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ABSTRACT
Numerical simulation serves as an important tool for assessing the effect of inelastic soilfoundation-structure interaction (SFSI) on the seismic performance of buildings, bridges, and
other systems. Numerical characterization of inelastic SFSI is typically accomplished within
the framework of the Beam-on-Nonlinear-Winkler-Foundation (BNWF) modeling strategy
wherein a dense array of discrete nonlinear soil spring elements are constructed and connected
to the footing element. However, the discrete soil spring model may not be able to reliably
capture SFSI if the surrounding soil condition is complex (e.g., reinforced by stone columns).
In this paper, the use of 2-dimensional plane-strain elements is explored to model the behavior
of the foundation-soil system under two circumstances: (1) when the foundation is allowed to
rock during seismic loading and (2) when the underlying weak soil is reinforced using stone
columns. Validation of the plane-strain numerical model is performed by examining three
different foundation experiments. The first test is a centrifuge-scaled shear wall-footing model
supported on overconsolidated clay and subjected to lateral cyclic loading, whereas the second
pair of test data utilized involve field tests of spread footings founded on stone columnreinforced ground. Comparison of the experiments to the numerical model simulations
demonstrates the successful use of plane-strain elements in capturing the behavior of the
various SFSI systems, and thereby provide a useful basis for further numerical parametric
study on these complex foundation systems.

Background and Scope
Background
It is generally recognized that soil-foundation-structure interaction (SFSI) will impact the
seismic response of structures. In some cases, the presence of SFSI could beneficially
elongate the natural period and increase the damping of the system. As a result, SFSI could
help to reduce the seismic demand on the superstructure. Alternatively, if the underlying
foundation soils achieve capacity during seismic loading, detrimental permanent
deformations may develop. Although seismic design provisions has provided several simple
procedures to characterize the SFSI effect, numerical tools have been increasingly utilized to
determine the seismic demand particularly when inelastic SFSI is expected to occur, such as
nonlinear inelastic sliding, rocking, and significant settlement of shallow foundations.
When modeling the soil-footing interface, there are several strategies to capture the
interaction between the soil and the foundation. A commonly adopted approach, particularly
in design practice, is referred as the Beam-on-Nonlinear-Winkler-Foundation (BNWF)
method. In this method, a series of distributed independent nonlinear soil springs are
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generated along the footing length and connected to footing elements to simulate the
foundation movement including sliding, rocking, and settlement. Early efforts of Chopra and
Yim (1985) utilized Winkler-based soil spring-damper elements to analytically study the
seismic response of shearwall-foundation systems when foundation uplifting is permitted.
The approach has been extended by many, for example, SFSI effects on the seismic response
of shear wall-footing systems (Nakaki and Hart, 1987) and on a 20-story ductile coupledshear-wall building model (Chaallal and Ghlamallah 1996) shortly followed the efforts of
Chopra and Yim. Researchers have since developed more sophisticated backbone curves of
the spring element (e.g, multi-linear relationships), via various software packages (e.g.,
Allotey and El Naggar 2008, Harden and Hutchinson 2009). Numerous numerical studies
within this modeling framework have illustrated that the BNWF strategy is able to reasonably
predict the inelastic foundation-level response (e.g., Raychowdhury and Hutchinson 2009)
and the inelastic system-level response of the entire structure-foundation system (e.g., Liu et
al. 2015a-b).
An alternative to the uncoupled BNWF strategy is to lump the force-deformation behavior of
the soil-footing interface at the footing. The surrounding soil in the influence zone is then
considered using a single macro-element to characterize SFSI effects. The concept of a
macro-element was first introduced by Nova and Montrasio (1991) to predict the settlement
of rigid shallow foundations supported on sand. Subsequent to these efforts, a number of
advances were made to incorporate the effects of soil plasticity, foundation uplift, and
coupling between vertical, horizontal, and moment loading acting on the footing (e.g.,
Cremer et al. 2002; Paolucci at al. 2008; Gajan and Kutter 2009). Yet another option for
capturing SFSI effects is to more completely model the soil medium directly using finite
elements. Common platforms for such analysis include FLAC, ABAQUS, and ANSYS. This
modeling strategy is capable of simulating complex or heterogeneous soil conditions, such as
cases where the underlying ground is composed of layered soils with different mechanical or
fluid properties, or reinforced by ground improvement strategies. However, this strategy
typically requires tremendous computational effort and time, particularly in 3-D domain. To
reduce the computational effort and degrees of freedom, a variety of simplifications have
been proposed to convert large-scale 3-D problems into equivalent 2-D plain-strain models.
For example, Papadimitriou et al. (2006) studied the seismic response of improved sites in 2D domain considering three different equivalences, namely area, moment, and section
modulus equivalence. The comparison shows that the equivalence of section modulus is able
to produce the 3-D model result for the site improved by a grid of piles. Tan et al. (2008)
proposed a plane-strain conversion method appropriate for stone column-reinforced ground.
Numerical studies of the authors adopting a unit-cell concept for a stone column-reinforced
embankment show that this conversion method is able to reasonably estimate the nonlinear
inelastic response of the system by preserving cross-sectional area of the stone column and
the area replacement ratio in the 2D domain.
Scope of this Paper
In the present paper, the robustness of 2-dimensional plane-strain element modeling, within
the OpenSees platform is explored for its potential to capture SFSI effects considering two
situations: (1) when shallow foundations are dominated by rotational cyclic loading, such as
that induced during an earthquake and (2) when weak soil is reinforced by stone columns.
Three foundation tests were considered for modeling in this work. The first test program was
involved investigating the rocking response of shear wall-shallow footing systems supported
on clayey soils, while the second and third tests of interest were to assess the load-settlement

behavior of stone-column reinforced foundation-soil systems.
Numerical Modeling of a Rocking Foundation in a Clayey Soil Environment
Experimental program
A centrifuge test program was conducted to investigate the rocking response of shallow
footings founded in clayey soil environment (Hakhamaneshi et al. 2012). This test was
performed at the centrifuge facility at UC Davis utilizing various targeted high-g levels,
namely 15-g, 30-g, and 60-g. The experimental program consisted of a series of lateral, slow
cyclic tests and dynamic shake table testing. In the present modeling effort, the cyclic
response is considered. The model specimen in the cyclic test program was constructed using
a rigid shear wall attached to a rectangular shallow spread footing supported on
overconsolidated clay which had a thickness of 140 mm (model scale) and an undrained shear
strength su of 59 kPa. The structural components were constructed of stock Aluminum 6063T52. It is noted that, unless otherwise stated, all the dimensions and results reported in this
section are expressed in model scale. Figure 1 shows a schematic and photograph of the test
setup of one shear wall-footing system attached to an actuator. The shear wall-footing model
was subjected to a series of 3-cycle displacement-controlled loading with constant footing
rotation amplitude, with the amplitude initiating at low rotation values of 0.001 rad and
incrementally increased to 0.06 rad. The specimen of interest in this work had a footing
dimension of 111 mm x 111 mm. It had a total axial load of 915 N acting on the soil-footing
interface during spinning at 30-g, which resulted in a vertical factor of safety against bearing
failure (FSv) of 4.1. One may refer to the test report (Hakhamaneshi et al. 2011) for more
details of the test program including test setup, instrumentation, testing procedures, and data
processing.

Figure 1. Schematic of the test setup of the shear wall-footing system (left) and photograph of
the model specimen in the soil container (right, from Hakhamaneshi et al. 2011). Units in
model scale, mm.
Discretization of the Numerical Model
The numerical model of the rocking foundation test specimen is constructed using the
OpenSees platform (Mazzoni et al. 2015). OpenSees is an object-oriented, open-source
software platform capable of solving static and dynamic problems of geotechnical and
structural systems, with particular emphasis on needs for incorporating nonlinear behavior
and response to earthquake loading. Figure 2 shows a schematic of the numerical model and
the modeling strategy for the soil-footing interface that allows separation between the footing

the soil during cyclic load. The soil domain has a dimension of 1.00 m x 0.14 m with an outof-plane thickness of 0.111 m, and is discretized using 210 2D Nine_Four_Node_QuadUP
elements in the OpenSees. This element is a 9-node quadrilateral plane-strain element that
includes four additional degrees of freedom to capture fluid pressure at edge nodes (Yang et
al. 2008). The nonlinear material property of the soil is simulated using the
PressureIndependMultiYield constitutive model in OpenSees and is characterized with a
density of 1850 kg/m3, a reference initial shear modulus of 29.5 MPa (corresponding to
about 0.25% axial strain), and a reference bulk modulus of 138 MPa. The soil density was
measured during the experiment, while the shear and bulk modulus were estimated based on
their relationships with undrained shear strength recommended by Yang et al. (2008). The
soil constitutive model simulates a linear-elastic volumetric response and non-linear elastic
perfectly-plastic deviatoric stresses in response to shear strains, and is appropriate for rapid,
undrained loading. Note that the constitutive models of the soil material, including
PressureIndependMultiYield and PressureDependMultiYield used for stone columns in the
later section, were validated and calibrated by Yang et al. (2008) against a variety of
experiments. The structural components include the footing and the shear wall and are
modeled using elastic beam-column elements with significantly large flexural (EI=1x108 kNm2) and axial stiffnesses (EA=1x108 kN). In addition, a series of linear-elastic zero length
elements are used to connect the soil and footing nodes at the soil-footing interface, as shown
in Figure 2. The materials of these elements are modeled using the Elastic-No Tension (ENT)
uniaxial material with a large stiffness (k=1x108 kN/m) in the vertical direction which allows
separation when tension is expected to develop. To optimize computational effort, the soil
domain mesh is arranged such that it is relatively fine near the footing location and gradually
becomes coarse towards the boundary of the domain. It should be noted that the vertical and
horizontal movement are fully fixed at the bottom layer of soil nodes, and the horizontal
movement is fixed for the nodes along the two sides of the domain. In total, the numerical
model of this rocking footing-soil system utilizes 915 nodes, 210 soil elements, 21 beam
column elements, and 11 interface elements. It is noted that loading of the model involves
first applying gravity self-weight and subsequently imposing the measured cyclic horizontal
displacement history to the top of the shear wall elements.

Figure 2. Numerical model of the rocking foundation-soil system (top) and zoomed in region
of the soil-footing interface model (bottom).

Comparison of Results
Figure 3 compares the observed hysteretic response of the rocking footing to that obtained in
the numerical analysis, including the moment-rotation and the settlement-rotation
relationship. In general, the numerical model is able to reasonably predict the measured
footing rocking response. For example, the moment capacity of the footing estimated from
the numerical analysis is 39.8 N-m, which is within 3% deviation of the experimental
measurement (38.5 N-m). The comparison also shows that the salient characteristics of the
moment-rotation hysteretic curve are reasonably captured by the numerical model,
particularly during the unloading stage, which is characterized with large residual rotation
amplitudes. Moreover, the residual settlement of the footing estimated by the numerical
model (1.11 mm) towards the end of cyclic loading agrees with that measured (1.05 mm).
The simulated uplift response of the footing, however, is somewhat overestimated during the
largest amplitude positive cycle. This may be the result of an inadequately fine mesh of the
soil elements beneath the footing. Coarse meshes for the soil domain directly beneath the
footing may not be able to capture the surface distortions of the soil-structure interface when
the rocking footing is subjected to an extensive series of large amplitude cyclic loads. The
numerical model of the footing tends to uplift more than the actual footing. Overall, the 2D
representation of the 3D experiment sufficiently captures the observed response. It is noted
that a 2D representation of the present 3D problem is sufficient since loading is primarily
within the considered 2-dimensional plane.
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Figure 3. Comparison of the experimental results and numerical simulations: momentrotation response (left) and settlement-rotation response (right)
Numerical Modeling of Stone Column-Reinforced Foundation-Soil Systems
Details of the Experimental Programs
To explore the potential of modeling 3D ground improvements using 2D plane strain
elements, stone column-reinforced foundations from two different experimental programs
with different geometric characteristics were modeled. The first experiment of interest was a
full-scale plate load test on an isolated stone column conducted by Han and Ye (1991) in
which the footing directly loaded both the stone column and the surrounding soil. The native
soil conditions consisted of a 21m-thick layer of very soft silty clay, characterized with an
undrained shear strength su of 12 kPa. The stone columns were constructed with a length of
14 m and a diameter of 0.85 m, and the area replacement ratio ar of the footing loading test
investigated was equal to 36%. The second series of field tests on stone columns was carried

out to investigate the effect of design and construction variables on the load-settlement
behavior of reinforced footing-soil system (Stuedlein and Holtz 2012). Figure 4 shows a
schematic and photograph of the test setup used for testing the isolated single stone column
(designated test V10PU by Stuedlein and Holtz 2012). The stone column was constructed
with a diameter of 0.74 m and a length of 3.05 m by vibrocompacting uniformly graded
crushed gravel into a predrilled hole. The footing loaded the stone column only in this
isolated single pier loading test, and therefore ar = 100%. The native soils at the test site
largely consisted of overconsolidated clays and the site is described in detail by Stuedlein et
al. (2012). The shallow, upper clay layer was approximately 3.0 m thick and was of medium
stiff consistency, with an average su of approximately 50 kPa, whereas the lower clay layer
was of stiff to very stiff consistency with a su of approximately 100 kPa.

Figure 4. Experimental setup for footing reinforced by one stone column: schematic of the
test setup (left) and photograph of the test in progress (right) (from Stuedlein and Holtz,
2012).
Discretization of the Numerical Model
OpenSees was also used to simulate the two footing loading tests of these two stone columnreinforced footings. Figure 5 shows the discretization of the numerical model for each of the
foundation-soil systems where the central highlighted area represents the stone column
reinforcement. For both models, the surrounding soil and the installed stone column are
discretized into 2D plane-strain Nine_Four_Node_QuadUP elements. Tan et al. (2008)
proposed conversion of the 3D stone column into an equivalent plane-strain simplification by
reducing the stone column width and maintaining the stone column area replacement ratio.
The authors demonstrated the appropriateness of this simplification via a detailed numerical
study of a stone column-reinforced embankment. Following this conversion, the equivalent
width of the stone column in the plane-strain model is determined as 0.5 m and 0.22 m for the
first and second test, representing a reduction in column width of 41 and 70%, respectively.
Accordingly, the footing width is set equal to 1.5 m and 0.22 m for each model to maintain
the area replacement ratio, and the out-of-plane thickness of the soil domain is defined as
1.13 m and 1.95 m thick to preserve the correct cross-sectional area of the stone columns for
the first and second tests, respectively.
The nonlinear material response of the clay soil and stone column was simulated using the
PressureIndependMultiYield and PressureDependMultiYield constitutive models in
OpenSees, respectively. The reference low-strain (i.e., 0.25%) shear modulus of the clay and
the stone column are defined as 10 and 30 MPa, respectively, and the friction angle of the
stone column is set equal to 45 degrees to model the footing loading test reported by Han and

Ye (1991). For footing loading test reported by Stuedlein and Holtz (2012), the reference
low-strain shear modulus of the medium stiff and stiff clay was 25 and 50 MPa, respectively,
and the stone column material modeled using a low-strain shear modulus of 40 MPa and
friction angle of 50 degrees. The footing was modeled using elastic beam-column elements
with flexural stiffness, EI, equal to 1x108 kN-m2, and axial stiffness, EA, equal to 1x108 kN
for both cases. Because rocking was not anticipated, the footing and soil nodes are slaved
(using the EqualDOF command) in OpenSees. Specifically, the horizontal and vertical
degrees of freedom between the footing and soil nodes were set equal to one another. The
meshing strategy and the boundary conditions of the soil domain are similar to the previous
case. The domain of the first foundation-soil model employs 3159 nodes, 756 soil elements,
and 13 beam-column elements, whereas the second model employs 2999 nodes, 720 soil
elements, and 9 beam-column elements.

Figure 5. Numerical models of the two stone column-reinforced foundation-soil systems
considered.
Comparison of Results
Figure 6 compares the load-displacement response of each stone column-reinforced footingsoil system. In both cases, the load-settlement curve obtained from the numerical analysis
agrees quite well with that measured in the experiment. For example, when the first footing
simulated is subjected to an axial load of 100 kN, the footing settlement obtained from the
numerical analysis is 17 mm, which is very close to that measured in the experiment of 15
mm. However, as the footing load increases beyond approximately 200 kN, the numerical
model behaves slightly stiffer than observed. Similar observations may be noted when
comparing the second footing test simulated. As shown in Figure 6, the numerical model
underestimates the settlement when the axial load exceeds 210 kN; however, the error in
displacement reduces for loads greater than about 340 kN. The deviation observed while the
response is highly nonlinear may be due to insufficient mesh refinement and/or lack of an

interface element at the clay-stone column interface. When subjected to high axial load
pressure, stone columns will experience bulging and relative displacement will occur between
the clay and the column. To accurately estimate the highly nonlinear response, it is preferably
to employ a considerable amount of fine elements and clay-stone column interface elements
since the footing and pier diameter are equal. However, this strategy may require significant
computational effort and therefore this aspect will be investigated in future efforts. On the
other hand, the discrepancy observed between the numerical and experimental response is not
remarkably large, and is within an acceptable range. Therefore, the current modeling
strategies may be considered useful and support extended numerical parametric studies.
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Figure 6. Comparison of the measured and simulated load-displacement response: first test of
Han and Ye (1991) (left) and second test of Stuedlein and Holtz (2012) (right).
Conclusions
In this paper, the appropriateness of 2-dimensional quadrilateral plane-strain elements to
model three different 3D foundation-soil systems was evaluated. The first system considered
was a reduced-scale shear wall-footing model supported on overconsolidated clay and
subjected to lateral cyclic loading at high-g levels, whereas the second and the third tests
involved spread footings founded on stone column-reinforced ground. Numerical analyses of
these systems were conducted using the OpenSees program, and comparisons between the
experimental and the numerical results generally indicate that the plane-strain models were
able to reliably estimate important response characteristics of the foundation-soil system
when subjected to lateral cyclic and vertical axial loading. The response parameters evaluated
include the rocking moment capacity, moment-rotation relationship, and residual settlement
of the rocking footing, and the load-settlement curve of stone column-reinforced foundation.
When soft and stiff clayey subsurface profiles are reinforced by a single stone column, the
deformation response of the footing obtained from the numerical analysis is in good
agreement with the experimental data. The promising results of the present validation
indicates that the current modeling strategies support extended numerical parametric studies.
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