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Presented is a validation study for high fidelity numerical modeling of earthquake
soil structure interaction (ESSI) for a building, hotel structure in Ventura, California.
A detailed finite element (FE) model of the ESSI system, featuring the 12-story
concrete structure, pile group foundation, and underlying soil, is developed using
the Real-ESSI Simulator (Jeremić et al., The Real-ESSI Simulator System
1988–2022, 2022a). The domain reduction method (DRM) (Bielak et al.,
Bulletin of the Seismological Society of America, 2003, 93(2), 817–824;
Yoshimura et al., Bulletin of the Seismological Society of America, 2003, 93(2),
825–841) is used to apply seismic loads, in this case the 1994 Northridge
earthquake motions. Direct comparison between simulation results and
California Strong Motion Instrumentation Program (CSMIP) recordings shows a
high level of agreement in acceleration and displacement responses at all
instrumented locations. Sensitivity study on a number of modeling choices and
analysis parameters is conducted to investigate controlling factors for the ESSI
response. For example, the soil-structure interaction effect and structural
damping ratios are shown to have significant influence on system dynamic
response. In addition, the soil inelasticity is shown to be highly influenced by
the magnitude of seismic motion. Both effects are important for validation as they
contribute to sensitivity of response to parametric variability.
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Introduction

High-performance, high-fidelity numerical analysis has become an essential part in
studies of seismic behavior of soil, structure, and their interaction (Roh and Reinhorn, 2010;
Reza Tabatabaiefar et al., 2013; Lu et al., 2015; O’Reilly and Calvi, 2019; Salami et al., 2019;
Wu et al., 2021; Zhang and Taciroglu, 2021). Finite element method (FEM) has been shown
to be effective for analysis of earthquake soil structure interaction (ESSI) problems (Jeremić
and Preisig, 2005; Jeremić et al., 2010; Jeremić et al., 2009; Jeremić et al., 2013; Lou et al., 2011;
Torabi and Rayhani, 2014; Bybordiani and Arici, 2019; Løkke and Chopra, 2019; Lizundia
et al., 2020). New material models, finite elements, load application techniques, and
numerical analysis methods are being developed to study complex material and system
behavior with high sophistication. For new, sophisticated models and sophisticated analysis,
quality assurance is important. Quality assurance is usually comprised of verification and
validation of the analysis program. Verification is defined (Roache, 1998; Oberkampf et al.,
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2002; Roy and Oberkampf, 2011) as the process of determining that
a model implementation accurately represents the developer’s
conceptual description and specification. It is essentially a
mathematics issue and it provides evidence that the model is
solved correctly. On the other hand, validation is the process of
determining the degree to which a model is accurate representation
of the real world from the perspective of the intended uses of the
model. It is essentially a physics issue and it provides evidence that
the correct model is solved.

Verification has to be developed in great detail, for all
components of the analysis program that is used. Verification
relies on high accuracy solutions Oberkampf and Trucano (2007)
to documenting finite element discretization error.

Validation tests should be performed on model that captures all
important aspects of the target soil-structure. However, full-scale
testing of building soil-structure system are too expensive and time-
consuming to perform. Therefore, various reduced-scale testing
methods were developed, and continuously being improved, for
validation of soil, structure, and ESSI problems. Reduced scale
models are useful as they provide means to investigate specific
issues, discover new physics and/or validate already existing
models of soil-structure systems and components.

For example, shake table and centrifuge testing is used to
validate numerical analysis of soil-structure. Torabi and
Rayhani (2014) investigated dynamic soil structure interaction
in soft soil by performing finite element (FE) simulations that
were validated by centrifuge test results. Lu et al. (2015) modeled
earthquake-induced collapse process of a reinforced concrete
frame-core structure and validated numerical results using
shake table test with a reduced-scale model. Wu et al. (2021)
used scaled models on a shake table of embedded metro station in
soft soil to evaluate numerical modeling.

Full scale validation studies offer the most useful validation data,
as issues with scaling of various mechanical phenomena do not need
to be addressed Wood (2004).

However, complexity and cost of full scale testing pose serious
problem and therefor numbers of full-scale validation studies, for
soil-structure systems, are very small. Few examples of large scale,
full scale tests of structures and soil-structure systems are noted
below. Ji et al. (2011) conducted a series of full-scale tests on the
E-Defense shaking table facilities in Japan to simulate various levels
of realistic seismic damage for a high-rise steel building. Goggins
and Salawdeh (2013) performed full-scale shake table tests in order
to validate the nonlinear time history analysis models for single-
story concentrically braced frames. Marques and Lourenço (2014)
tested two full-scale masonry buildings under quasi-static lateral
loading as validation of the macro-element modeling approach.
Roohi et al. (2019) validated a methodology to reconstruct nonlinear
seismic response of wood-frame buildings using seismic response
measurements from full-scale tests conducted at the E-Defense
facility in Japan. The aforementioned experiments were
performed at some of the world’s largest structural testing
facilities. It is noted that even tests at these large facilities are
limited to testing low-rise, relatively light buildings, with possibly
small amount of soil beneath foundation, or no soil at all.

An alternative approach to validation is to use data obtained
from existing, full scale, structures that are instrumented with
earthquake monitoring devices, and that have experienced

earthquakes. This approach makes it possible to perform direct
validation of seismic behavior of large, complex, high-rise structures.
For example, Michel et al. (2010) performed FE analysis on the
Grenoble City Hall building and validated numerical results using
seismic recordings from the 2005 Vallorcine earthquake. With the
increase in data availability, more validation studies using recorded
data from existing structures are expected.

This paper presents a validations study, numerical modeling
of seismic behavior of a 12-story building in Ventura, California.
The 12-story building in Ventura is a station of the California
Strong Motion Instrumentation Program (CSMIP), and
consequentially the building is well instrumented with motion
sensors at various floors and locations. A finite element (FE)
model of the building was developed using the original structural
design drawings that were provided by Bret Lizundia (2021).
Two layers of underlying soil are included in the model.
Properties of those layers are based on the soil profile
established at the construction site. The 1994 Northridge
earthquake motion, that was felt and measured at the
building location, is applied to the model. Detailed modeling
and simulation approaches using the Real-ESSI Simulator
(Jeremić et al., 2022a) are presented in this paper. In
addition, detailed model input files, for the Real-ESSI
Simulator, used in this study, are provide on the Real-ESSI
web site http://real-essi.us/.

It is noted that the main goal of the analysis earthquake soil
structure interaction (ESSI) for Ventura Hotel building model is to
demonstrate the validity of modeling and simulation technique that
are then used for design and assessment. To achieve this goal, direct
comparisons of response quantities, acceleration and displacement
histories, between numerical simulation and CSMIP records are
presented and discussed. This approach represents validation of the
modeling (Roache, 1998; Babuška and Oden, 2004; Oberkampf and
Roy, 2010; Roy and Oberkampf, 2011). Note that all modeling
parameters, model geometries, material properties, seismic loads,
etc., were determined, calibrated from available design drawings and
site characterization before numerical results are compared to
records. In other words, no calibration or adjustment of material
properties or simulation parameters was made to make the
numerical results “fit better” with recorded structural responses.
This is particularly important for the validation of numerical
modeling method used for full-scale, realistic structures and ESSI
systems. In addition, sensitivity of analysis results to variation of
commonmodeling parameters, for example variation in damping, is
presented as well.

Numerical model development

Modeling and simulation presented in this paper was performed
using the Real-ESSI Simulator system (Jeremić et al., 2022a). Full
model input files used in this study are available on the Real-ESSI
web site http://real-essi.us/.

Figure 1 shows the FE model of the whole ESSI system,
featuring the 12-story structure, pile foundations, and two
layers of underlying soil. Details of each component of the
model are discussed in the following sections. The model has
a total of 88516 elements (solids, shells, beams, interfaces) and
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260103 degrees of freedom. Model is too large to fit on a single
CPU, hence analysis is performed using parallel version of the
Real-ESSI, on local, UCD parallel computer/cluster and also on
Amazon Web Services (AWS) super computers running linux
operating systems.

Structure and foundation modeling

Building description
Plan view of the building, as shown in Figure 2, has a near

rectangular shape of 58.85 m (193 ft) by 51.00 m (167 ft 4 in) with its
long side in the north-south direction.

As indicated in Figure 1, the positive X direction for the FE
model aligns with the north direction. Total height of the
structure is 36.68 m (120 ft). The structure consists of
reinforced concrete columns, floor slabs, and concrete shear
walls. Load-bearing shear walls are located in the middle,

forming elevator shaft, and on the north and south sides,
encompassing stairwells. Distribution, location of columns and
shear walls are repeating from the second to the 11th floor.
Structural design changes for the 12th floor, as it serves as a
restaurant with large open space.

Locations of accelerometers in the structure are shown in
Figure 3. A total of 15 signal channels are installed at various
elevations and in different directions. The data collected during
past seismic events are used to directly validate the modeling and
simulation results.

There are various piles and pile group foundations beneath
the load-bearing shear walls and columns. Each pile group has 2,
4, or 6 piles with a cap connected at the top. Typical reinforced
concrete Raymond step-tapered piles with a maximum diameter
of 36.51 cm (14.375 in) and minimum diameter of 24.13 cm
(9.5 in) are used. Depending on their locations, the piles are
18.59 m (61 ft) to 20.12 m (66 ft) deep. Each pile group is
modeled as one beam-column element with the cross section

FIGURE 1
Finite element model of the 12-story structure used in this study. (A) Model 3D view. (B) Structural model close-up.
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area and moment of inertia calculated from the original design. It
is also assumed that seismic motions, a that are of a moderate
magnitude, will not cause significant slippage between piles and
soil. Thus the nodes for pile elements and soil elements are
bonded together. For analyzing ESSI behavior of this structure
excited by more significant earthquakes, interface elements
would be placed in the pile-soil interface zone.

FEM model of the structure and foundation
The 4NodeShell_ANDES element, from the Real-ESSI

Simulator (Jeremić et al., 2022a), is used for the floors, roofs,
shear walls, elevator walls, and restaurant balcony of the numerical
model. The average floor thickness is 15.24 cm (6 in). The
thicknesses of perimeter shear wall, inside shear wall, elevator
wall are 20.32 cm (8 in), 20.32 cm (8 in), 25.40 cm (10 in),
respectively. The beam_elastic element is used for the
perimeter and inside columns. The perimeter columns are
60.96 cm (2 ft) by 30.48 cm (1 ft). And the inside columns are
30.48 cm (1 ft) by 30.48 cm (1 ft). An average elastic modulus of
30.34 GPa (4,400 ksi) and mass density of 2,323 kg/m3 (145 pcf)
are used for the concrete members.

The single-story east annex and west annex are light in
weight compared to the main 12-story structure. Also, the
annexes are structurally disconnected from the main
structure. As a result, the annexes have little influence on the

structural response of the ESSI system, thus are neglected in the
numerical model.

Additional mass from non-structural components,
including rooftop equipment, floor carpets, soffits, ceilings,
and cladding, are considered and added to the structure
model. The total imposed surface load, in addition to the
self-weight from structural components, at the roof level is
estimated to be 957.6 Pa (20 psf). The total imposed surface load
at each floor is 814.0 Pa (17 psf). Taking into account of the
exterior stucco on metal studs with gypsum board interiors and
glazing, an average of 718.2 Pa (15 psf) additional surface
loading is added to the perimeter walls. Note that the
additional loads from non-structural members are important
to the overall response of the structure model and ESSI system.
It was found out that the eigen-frequencies of the structural
model changed significantly when these additional dead
weights/loads are added.

Eigenvalue analysis
Eigen-analysis was performed for the above-ground

structural part of the ESSI model. The first ten eigen-periods
(natural periods) and eigen-frequencies (natural frequencies) are
shown in Table 1.

Since the main frequency contents of the input seismic motion
are below 4.5 Hz, it is expected that the first three eigen-modes will

FIGURE 2
Plan view of ground floor of the structure, based on the original project design drawings (Bret Lizundia, 2021). The original document is in US
customary units, 1’ = 1 ft = 0.3048 m, 1” = 1 in = 0.0254 m.
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be excited and will control the overall dynamic behavior of the ESSI
model.

The first five eigen-modes, visualized as deformed shape of the
ESSI model, are shown in Figure 4. The first two eigen-modes are
represented by bending in two horizontal directions. The third
eigen-mode is twisting, torsion around the vertical axes. The

fourth and fifth eigen-modes are represented by higher mode
bending in two horizontal directions.

Soil modeling

Soil profile at the site of the 12-story hotel was available (Bret
Lizundia, 2021) and used for developing ESSI finite element model.
Figure 5 shows the soil types, properties, and estimated shear wave
velocities at the site.

Based on the soil profile, two layers of soil elements with
different material properties are modeled. The top soil layer has
a thickness of 15.24 m (50 ft), and has a shear wave velocity of
243.84 m/s (800 ft/s). The bottom soil layer starts at the depth of
15.24 m (50 ft) and extends to the bottom of the ESSI model, to
depth of 24.38 m (80 ft). Deeper soil layer has a larger shear wave
velocity of Vs = 426.72 m/s (1400 ft/s). An averaged unit weight of
γ = 1922.4 kg/m3 (120 pcf), is used for both soil layers.

Using the shear wave velocity and mass density, the elastic
properties of the soil layers are calculated and shown in
Table 2.For the benchmark case, the soil layers are modeled
as elastic materials. In a later section of this paper, this
assumption is further examined by using elastoplastic
material models for soil and comparing simulation results
with the benchmark case.

FIGURE 3
Locations of accelerometers in the 12-story hotel structure, based on the original project design drawings (Bret Lizundia, 2021). The original
document is in US customary units, 1’ = 1 ft = 0.3048 m, 1” = 1 in = 0.0254 m.

TABLE 1 Eigen analysis results for the 12-story hotel structure.

Mode Eigen-periods [s] Eigen-frequencies [Hz]

1 0.8297 1.2053

2 0.4701 2.1271

3 0.2885 3.4662

4 0.2040 4.9017

5 0.1952 5.1227

6 0.1779 5.6212

7 0.1686 5.9321

8 0.1664 6.0095

9 0.1538 6.5009

10 0.1476 6.7769
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The horizontal dimensions of the soil domain are 243.84 m
(800 ft) in both directions. The size of the soil domain is 4 times
that of the structure in the X direction and 13.3 times that of the

structure in the Y direction. The size of the soil domain is chosen
to be large enough so that the outgoing waves from structural
vibration can be properly absorbed by the boundary layers
without significant reflection back into the soil domain. This
point will be further explained in the next section where seismic
motion is discussed.

The 8NodeBrick solid element, from the Real-ESSI Simulator
(Jeremić et al., 2022a), is used for the soil layers. Average edge length
of the solid elements is around 3 m (10 ft). Smaller sized elements
are used at various locations to accommodate building geometry.
The chosen element size is sufficiently small to model the seismic
wave propagation in the soil layers in this case.

FIGURE 4
First five eigen-modes of the 12-story structure model. (A) First mode. (B) Second mode. (C) Third mode. (D) Fourth mode. (E) Fifth mode.

TABLE 2 Elastic soil material parameters for Ventura site.

Top layer Bottom layer

Mass Density [kg/m3] 1922.4 1922.4

Young’s Modulus [MPa] 297.2 910.1

Poisson’s Ratio 0.3 0.3
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FIGURE 5
Soil profile at the site of the 12-story hotel, based on the original project documents (Bret Lizundia, 2021). The original document is in US customary
units, 1 ft = 0.3048 m, 1 pcf = 16.02 kg/m3, 1 psf = 47.88 Pa.
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Seismic motion

Seismic motion is applied to the ESSI model using a
combination of surface motion deconvolution and domain
reduction method (DRM) (Bielak et al., 2003; Yoshimura et al.,
2003). Displacement and acceleration records at ground surface are
deconvoluted to generate the input seismic motion field. The
effective DRM forces are then developed from such seismic
motion field, and applied to the DRM layer nodes, shown in
Figure 1. The aforementioned operations are implemented in the
Real-ESSI Simulator, whereby a defined surface motions can be
automatically deconvoluted to certain depth, and the effective DRM
forces created and applied to the ESSI model.

It is also noted that the Real-ESSI Simulator can input any user
supplied signal, at any angle as a plane wave, using the DRM. In this
study, a measured free field motions were used to develop a one
dimensional, one component seismic motions.

Record of the 1994 Northridge earthquake at CSMIP Station No.
25340, that is very close to the Ventura hotel site, is selected as the
input motion in this study. The main shaking lasts approximately
15 s, however, seismic motion recorded at the location last much
longer. The magnitude of shaking is moderate, with a peak ground
acceleration (PGA) of 0.06 g. Transforming the motion time series
to frequency domain reveals that the main frequency contents are
below 4.5 Hz. Information about frequency content is useful in
determining damping parameters, as discussed in the next section.

In order to verify the generated input seismic motion, a free field
model, without a structure, is made and analyzed. Ideally, the
simulation results at ground surface should match the given
records. Figure 6 shows the comparison between Real-ESSI free
field simulation and CSMIP records in X direction.

It is noted that Real-ESSI free field results match well with
records in both time domain and frequency domain. Thus, the
generated input motion is validated and will be used with confidence
in later simulations of the complete ESSI model.

Rayleigh damping

Rayleigh damping is used to simulate energy dissipation due
to viscous coupling between solids and fluids. As pointed out by

Hall (2006) and Yang et al. (2019), classic Rayleigh damping must
be used with appropriate damping coefficients, that should
provide a near-constant value of damping for all natural
modes with frequencies that are of interest. For the natural
modes outside the prescribed frequency range, the damping
ratios can be higher.

For linear viscous damping of the Rayleigh type, the damping
matrix is expressed as

Cij � aMMij + aKKij (1)
where Cij is the damping matrix, Mij is the mass matrix, Kij is the
stiffness matrix, aM and aK are damping constants with units of s−1

and s, respectively.
Rayleigh damping ratio is calculated based on Section 4.2.7 of

the “Guidelines for Performance-Based Seismic Design of Tall
Buildings” (Baker et al., 2017). In this study, the damping
coefficients are chosen as aM = 0.5, aK = 0.003 for soil (5%
damping ratio) and aM = 0.3, aK = 0.0018 for structure (3%
damping ratio). Figure 7 shows damping ratio vs. frequency for
the soil and structural elements in this model.

It can be seen that the damping ratios between 1 Hz and 5 Hz
are close to 5% for soil and 3% for structure. According to

FIGURE 6
Comparison between Real-ESSI free field simulation and CSMIP records for Ventura site under the 1994 Northridge earthquake. (A) Acceleration. (B)
FFT Acceleration.

FIGURE 7
Damping ratio vs. frequency for soil and structural elements.

Frontiers in Built Environment frontiersin.org08

Yang et al. 10.3389/fbuil.2023.1249550

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2023.1249550


Figure 6, the main frequency contents of the input seismic
motion are below 4.5 Hz. Therefore, the chosen Rayleigh
damping coefficients can reasonably model the viscous
damping in the ESSI model.

Model and components verification

It is important to develop verification of the model and model
components. Components of the model, finite elements used,

FIGURE 8
Acceleration responses in X direction of Ventura Hotel building excited by the Northridge earthquake.
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constitutive and finite element level algorithms were verified
prior to presented work, as reported by Jeremić et al. (2022b),
part 300, and by Feng et al. (2019). General finite element
program verification, as presented above, is applicable to every

and all components of the program (Roache, 1998; Oberkampf
et al., 2002; Oberkampf, 2003; Babuska et al., 2004; Babuška and
Oden, 2004; Oberkampf and Roy, 2010; Roy and Oberkampf,
2011). On the other hand, finite element model verification is

FIGURE 9
Acceleration responses in Y direction of Ventura Hotel building excited by the Northridge earthquake.
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specific to the finite element model that is used for particular
analysis. In that sense, all the components, substructures and
structures of the actual finite element model, that were not
verified during general finite element program verification,
need to be verified.

Earthquake soil structure interaction
response

Ventura Hotel building is well-instrumented with seismometers
(CSMIP Station No. 25339). This section presents the comparison of

FIGURE 10
Displacement responses in X direction of Ventura Hotel building excited by the Northridge earthquake.
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actual records during the 1994 Northridge earthquake and
corresponding Real-ESSI simulation results. For direct
comparison, all acceleration plots are set to the same scale.

Dynamic responses of the full ESSImodel excited by theNorthridge
earthquake at each instrumented location are shown in Figure 8 for

acceleration in X direction, Figure 9 for acceleration in Y direction,
Figure 10 for displacement in X direction, and Figure 11 for
displacement in Y direction. Fast Fourier transform (FFT) is
performed to investigate dynamic response of the structure in
frequency domain. The channel number of each plot corresponds to

FIGURE 11
Displacement responses in Y direction of Ventura Hotel building excited by the Northridge earthquake.
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FIGURE 12
Comparison of responses of full ESSI model, non-ESSI model and records for Ventura Hotel building excited by the Northridge earthquake.

FIGURE 13
Comparison of dynamic response of Ventura Hotel building excited by the Northridge earthquake using different structural damping ratios.
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that noted in Figure 3. For example, “CHAN15” in Figure 8 refers to the
channel located on the south side of ground floor, in X direction.

According to Figures 8–11, the dynamic responses of the ESSI
model match fairly well with the recorded responses in both directions
and at all elevations. As one of the main purposes of developed

simulations was to validate the modeling and simulation of the
Ventura Hotel building, presented results show strong evidence that
the ESSI modeling and simulation methodology, as implemented and
available within the Real-ESSI Simulator, can be successfully used for
analysis of detailed, large-scale, practical engineering problems.

It is noted that few minor discrepancies between simulation results
and records do exist, and are commented upon below. According to the
acceleration time history plots, shown in Figure 8 between times of
35 and 45 s, numerical simulation predicts larger acceleration than what
was recorded, especially at higher elevations of the building. Another
observation is that the numerical result in frequency domain has a
smaller dominant period and larger peak at that period. In other words,
the simulated response is slightly stiffer than recorded response.

Both of the discrepancies are likely due to the use of elastic material
models for soil instead of inelastic models, even with the use of viscous
damping to model both viscous and slight inelastic effects. As stated
earlier, the use of elastic material model is justified by the moderate
magnitude of seismic motion. The yielding of soil and structure is
assumed to play a minor role for this model and for this earthquake.
The majority of seismic energy is dissipated through viscous, Rayleigh
damping instead of material inelasticity. Since a high level of agreement
between numerical simulation and records is achieved, it is safe to say
that the use of elastic material model is reasonable in this case.
Obviously, when the seismic motion becomes larger, material
yielding will play a much more significant role and elasto-plastic
material models should be used. Influence of elastic-plastic modeling
on ESSI response is investigated in some more detail next section.

Sensitivity study

Simplifying modeling assumptions had to be made in developing
analysismodel for numerical analysis of realistic ESSI system, theVentura
Hotel building in this case. The level of sophistication that a numerical
model can achieve is usually determined with taking into account the
scope and timing of the engineering project. In addition, analysts
expertise, as well as access to appropriate numerical modeling tool,
program, that provides a range of modeling and simulation
capabilities and sophistication levels, plays an important role in this
decision. While choosing modeling sophistication level, and modeling
simplifications that are to be made, it is important to understand the
factors that control ESSI response. This is particularly true in order to
make appropriate decisions about where to focus limited resource in
order to controlmore important ESSImodeling aspects. In otherwords, it
is important to gain good understanding of sensitivity of ESSI response to
simplifyingmodeling assumptions. In this section, variations in a number
of several modeling variables are considered in order to investigate the
controlling factors in dynamic response of a realistic ESSI model.

Soil-structure interaction
It is widely accepted that earthquake-soil-structure-interaction

(ESSI) effects play significant role in seismic response of a number
of different structures. In order to highlight the importance of ESSI
effects, a numerical model with only the above-ground structure, e.g. no
soil or pile foundation, the so called non-ESSI model, is developed,
analyzed, and results compared with the full ESSI model. For the
structure-only model, non-ESSI model, seismic motion recorded at
ground surface is directly imposed at the base of the model.

FIGURE 14
Cyclic behavior of inelastic, Drucker-Prager soil model at
Ventura site. (A) Top layer. (B) Bottom layer.

TABLE 3 Inelastic soil material parameters for Ventura site.

Layer Top Bottom

Mass Density [kg/m3] 1922.4 1922.4

Young’s Modulus [MPa] 297.2 910.1

Poisson’s Ratio 0.3 0.3

Drucker-Prager k 0.01 0.01

Cohesion [kPa] 1.0 1.0

Rounded Distance [kPa] 0.5 0.5

Dilatancy Angle 0 0

Armstrong-Frederick ha [MPa] 3.0 3.0

Armstrong-Frederick cr 50 50

Isotropic Hardening Rate 0 0
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Figure 12 shows the comparison of acceleration responses at
roof level between the full ESSI model, non-ESSI model, and records.
It can be observed that the non-ESSI model shows unrealistically
large acceleration responses. From the perspective of seismic energy
propagation and dissipation, the non-ESSI model cannot model

radiation damping, that takes away, dissipates a significant amount
of seismic energy. In addition, the dominant period of the non-ESSI
model response are much lower than those of the full ESSI model. It
is obvious that the non-ESSI model does not properly simulate
dynamic response of the system.

FIGURE 15
Acceleration response in X direction for Ventura Hotel building excited by the Northridge earthquake.
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Structural damping ratio
Rayleigh damping is often used in ESSI analysis to simulate

the viscous, dissipative interaction between solids, e.g. structure
and soil, and fluids, e.g. air and water within and outside solids.

Damping parameters need to be chosen carefully to prevent
under- or over-damping. As mentioned earlier,
recommendations from Baker et al. (2017) were used in
choosing viscous damping parameters used in this study. In

FIGURE 16
Acceleration response in Y direction for Ventura Hotel building excited by the Northridge earthquake.

Frontiers in Built Environment frontiersin.org16

Yang et al. 10.3389/fbuil.2023.1249550

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2023.1249550


this section, the influence of structural damping ratio on the
dynamic response of ESSI system is investigated.

Figure 13 shows the comparison of acceleration responses at
roof level for structural damping ratios of 1%, 3%, and 5%. Clearly,

damping ratio has a major influence on the dynamic response of
ESSI system. Peak acceleration decrease significantly when a larger
damping ratio is used. Since the model is elastic, damping ratio does
not significantly change the frequency content of the response.

FIGURE 17
Displacement response in X direction for Ventura Hotel building excited by the Northridge earthquake.
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Soil inelasticity
In previous simulations, linear elastic material model is used for

soil. This modeling decision was made due to low magnitude of the

input seismic motions that are not expected to exceed underlying
soil yield limit. However, due to stress concentration around
foundations, there is still the possibility of localized soil yielding.

FIGURE 18
Displacement response in Y direction for Ventura Hotel building excited by the Northridge earthquake.
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The influence of soil inelasticity on structural response is
investigated in this section.

The hyperbolic Drucker-Prager plasticity model with nonlinear
kinematic hardening of Armstrong-Frederick type is used for modeling
soil response. This model is capable of representing the pressure-

dependent, nonlinear, elastoplastic soil behavior, and is described in
some detail by Jeremić et al. (2022b). The soil material model behaviors
for the two layers at different depths are shown in Figure 14.

The peak shear strengths match well with the field-measured
soil parameters shown in Figure 5. The material model

FIGURE 19
Acceleration response in X direction for Ventura Hotel building excited by the Northridge earthquake scaled up 5 times.
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parameters, summarized in Table 3, for Real-ESSI program, are
calibrated using the soil properties from the original soil profile,
shown in Figure 5.

Using inelastic soil material model, the simulation is rerun and
compared with the results from using linear elastic soil model. The

comparison of dynamic responses between elastic and inelastic soil
models at each instrumented location are shown in Figure 15 for
acceleration in X direction, Figure 16 for acceleration in Y direction,
Figure 17 for displacement in X direction, and Figure 18 for
displacement in Y direction.

FIGURE 20
Acceleration response inn Y direction for Ventura Hotel building excited by the Northridge earthquake scaled up 5 times.
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In general, the change of dynamic response is small when
inelastic soil material model is used. Looking at the time history
plots, the peak acceleration and displacement remain almost the
same. There is a noticeable reduction in inelastic model accelerations
in X direction after time of 30 s. The response reduction is more

obvious in frequency domain. Fourier amplitudes of acceleration
and displacement at dominant periods are smaller for the inelastic
soil model case than the elastic case.

This is not surprising, primarily due to the small volume of
soil that does yield, mostly in the zone adjacent to structural

FIGURE 21
Displacement response in X directions for Ventura Hotel building excited by the Northridge earthquake scaled up 5 times.
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foundations. Thus limited reduction is observed in the overall
dynamic response of the ESSI model. This comparison also
further justifies the use of elastic soil model in the
benchmark case.

Seismic motion magnitude
In the previous section, it was shown that, for moderate seismic

motions, soil inelasticity has small influence on the overall ESSI
system response. When seismic motion do increase, it is expected

FIGURE 22
Displacement response in Y direction for Ventura Hotel building excited by the Northridge earthquake scaled up 5 times.
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that more reductions of response will be observed for the case with
inelastic soil response. In this section, the Northridge earthquake
motion is linearly scaled up 5 times and applied to the two ESSI
models with elastic and inelastic soil behavior.

The comparison of dynamic response between elastic and
inelastic soil response, when the Northridge earthquake motions
are scaled up 5 times, are shown in Figure 19 for acceleration in X
direction, Figure 20 for acceleration in Y direction, Figure 21 for
displacement in X direction, and Figure 22 for displacement in Y
direction, for all instrumented locations.

Significant acceleration and displacement reductions are observed,
especially at higher elevations of structure. For the elastic soil, the peak
acceleration at roof in X direction is 1.5 g, while for the inelastic soil, the
peak acceleration for the same instrument/channel is about only 0.6 g.
This is a 60% reduction in acceleration response when soil features
inelastic response. Reduction in displacement response is also seen,
although not as significant as reduction in accelerations.

As observed in frequency domain result plots, notable reductions in
Fourier amplitude are also observed. More importantly, the use of
inelastic soil material leads to larger dominant period in acceleration
and displacement responses. For example, as shown in Figure 19, the
dominant, first period of acceleration response in X direction isT= 1.1 s
for the elastic soil response case, while the dominant period for inelastic
soil response case is approximately T = 1.3 s. This is to be contrasted
with the first mode calculated for the structure only (non-ESSI case),
T1 = 0.83 s, that was presented in Table 1 on page 22.

Is shown that for milder seismic motions, use of linear elastic
model might be acceptable, provided that the analyst/engineer can
demonstrate that use of full nonlinear soil response makes relatively
small changes in overall ESSI response. It is important to note that
analysis using inelastic material model takes longer time to run and
might require higher expertise from analyst, hence possibility of
switching to simpler, linear elastic analysis if mild to moderate
earthquake excitations are expected can benefit analysis time and
reduce modeling complexity. Of course, when the seismic motions
are large enough, inelastic modeling should be used. The use of full
nonlinear, inelastic modeling and simulation and the increase in
required expertise and computational cost is unavoidable if reliable
numerical simulation results are needed for assessing behavior of an
SSI system excited by a full range of seismic motions and
experiencing inelastic material behavior.

Conclusion

Presentedwas a full-scale numericalmodeling and simulation study
of a 12-story hotel building structure in Ventura, California, excited by
the 1994 Northridge earthquake. Main purpose of presented work is to
introduce sophisticated modeling and to validate a modeling and
simulation approach for a realistic structure and ESSI system excited
by realistic seismic motions. Direct validation studies of complex ESSI
systems are rather limited. Presented work is intended to contribute to
the general knowledge base of modeling earthquake soil structure
interaction problems. In addition to validation of modeling and
simulation using real, measured data, a sensitivity study showed
influence of a number of different levels of modeling sophistication
and modeling choices on response of the ESSI system. The benchmark
case analysis provides strong evidence that the modeling approach

presented provides accurate and reliable numerical results, for given
earthquake, soil and structural system.

Direct comparison of dynamic responses, time history and FFT, at all
instrumented locations, between Real-ESSI simulation result and CSMIP
record was presented. Numerical results were shown to match very well
with the recorded responses in both directions and at all elevations.

In order to understand the controlling factors in the numerical
simulation, sensitivity of results to several modeling variables was
investigated. As expected, ESSI effect and structural damping ratio
had significant influence on the dynamic response of the SSI system.
It was also shown that the influence of soil inelasticity depends on the
magnitude of seismic motion. For a moderate earthquake motion, up to
approximately PGA = 0.06 g, localized soil yielding does happen,
however such yielding has limited influence on the overall dynamic
response of the ESSI system. For a larger seismic motion, up to
approximately PGA = 0.3 g, significant reduction in system dynamic
response was observed. Therefore, the use of inelastic soil material model
is recommended, especially when strong seismic motion is considered.

It is noted that developed model input files, are available for
direct download (Jeremić et al., 2022b), and can be analyzed using
the Real-ESSI Simulator (Jeremić et al., 2022a), that is also available
for download, or use on Amazon Web Services computers.
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