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Abstract

Analytical methods using reduced-order models with a limited number of degrees-of-free-
dom (DOF) have been well recognized and effectively applied in the evaluation of the SSSI
effects during the dynamic response of buildings. In these mechanical models, a small number
of lumped masses, dashpots, and springs are employed. This study examines the effects of Struc-
ture-Soil-Structure Interaction (SSSI) on the seismic response of multiple yielding structures
embedded in a linear elastic soil. A nonlinear phenomenological Bouc-Wen model is assumed
for the buildings. This model can identify vulnerable structures and therefore help to reduce
city-wide seismic risk, protect lives, and decrease repair costs after a severe earthquake. We
employ 35 real ground motions, recorded from 8 events between 1971 and 2007 in different
parts of the world. These records have differences in amplitude, duration, envelope shape, and
power spectral content. The findings emphasize the important differences between nonlinear
SSSI and nonlinear SSI for different configurations. Additional analyses identify the key de-
mand parameters influencing resilience, providing a deeper understanding of uncertainties in
SSSI performance during seismic events.
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1 INTRODUCTION

Usually, buildings in urban areas are designed by considering the response of structures as
singleton structures in isolation (i.e., a single structure with no neighboring structures or Soil-
Structure Interaction, SSI [1-3]). However, the high density of buildings in cities inevitably
results in the possibility of seismic interaction of adjacent buildings through the underlying or
surrounding soil. This phenomenon is widely known as Structure-Soil-Structure Interaction
(SSSI) and has been reported in different recent works [4—8], among others. These works indi-
cate that there is a substantial, currently unquantified increase (or reduction) in seismic risk in
densely packed urban areas.

The complexity of the multi-structural interaction problem comes from the variety of param-
eters involved (spatial distribution and orientation of buildings, dynamic characteristics of
structures, soil properties, and seismic excitation, among others). Therefore, researchers have
used different techniques to address his problem. For example, numerical methods are one of
the most effective and multipurpose tools for studying complex linear and nonlinear problems.
Finite Element Method (FEM), Boundary Elements Method (BEM) or a combination of these
two FEM/BEM procedures has been widely used to assess SSSI problems [9—15]. These studies
have identified important factors that control the seismic interaction behavior such as: (i) the
separation building distance, (ii) the direction of the orientation between foundations, (iii) the
height ratio and dynamic characteristics of adjacent buildings, (iv) the aspect ratio (the building
height to width ratio), and (v) the soil type beneath the buildings. One clear advantage of using
such methods is the possibility of modelling complex geometries and considering nonlinearities
in the elements. However, those models have a large number of degrees of freedom, leading to
computationally costly and time-consuming analyses.

Low-fidelity models, with a relatively limited number of degrees of freedom, have been well
recognized and effectively applied in the evaluation of the SSSI effects on the dynamic response
of buildings [16-20]. These models (i) capture the most important dynamic behavior, (ii) have
a relatively small amount of system parameters and (ii1) are computationally simple for explor-
ing a vast number of generic cases. They are not meant to substitute advanced computational
models and experimental work of specific cases.

Experimental methods (centrifuge tests and shaking table test) represent an important vali-
dation point for numerical models and provide preliminary estimates of the effects of complex
interaction problems. For example, Trombetta et al. [21-23] performed six centrifuge experi-
ments, where the inelastic structural response of two adjacent steel moment resisting frames
was considered. Knapett et al. [24,25] analyzed similar and highly dissimilar building on shal-
low foundations using centrifuge modelling. Finally, Aldaikh et. al. [26,27] has indicated that
the presence of neighboring buildings could produce favorable/detrimental changes in seismic
response. These represent important validation points for numerical models and provide pre-
liminary estimates of the effects of complex interaction problems.

Based on the previous discussion, this paper aims to introduce a mathematical formulation
of the problem of SSSI, where the model enables the nonlinear behavior of the structure. We
employ 35 real ground motions, recorded from 8 events between 1971 and 2007 in different
parts of the world. The objective of this research is to answer the following two questions: (i)
How significant is the SSSI problem on the seismic response in nonlinear buildings? and (i1) Is
there evidence to suggest that different types of earthquakes can affect differently the SSSI
behavior?
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2 LOW-FIDELITY FORMULATION FOR SSSI FOCUSSES ON INELASTIC
STRUCTURES

Considering the system shown in Figure 1. It comprises of a pair of buildings described in
terms of four DOFs and coupled by a rotational ground spring k. The soil/foundation system of
each building has one rotational DOF at the foundation level 6;. The building super-structures
have one translational DOF relative to the ground (x;). Thus, the two DOFs of each building
can be viewed as a projection, onto a two modes vector basis of a generalised building. A known
ground displacement field x; is applied at both foundations, i.e. wave passage effects and spa-
tially heterogeneous ground displacement are neglected in the present work. h; is the total
height of the buildings, m,,; is the total lumped modal mass of the buildings, m; is the founda-
tion/soil mass underneath the buildings, with j € [1,2]. k; is the elastic modal horizontal stiff-
ness of the structure. k; is the rotational stiffness of the soil/foundation, and b is the foundation
width. Fj,; are the restoring nonlinear force related to the initial lateral stiffness of the buildings.

The kinetic energy and potential energy for this system are given by the equations (1) and
(2), respectively.

2
1 - o .
TE = Ez mbj(Xj +xg - hjgj) + msrzesj (1)
j=1
2
1 1 ,
Ug = Ez (2 j Fyidx; + k595j> +§K(92 -6, (2)
j=1

The equation of motion of the complete dynamic system can be derived using the Euler-
Lagrange equations as follows.

Mii + Ca + Ku + F = p¥, (3)
where system matrices are defined as follows,
Mpq —mp1hy 0 0 Fp1(x1)
M = —myhy  mp hi + mgr? 0 0 = 0 @
0 0 Mp; —Mmph, Fpa(x2)
0 0 —mbzhz mbzh% + mSTZ 0
0 0 0 0 —Mp1 X1
_ 0 kS +x 0 —K _ mb1h1 _ 91
K=lo 0 0 o [PT|-mp|*T|x ®)
0 —K 0 ki+k mpyh, 0,

The nonlinear behavior of the buildings is considered by means of the Bouc-Wen hysteretic
model, where the restoring nonlinear force associate to each building is defined as,

Fbj = Akb]x] + (1 — A)kbjxijj (6)

where A is the post-yield to pre-yield ratio, x,; is the yield displacement, and z; is the Bouc-
Wen hysteretic displacement parameter that obeys the following nonlinear differential equation.
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o 2 L= v(E)l5] (B + ysen(x2))] -

;
Xyj 1(Ep;)

The system’s linear viscous damping matrix C, defined in equation (3), assumes that each
natural mode n € [1,6] is damped at &, = 0.05 of critical damping. ¢,, is the eigenvector for
mode n, w,, are the natural frequencies of the systems. Thus, the Caughey orthogonal damping
matrix C can be calculated as [21]:

6
_ anwn
c=M (Z e ¢n¢£> M (8)
Building 1 Building 2

Figure 1: Structural model.

The scope of this analysis is restricted to a special case, by assuming the following.

e The same soil profile (loose sand with an average soil density of p; = 1300kg /m?) exists
under both buildings, this means that the rotational stiffness of the soil/foundation of
buildings 1 and 2 are the same, k..

e Both buildings have a similar square plan area of b = by = b,.

e The buildings can be of different heights h;, where the first building frequency is estimated
using the approximation of Eurocode 8 EN-1998 for the natural period of a structure on a
rigid foundation as T, = Cth:f/4 with C; = 0.075.

e The frequency ratio between buildings 1 and 2 is defined as Q; = wp,/wp, (Different
works use the height ratio € = h,/h;, which can be considered as an equivalent parameter).

e The aspect ratio for building 1 is defined as s = h;/b.

e The yield displacements are given by the terms x,,; and the yield loads Fy,y; = kjjx,; =
I'my,;S4(T,), where S4(T,) is the elastic design spectrum ordinate from Eurocode 8, Part
1, and I' = 2.0 accounts for the contribution of the gravity load (assuming 2.0 based on
portal frame).

e The buildings are spaced at some arbitrary distance zb from each other.
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¢ Building pounding is not permitted as inter-building spacing is assumed large enough to
avoid it.

3 RESULTS AND DISCUSION

3.1 Ground motion selection

To calculate the effect of SSSI on the system we consider three types of ground motion.
These include Far-Field (FF), Near-Field Without Pulse (NFWP) and Near-Field Pulse-Like
(NFPL) record sets. The ground motions database is obtained from FEMA P695. The recorded
acceleration series of these ground motions are selected from the Pacific Earthquake Engineer-
ing Research (PEER-NGA) West database. The FEMA P695 recommends a set of 22 FF rec-
ords that are taken from 14 events that occurred between 1971 and 1999. Eight of them occurred
in California, and six of them are taken from different places around the world. Each record has
two horizontal components. Event magnitudes range from M,, = 6.5 to M,, = 7.6 with an aver-
age magnitude of M,, = 7.0. Values of their peak ground accelerations (PGAs) vary from 0.21g
to 0.82g with a mean value of 0.43g. The next figure shows the elastic response spectra from
all records set used in this research.

. IEIIastic Response Speqtra Iof FEM.A.P,G%' §=0.0§

- |ndividual response spectrum
= \ean of FF Response Spectrum
. o Mean of NFPL Response Spectrum
3 S| e Mean of NFWP Response Spectrum

Spectral Acceleration [g]

0.1¢

0.01 R . -
0.02 0.1 1 3 5 10

Period [seconds]

Figure 2: Elastic response spectra from FEMA P695 ground motions.

3.2 Response of the system for a set of parameters

In this section, we investigate the differences between nonlinear SSSI and SSI seismic re-
sponses. We examine the case when the building has a first natural period on a rigid foundation
equal to T,, = 0.5[s], frequency ratio Q) = wy,/wp, = 1.2 (i.e., when the building 1 is neigh-
bouring a 27.5[%] taller building), and building 1 has a height to width ratio equal to s =
hi/b = 2. The analysis is carried out first for the San Fernando (Carbon Canyon Dam station)
earthquake as an example.
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The percentage difference in the response total power j;; (for building j), when using the
response SSSI-NL (Structure-Soil-Structure Interaction) rather than SSI-NL (Soil-Structure In-
teraction) is defined by the next equation,

B, 1]' i [[Es(Abj)]sssl _ 1]

Xos = “’"[ E(Un)]., B (A,

where Es(Up;) and Es(Apj) are the total power spectral density (based on all data points of
response time series Up; and Ap;) for the displacement and acceleration (referring to building
"j"). The power spectral density (PSD) is defined using Parseval’s theorem.

(9)

Figure 3(a) shows the coupled (SSSI, red line) and uncoupled (SSSI, blue line) nonlinear
response for the top of building 1 (namely the displacement U, ; and the total acceleration Ap,).
Comparing the responses, we observe that the larger displacement and acceleration are pro-
duced in the SSSI cases. The plot of the displacement (SSSI) shows an important asymmetric
oscillation due to the nonlinear behavior, where there exists a large probability of the building
coming to rest leaning at some angle at the end of the movement. Figure 3(b) depicts the corre-
sponding power spectral density (PSD) for the displacement and total acceleration for building
1 considering the coupled and uncoupled cases. Comparing the SSSI and SSI responses, build-
ing 1 is affected by the taller building 2. There is a big amplification in the displacement and
acceleration power spectral density for a Fourier frequency equal to 1.4 Hz (which represents
building 1's first natural frequency). The change in power is equal to yp,; = 71% for the dis-
placement Uj,. So, the SSSI effect is larger when the nonlinear behaviour of the buildings is
considered. On the other hand, in the case of the acceleration (¥, = 30%) the SSSI effects are
less important.
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Figure 3: (a) Displacement and acceleration responses of building 1, (b) Power spectral density of displace-
ment and acceleration response of building 1. San Fernando Earthquake.
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Figure 4(a) shows the coupled (SSSI) and uncoupled (SSI) response at the top of building 2
(namely the displacement U,, and the total acceleration Aj,). Figure 4(b) shows the corre-
sponding power spectral density. There is a decrease in the seismic energy in building 2 which
produces a reduction in the seismic response (¥, = —37% in displacements Up,,, and ¥, =
—20% in accelerations Ap;).
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Figure 4: (a) Displacement and acceleration responses of building 2, (b) Power spectral density of displace-
ment and acceleration response of building 2. San Fernando Earthquake.

Figure 5 displays the hysteresis cycles in buildings 1 under seismic action, computed by the
Bouc-Wen formulation. As can be seen, there is an increase in non-linear behavior for the SSSI
case.
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Figure 5: Hysteresis loops for building 1 (SSSI-NL and SSI-NL). San Fernando Earthquake.

3.3 Change in power with variation in aspect ratio and height ratio

We now turn to the change in power of building 1 (for the displacement y;; and acceleration
Xp1)- This term would be zero if there was no difference between the coupled (SSSI) and un-
coupled (SSI) analyses. Presented in this section are results for the variation of change in power
for buildings with aspect ratio s = h, /b varying between 0.25 and 4.0; frequency ratio between
the buildings Q) = wp,/wp, varying between 0.5 and 2. The system is subjected to all the East-
West and North-South components of earthquake records described above. The maximum,
mean, and one standard deviation values of the change in power are presented.

Figure 6 shows the maximum, mean, and one standard deviation of the contour plots of
variation of change in power y;, for the displacement U,,. In this case, the maximum change
in power lies around a frequency ratio equal to (;, = 1.1 and larger values. The amplification
reaches values of y,; = 150%, xp1 = 20% and y;,; = 30% for the maximum, mean, and one
standard deviation, respectively.
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Figure 6: Maximum value, average, and standard deviation in change in displacement power Y.
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The maximum, mean and one standard deviation of the change in power }¥;,;(NL) for the
acceleration Ay, are shown in Figure 7. On average, the amplification of building 1’s nonlinear
total response reaches values of ¥, (NL) = 40%, and the standard deviation reaches values of
30%.

Mean of i, (NL)[%] for Ay 2 Standard deviation of ¥, (N L)[%] for Ay
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Figure 7: Maximum value, average, and standard deviation in change in acceleration power ¥p;.

4 CONCLUSION

In this paper, we have presented a theoretical formulation for SSSI between two nonlinear
buildings. These structures are coupled through the underlying soil. Three types of ground mo-
tion were considered (Far-Field, Near-Field Without Pulse and Near-Field Pulse-Like records
sets), selected from FEMA P695. The analyses have been undertaken for loose soil. The re-
search presented in this paper has led to the following principal findings:

e As a general trend, the SSSI effects on a nonlinear building adjacent to a smaller building
produce amplifications of up to 20% in displacements and 40% in accelerations (mean for
all earthquakes considered), i.e., the energy of the earthquake passes from the taller (and
heavier) building to the smaller building.

e [t is found that the most adverse interaction effect occurs when the nonlinear building 1
(shorter period) is adjacent to a more flexible building (longer period, Q; = wy1 /Wy, =
1.1 and significant differences of height Q;, > 1.75).

e For some earthquakes an important amplification in the change of power, especially for
the displacement, was observed.
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