclic deviator stress is less than the consolidation
deviator stress, no shear stress reversal occurs. However,
most of the laboratory test data showed shear stress
reversal, Figure 1 (a). Vaid and Finn (1979) found that
the shear stress reversal pattern could limit the pore
pressure generation. They showed conflicting results:
either increased or decreased liquefaction resistance due
to shear stress reversal. The occurrence of shear stress
reversal under a design earthquake seems to be a critical
factor and will generate larger displacement irrespective
of the stress reversal pattern. In the case of no shear
stress reversal, the stress state stays on the failure line,
and does not reach zero effective stress, generally called
liquefaction, and limits displacements.

From existing data, it is difficult to reach any con-
clusion about the static shear effect. In section 4, the
effect of static shear on air-pluviated loose Fraser River

sand data will be discussed.

3. Constitutive Model: UBCSAND

The simplest realistic model for soil is the classic
Mohr-Coulomb elastic-plastic model as depicted in Figure

2. Soils are modeled as elastic below the strength envelope

and plastic on the strength envelope with plastic shear
and volumetric strains increments related by the dilation
angle, w. This model is really too simple for soils since
plastic strains also occur for stress states below the
strength envelope. The UBCSAND stress-strain model
described hercin modifies the Mohr-Coulomb model
incorporated in FLAC (Fast Lagrangian Analysis of
Continua) Version 4.0 (Ttasca 2000) to capture the plastic
strains that occur at all stages of loading. Yield loci are
assumed to be radial lines of constant stress ratio as
shown in Figure 3. Unloading is assumed to be elastic.
Reloading induces plastic response but with a stiffened
plastic shear modulus.

The plastic shear modulus relates the shear stress and
the plastic shear strain and is assumed to be hyperbolic
with stress ratio as shown in Figure 4. Moving the yield
locus from A to B in Figure 3 requires a plastic shear
strain increment, dﬂyp, as shown in Figure 4, and is
controlled by the plastic shear modulus, G". The
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obtained from the mobilized dilation angle yp:
def =ay® -siny (1)

The mobilized dilation angle is based on laboratory

data and energy considerations and is approximated by
Siny , =sind., —sind, Q)

where d. is the phase transformation or constant volume
friction angle and ¢m describes the current yield locus.
A positive value of yn, corresponds to contraction. Con-
traction occurs for stress states below ¢., and dilation
above as shown in Figure 5.

Additional information on UBCSAND is presented by
Park et al. (2005). Elastic and plastic properties for the

model are defined as follows.

3.1 Elastic Properties

The elastic bulk modulus, B, and shear modulus, G,
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are assumed to be isotropic and stress level dependent.

They are described by the following relations:

5 0.5
szGe'P [ m]
a Pa
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where kg® is modulus number, P, is atmospheric pressure,
0'm is the mean effective stress in the plane of loading,
where o6'w=(0+0%)2, a(=2(1+v)/(1-2v)/3) depends on

the Poisson’s ratio.

3.2 Piastic Properties

The plastic properties used by the model are the
friction angle at failure ¢r, the constant volume friction

angle @, and plastic shear modulus G", where

2
szcf-[l——“—Rfj
N¢
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where G=k¢’* P, (0'/P)>* and ks*=8- (D) ke'+100,
n is the current stress ratio (=t/0'y), N is the stress ratio
at failure, and R¢ is the failure ratio used to truncate the
hyperbolic relationship.

The position of the yield locus ¢ is known for each
element at the start of each time step. If the stress ratio
increases and plastic strain is predicted, then the yield
locus for that element is pushed up by an amount d¢m
as given by Equation 6. Unloading of stress ratio is
considered to be elastic. Upon reloading, the yield locus
is set-to the stress ratio corresponding to the stress

reversal point.
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m

(6)

The response of sand is controlled by the skeleton
behavior. A fluid (air water mix) in the pores of the sand
acts as a volumetric constraint on the skeleton if drainage
is curtailed. It is this constraint that causes the pore
pressure rise that can lead to liquefaction. Provided the
skeleton or drained behavior is appropriately modeled
under monotonic and cyclic loading conditions, and the

stiffness of the pore fluid (By) and drainage are accounted



for, the liquefaction response can be predicted. This
concept is incorporated in UBCSAND.

The elastic and plastic parameters are highly dependent
on relative density, which must be considered in any
model calibration. These parameters can be selected by
calibration to laboratory test data. The response of the
model can also be compared to a considerable database
for triggering of liquefaction under earthquake loading in
the field. This database exists in terms of penetration
resistance, typically from cone penetration (CPT) or
standard penetration (SPT) tests. A common relationship
between (N)go values from the SPT and the cyclic stress
ratio that triggers liquefaction for a magnitude 7.5
earthquake is given by Youd et al. (2001). Comparing
laboratory data based on relative density to field data
based on penetration resistance relies upon an approximate

conversion, such as that proposed by Skempton (1986):
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Model parameters based on penetration resistance and
field observation may be useful for field conditions
where it is very difficult to retrieve and test a represen-
tative sample. However, this indirect method is not
appropriate for simulation of centrifuge models. Calibrations
for this case should be based on direct laboratory testing
of samples that are prepared in the same manner as the

centrifuge model.

4. Calibration with Cyclic Simple Shear Test
Data

A series of constant volume simple shear tests was
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performed on Fraser River sand at the University of
British Columbia (UBC) and used as a database to calibrate
the numerical model element response. The constant
volume test is equivalent to an undrained test and has
several advantages: (i) eliminating the error due to com-
pliance, (ii) making the testing easier by eliminating the
saturation procedure (Finn and Vaid 1977; Finn et al.
1978). The samples were prepared by air pluviation method,
which is normally adopted in centrifuge tests. The sample
preparation and testing methods have been described in
detail by Sriskandakumar (2004). All samples were placed
at D, = 34% and densified to 40% and 44% under applied
pressures of 100 kPa and 200 kPa, respectively. Samples
were then subjected to cyclic shear for a range of cyclic
stress ratios under constant volume conditions that simulate
undrained response.

The tests were carried out without static shear stress
first. Four different CSRs (Cyclic Stress Ratio), 0.08, 0.1,
0.12 and 0.15 were used. Typical results of measured
response for no static shear are shown in Figure 6. Test
data are shown as the heavy lines. The light lines are
the numerical predictions and will be discussed later.
When CSR = 0.15, it liquefied in one cycle. It was
observed that the first and last cycles contributed to large
excess pore pressure generation. Once the pore pressure
ratio (Ry) reached unity (i.e. vertical effective stress became
zero), large strains developed.

Tests were also carried out with static shear stress. The
level of initial static shear stress ratio a{(=Tw/Ow’) is
defined as driving initial static shear stress, Ty, to initial
vertical effective stress, 0, and o = 0.1 is only used.
Three different CSRs, 0.06, 0.08 and 0.1 were used for
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Fig. 6. Measured and predicted (a) stress path and (b) shear stress~strain (a=0.0, CSR=0.15)
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both 0% = 100 and 200 kPa. The effect of static shear
stress reversal is examined by comparing response for
different values of T¢y. Figures 7 and 8 show the results
for no reversal, and intermediate reversal patterns, re-
spectively. It may be seen from tests with static shear
that once a sample starts to dilate, it follows up and down
along the phase transformation line. When no stress
reversal occurred, much stiffer behavior is observed.
However, the accumulated strains become larger and
larger, irrespective of stress reversal patterns. In simple
shear tests strains larger than 10% may not be reliable.
It is important to capture this behavior in modeling
liquefaction response of slopes.

The CSR versus number of cycles to liquefaction is

shown both with and without static shear stress in Figure

9. The liquefaction was defined as v > 3.75%. At this
point, i.e. v ~ 3.75%, R, is nearly 90 - 95%. The
important conclusion is that, without static shear stress
(a = 0), the increase in D; caused by increasing the stress
from 100 kPa to 200 kPa seems to more than offset the
expected reduction due to the confining stress effect (Ko

effect) as shown in Figure 9. On the other hand, with
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static shear stress the difference in liquefaction resistance
caused by stress densification effect is no longer pro-
nounced as shown in Figure 9 (a = 0.1). In summary,
the initial static shear stress on loose Fraser River sand
under applied pressure of 100 kPa leads to much less
reduction on liquefaction resistance compared to 200 kPa.
This finding can infer that at very small confining stress
the initial static shear stress gives more resistance to
liquefaction due to more dilating behavior of sand. This
is consistent with Rahhal and Lefebvre (2000)’s finding
based on direct simple shear tests.

The calibration was carried out in the same way as the
tests, i.e. under constant volume. The single element was
used. The elastic and plastic parameters selected for
calibration were the same for all cases having the same
relative density after consolidation (D) and listed in
Table 1 (Park and Kim 2006). The predicted stress-strain
and stress paths are shown in Figures 6-8 as “light” lines.
The predictions give a reasonable representation of the
observed response, although the cyclic mobility was not
captured as shown in Figure 7 (b). The predicted triggering

of liquefaction with and without static shear stress is
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Fig. 7. Measured and predicted (a) stress path and (b) shear stress-strain (a=0.1, CSR=0.06)
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shown as the lines in Figure 9. The predicted and

measured liquefaction responses are in close agreement.

5. Numerical Prediction of a Centrifuge Test

A series of dynamic centrifuge tests has been completed
at the Centre for Cold Ocean Research (C-CORE) for the
cooperative research project between UBC, C-CORE,
Memorial University of Newfoundland and industrial
partners. Detailed information regarding these tests is
available on the web site (http:/www.civil.ubc.ca/liquefaction).
A numerical prediction using UBCSAND was made of
one centrifuge model test. In the centrifuge test, a small
model is subjected to a high acceleration field during the
test. This has the effect of increasing its stresses by the
ratio of the induced acceleration divided by the accele-
ration of gravity. This ratio is 70 for this centrifuge test.
The centrifuge model under the increased acceleration
field can also be thought of as representing a prototype
that is 70 times larger than the actual small-scaled model.
Results from the centrifuge test can be presented at either
the model or prototype scale. The prototype scale is used
for this paper.

While in flight, a motion simulating an earthquake
time history is applied to the base of the model. For
dynamic similitude at the model scale, the earthquake
time scale must be decreased by a factor of 70, and the
earthquake acceleration increased by the same factor. The

engineering coefficient of permeability & will also be

increased by this same factor due to the increased unit
weight of the fluid. & should be decreased for hydraulic
similitude, although it is not necessary to model a
specific k. It is common to use a fluid in the test that
is 30 to 60 times more viscous than water to prevent
rapid rates of dissipation that might unduly curtail
liquefaction effects. In this centrifuge test, a fluid 35
times more viscous than water was used.

Fraser River sand was used for this centrifuge test and
its liquefaction and permeability (at 1 g using water as
pore fluid) properties were obtained from laboratory tests
including simple shear tests (http:/www.civil.ubc.ca/
liquefaction). The measured liquefaction resistance together
with the UBCSAND prediction for Fraser River sand is

shown in Figure 9.

5.1 Finite Steep Slope Model

The cross section and instrumentation for centrifuge
model is shown in Figure 10 and comprises a steep 2:1
slope in loose Fraser River sand with D; = 40%. The
selected earthquake record was baseline corrected and
then applied to the centrifuge test. The input motions for
centrifuge test and numerical modeling are the same as
shown in Figure 11. The container for centrifuge model
was rigid and this was simulated in the FLAC model by
applying the same input motion to the vertical sides as
well as the base. The key inputs for the centrifuge model
are listed in Table 1 (Park and Kim 2006). Pore pressures
and accelerations were measured away from the face of
the slope, approximating free field conditions, as well as
adjacent to the slope.

The predicted and observed accelerations and excess
pore pressures in the free field are shown in Figures 12
and 13. The dotted line in Figure 13 indicates the initial
vertical effective stress calculated from the planned coor-
dinates. This line may not be directly applicable to

measured excess pore pressures since actual locations of

Table 1. Input parameters for Fraser River sand

ke® a ke” Oev o1 Rt
867 0.75 282 33° 34° 0.92
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some transducers are not exactly the same as planned
locations (C-CORE, 2004). As expected, R, of 100%
(i.e., liquefaction) at shallow depth and reduced accelera-
tions are seen as similar trends observed in the level
ground liquefaction centrifuge test (Byre et al. 2004).

The accelerations and excess pore pressures near the
slope are shown in Figures 14 and 15. It may be seen
in Figure 14 that there is little or no reduction in the
accelerations. Instead, large upslope acceleration spikes
occur. Excess pore pressures are shown in Figure 15.
Large negative excess pore pressure spikes occur, which
coincide in time with the upslope accéleration spikes.
The slope is steep and the upslope'acceleration of the
base tends to induce failure of the slope and relative
downslope movement. The soil dilates as it shears in the
downslope direction, producing negative pore pressures
which stiffen the shear modulus. Enough strength is
mobilized through this dilation to arrest the downslope

movement and gives rise to the acceleration spike.
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Fig. 12. Measured (left) and predicted (right) accelerations (Acc) in the free field
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Fig. 16. Measured displacements from centrifuge test (after
C-CORE 2004)

UBCSAND provides a reasonable prediction of the
accelerations and pore pressure response for the free field.
More differences are observed for locations near the
slope. Some of these differences are due to UBCSAND
under predicting the dilative spikes. The measured and
pfedicted displacements after shaking are shown in Figures
16 and 17. The predicted maximum displacement is about

2.7 m. It may be seen that both the magnitude and pattern
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Fig. 17. Predicted displacements for centrifuge mode! using
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“of displacements are in general agreement.

In summary,

(a) UBCSAND provides reasonable agreement with
this centrifuge test, although further study is needed
for locations close to the sloping face,

(b) a decrease in accelerations after liquefaction was
observed in the free field back from the slope face,

(c) large upslope acceleration spikes occurred near the

slope,



(d) a decrease in pore pressure due to dilation corres-
ponded with these upslope acceleration spikes, and
(e) the dilative spikes prevented very large displacements

from occurring in this homogeneous fine sand model.

6. Summary

A fully coupled effective stress dynamic analysis pro-
cedure has been presented. The procedure is first calibrated
by comparison with laboratory element test data and then
validated by comparison with a centrifuge model test.

Element tests show that initial small density increase
can overcome the K, effect. The effect of initial static
shear stress on liquefaction resistance depends on the
level of applied confining stress.

Centrifuge model representing a slope condition in
homogeneous loose Fraser River sand was examined and
numerically modeled. The results showed that large upslope
acceleration spikes occurred near the face of the slope
after liquefaction. These acceleration spikes corresponded
with large negative excess pore pressure spikes associated
with dilation. It is the increase in effective stress associated
with these negative pore pressure spikes that curtails the
displacements and makes the slope more stable than
might be expected under cyclic loading. The overall
pattern of predicted response is in reasonable agreement

with the measurements.
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