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ABSTRACT: The objective of this study is exploring the limitations of the substructure approach for
soil-structure-interaction (SSI) analysis. The key assumption in the substructure approach is that the soil-
structure system can be partitioned into two subsystems: the superstructure and the soil-foundation. The
soil-foundation subsystem is then replaced by a set of springs and dashpots, i.e., the impedance function,
representing soil-foundation flexibility and damping, respectively. To calculate the impedance function,
the behavior of a massless rigid foundation resting on/embedded in the soil medium, i.e., the soil-
foundation subsystem, is studied, where the different foundation vibration modes are considered
separately. In the soil-structure system, however, the applied structural inertial forces on the foundation
causes coupling between the foundation horizontal translational and rotational vibration modes. This
creates a soil displacement field and wave field different from those observed when considering the
foundation vibration modes separately. Since the presence of the superstructure is the reason for this
coupling effect, the impedance function shall be developed considering the presence of the
superstructure.

In this paper, we examine the validity of this proposed solution by means of a numerical study on a
two-dimensional linear elastic frame structure resting on the surface of a linear elastic half-space. The
refined impedance function for this system is estimated using a Bayesian model inversion technique.
Subsequently, the seismic response of this system is analyzed using the direct approach (treated as the
true response), the substructure approach developed using the traditional impedance function, and the
substructure approach developed using the refined impedance function. The results show that the refined
impedance function improves the simulation accuracy of the substructure approach and makes it capable
of accurately reproducing the simulated response of the direct approach.

direct approach is limited due to its computational

1. INTRODUCTION cost and technical complexity. Alternatively, the

Soil-structure interaction (SSI) analysis can be
done using one of two approaches: the direct
approach or the substructure approach (John
P.Wolf, 1985; Kausel, 2010; Kramer, 1996;
NIST, 2012). Despite its accuracy, the use of the

substructure approach is more widely adopted in
practice. In this approach, the soil-structure model
domain is simplified by replacing the soil-
foundation subdomain by a set of springs and
dashpots, referred to as the impedance function,
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simulating  soil-foundation  flexibility —and
damping mechanisms, respectively.

Many impedance functions were developed
in the literature using analytical or numerical
methods, e.g., (Hryniewicz, 1981; Luco &
Westmann, 1971, 1972; Seylabi et al., 2016;
Wong & Luco, 1976, 1978). These impedance
functions are commonly developed by studying
the behavior of a massless rigid foundation resting
on the surface of a soil domain or embedded
within it (this impedance function is referred to as
the traditional impedance function hereafter). In
studying the massless foundation behavior, a set
of forces with varying frequencies are applied
separately on the foundation, and the
corresponding foundation deformations are
calculated. The complex-valued stiffness matrix
of soil, i.e., the impedance function, is then
computed. However, a recent study (Taha et al.,
2022), conducted by the authors, showed that the
substructure approach does not provide accurate
results, compared to the direct approach, when
using the traditional impedance function. It was
argued that the reason for the poor performance of
the traditional impedance function is neglecting
the coupling between the horizontal translational
and rotational foundation vibration modes in
developing the impedance function. This coupling
alters the soil-foundation subsystem behavior by
changing the soil displacement field and
wavefield in the vicinity of the fundamental
frequency of the soil-structure system. To
consider this coupling effect, the impedance
function shall be developed considering the
presence of the superstructure, wherein the
aforementioned coupling effect is accounted for.

This paper investigates the validity of this
argument through a numerical study of a two-
dimensional (2D) linear elastic frame structure
rested on the surface of a linear elastic,
homogeneous soil domain. First, we develop a
refined impedance function for this case-study
building, which considers the presence of the
superstructure. Then, we validate the refined
impedance function by studying how the
simulated responses of the substructure models,
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developed using the refined impedance function
and the traditional impedance function, compare
to the direct model response. In Section 2, the
design and modeling details of the case-study
building are presented. The model inversion
framework is introduced in Section 3. It is then
used in Section 4 to estimate the refined
impedance function. The analyses results are
shown in Section 5. Finally, the conclusions are
summarized in Section 6.

2. CASE-STUDY BUILDING

The case-study building is a 2D linear elastic
structure with a rigid foundation resting on a
linear elastic half-space in plain-strain setting and
subjected to vertically propagating shear (SV-)
waves. In this section, the design and modeling
details of the building are explained for both the
direct and substructure models. The finite element
analysis framework OpenSees (McKenna, 2011)
is used for the modeling and response simulation.
In this case study, the structural and soil properties
are selected to result in significant inertial SSI
effects. In their work, Stewart et al. (Stewart et al.,
1999) showed that the most important parameter
controlling inertial interaction is the structure-to-

soil stiffness ratio (h/V 7), Where h is the building
S

height, V; is the soil shear wave velocity, and T is
the fixed-base building period. It was shown that
inertial interaction is generally significant if this
ratio is more than 0.1.

The studied building is a ten-story, two-bay
reinforced concrete frame structure with story
height of 3m, bay length of 5m, and foundation
width of 12m. The column and beam cross-
sectional dimensions are 40cm x 90cm and
30cmx90cm, respectively. The concrete modulus
of elasticity is assumed to be 30GPa. The
structural mass is 200ton per floor. The fixed-base
fundamental period is 1.34s. The soil domain is
assumed to have a shear wave velocity of 150M/
and a Poisson’s ratio of 0.25. The soil density is
equal to 1.7t°“/m3. Given the system properties,

the ratio h/VT is found to be equal to 0.15.
S

Hence, significant inertial SSI effects are
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expected. No damping is considered for either the
structure or the soil domain; therefore, the only
source of energy dissipation in the system is
radiation damping.

The direct model is developed by explicitly
modeling both the structural system and the
supporting soil medium as shown in Figure 1(a).
The response simulation of such large models is
typically computationally expensive. To reduce
the computational cost, the parallel analysis
capabilities in OpenSees are utilized. For this
purpose, the OpenSeesMP application is
employed, which requires manual decomposition
of the domain (McKenna, 2011). Figure 1(a)
shows schematically the direct model division
into 10 parts. The frame elements are modeled
using elasticBeamColumn elements. The
foundation IS also modeled using
elasticBeamColumn with large cross-sectional
dimensions to satisfy the rigid foundation
assumption. The soil domain is modeled using
four-node quad elements with plane-strain
formulation. The thickness of the quad elements
IS 1m, the in-plane element size is Imx1m to
ensure that the ratio between the element size and
the minimum wavelength of the waves
propagating in the soil domain is less than 1/12
(Lysmer & Kuhlemeyer, 1969). The soil domain’s
depth and width are 50m and 100m, respectively.
Perfect bond between the foundation and soil
surface is enforced using the EqualDOF
constraints. To simulate a semi-infinite soil
medium using a finite soil domain, proper
boundary conditions should be defined to ensure
that the outgoing waves at the soil domain
boundaries do not reflect back into the soil
domain. Several absorbing boundary conditions
were developed in the literature, e.g., (Joyner,
1975; Kuhlemeyer & Lysmer, 1973; Kunar &
Rodriguez - Ovejero, 1980; Lysmer &
Kuhlemeyer, 1969; Nielsen, 2006; Seed &
Lysmer, 1978; Zienkiewicz et al., 1989). In this
study, we adopt the soil boundary element
introduced in (Nielsen, 2006).
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Figure 1: Schematic representation of (a) The
direct model, and (b) The substructure model

The substructure model is created by
replacing the soil domain with the impedance
function. The traditional impedance function is
adopted from Luco and Westmann’s work (Luco
& Westmann, 1972). This impedance function
was developed for a rigid strip footing bonded to
a homogeneous elastic half space, which is similar
to this case study. Since the case-study building
has a surface foundation and is subjected to SV-
waves, the vertical impedance parameters (K; and
C,) are neglected and replaced by a roller support
as shown in Figure 1(b). Moreover, the coupling
terms (Kyy, Kyx, Cxy, and Cyx) are neglected since
their effects are relatively small and insignificant
for surface foundation (Pais & Kausel, 1988).

Evaluating the impedance function requires
calculating the fundamental frequency of the
coupled soil-structure system. To calculate the
fundamental frequency, the roof floor in the direct
model is subjected to an impulse load, and the
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free-vibration response is recorded. The
fundamental frequency of the system is found to
be equal to 0.28Hz through calculation of the
Fourier transform of the free-vibration response
time history. To evaluate the impedance function,
the dimensionless frequency parameter, i.e., a, =

“’b/V, has to be calculated first, where w is the
S

fundamental circular frequency, b is the
foundation half-width, and V; is the soil shear
wave velocity. Given a frequency of 0.28Hz, a,
IS equal to 0.07 (i.e., a0 =

(2m % 0.28) x 6/150: 0.07). The values of the

traditional impedance function parameters
corresponding to a, = 0.07 are obtained from the
charts in (Luco & Westmann, 1972) and presented
in Table 1.

3. MODEL INVERSION FRAMEWORK

In this section, we briefly introduce the Bayesian
model inversion method used for estimating the
refined impedance function. This method can be
perceived as an optimization technique in which
the objective is minimizing the discrepancy
between the simulated response of the
substructure approach and that of the direct
approach. Given the probabilistic nature of this
method, the uncertainty of the unknown model
parameters are considered by modeling them as
random variables with a Gaussian probability
distribution function (PDF), which can be fully
characterized using its mean and covariance. The
model parameter uncertainty is then propagated
into the model response using a sequential,
window-based model updating approach. In this
approach, the response/estimation time history is
divided into successively overlapping estimation
windows. In each window, the mean vector and
covariance matrix of the model parameters are
iteratively updated to maximize the posterior PDF
of the unknown model parameter vector at its
mean, i.e., the maximum a posteriori (MAP)
estimate of the model parameter vector. The
estimated mean vector and covariance matrix at
the end of each estimation window are then
transferred to the next window as prior
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information. For mathematical derivation details
of this sequential Bayesian estimation method, the
reader is referred to these references (Astroza et
al., 2015; Ebrahimian et al., 2015, 2017, 2023;
Ebrahimian, Astroza, et al., 2018; Ebrahimian,
Kohler, et al., 2018; Ghahari et al., 2022; Simon,
2006; Simon & Simon, 2010).

4. REFINED IMPEDANCE FUNCTION

The refined impedance function is developed for
the case-study soil-structure system considering
the presence of the superstructure. In other words,
the response of the direct model is simulated, and
the impedance function is estimated so that the
discrepancy between the direct model response
and the substructure model response s
minimized. Since the refined impedance function
is intended to be used for time-domain SSI
analysis and given the frequency dependence of
the impedance function, the impedance function
is estimated using the fundamental modal
response of the direct model. This approach
ensures tuning the estimated impedance function
to the flexible-base fundamental frequency, which
IS a good approximation provided that the
response of most civil structures is dominated by
the fundamental vibration mode. The estimation
process starts with defining a harmonic load with
the flexible-base fundamental frequency, which is
then applied at the foundation centroid in the
direct model (this load is treated as the foundation
input motion (FIM) in the substructure model).
Then, the response of the direct model, along with
the FIM, are jointly used within the Bayesian
model inversion framework to estimate the
impedance function parameters. The estimated
refined impedance function parameters are
presented in Table 1.

Table 1: Impedance function

Kx Kyy Cx ny

Parameter 10% | (109 (10%) (10%)

Units kN/m? | kN/rad | kN.s/m? | kN.s/rad

_ Traditional 1385 | 395 | 105 | o071
impedance function

_ Refined 1349 | 304 | 062 | 098
impedance function
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Comparing the traditional impedance
function to the refined impedance function, we
can observe a non-negligible difference between
both the stiffness and viscosity parameters. This
validates the argument made in Section 1 about
the effect of coupling between the foundation
vibration modes, which changes the soil
displacement field and wavefield corresponding
here to changes in the stiffness and viscosity
parameters of the impedance function.

5. ANALYSIS RESULTS

In this section, the refined impedance function is
validated by comparing its performance to that of
the traditional impedance function developed by
Luco and Westmann. To do this, the responses of
three models of the case-study building, i.e., the
direct model and two substructure models,
developed using the refined impedance function
and the traditional impedance function, are
compared. The 2007 Chuetsu-oki earthquake
record (Kariwa station — NS component) is used

as the input motlon to the direct model.
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Figure 2: 2007 Chuetsu-oki earthquake (Kariwa
station — NS component), (a) Acceleration time
history, and (b) Acceleration response spectrum
(5% damping)
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To calculate the FIM of the substructure
models, a site response analysis is carried out and
the soil surface response is recorded. Since the
incident seismic waves are SV-waves and given
that the structural foundation is rested on the soil
surface, no kinematic interaction will arise, and
hence, the recorded surface motion from the site
model is equivalent to the FIM (Kramer, 1996).
Figure 2 shows the acceleration time history of
this record and its acceleration response spectrum.
Due to its insignificance, the first 10-sec time
interval of this record is ignored.

Figure 3 shows the roof and middle-floor
responses of the case-study building. It can be
noticed that the fundamental frequency of the
substructure model developed using the refined
impedance function correlates almost perfectly
with the direct model fundamental frequency,
whereas Luco and Westmann’s impedance
function  overestimates the  fundamental
frequency. This indicates that the refined
impedance function provides a better simulation
of soil flexibility. Moreover, the amplitude of the
fundamental-frequency  response  of  the
substructure model developed using the refined
impedance function better matches that of the
direct model, which proves that the refined
impedance function provides a better simulation
of radiation damping. These two observations
support our argument about the necessity of
considering the presence of the superstructure in
the development of the impedance function.
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Figure 3: Absolute acceleration response, (a) Roof
response, (b) Fourier transform of the roof
response, (c) Middle-floor response, and (d)

Fourier transform of the middle-floor response

Dublin, Ireland, July 9-13, 2023

6. CONCLUSIONS

This study highlighted one of the limitations of
the substructure approach for SSI analysis and
proposed a refined solution. Developing the
impedance function by studying the behavior of a
massless rigid foundation, where the foundation
vibration modes are considered separately, was
argued to be a limiting conviction in the
substructure approach. Therefore, the impedance
function shall be refined by considering the
presence of the superstructure to account for the
coupling between the foundation vibration modes.
To validate this proposal, a numerical study was
carried out on a 2D case-study building. The
refined impedance function was estimated for the
case-study building using a Bayesian model
inversion technique. In this model inversion
framework, the objective was minimizing the
discrepancy between the fundamental modal
response of the direct model and that of the
substructure model, hence tuning the estimated
impedance function to the flexible-base
fundamental frequency. Then, a comparison
between the responses of a direct model of the
building and two substructure models, developed
using the refined impedance function and the
traditional impedance function, was conducted.
The refined impedance function was shown to
provide a better simulation of soil flexibility and
radiation damping, hence improving the
simulation accuracy of the substructure approach.
These results suggest the need for generalizing the
refined impedance function for the practical range
of soil-structure systems.
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