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Abstract The objective of the present study is to investigate the dynamic coupling
interaction effects between adjacent building structures and the underlying soil when
subjected to artificial seismic excitation. In this paper, the dynamic structure–soil–
structure interaction (SSSI) between adjacent buildings idealized as a 2D-discrete
model and underlying or surrounding soil is coupled by a rotational interaction
spring and the non-stationary Kanai–Tajimi accelerogram is employed as artificial
seismic excitation input. Based on the numerical investigation, the results showed that
constructing an adjacent building taller to an existing building generally increases the
response, thereby amplifies the seismic risk although in the taller adjacent building
comparative seismic risk reduction in noted based on its own response.

Keywords Structure–soil–structure interaction · Horizontal ground motion ·
2D-discrete model system · Non-stationary Kanai–Tajimi accelerogram

1 Introduction

Theworld is urbanizing at a greater rate than in history. The urban cities are complex,
bringing a host of transportation, infrastructure, health and sustainability issues
before and after a major disaster such as an earthquake. During an earthquake,
structures interact with the surrounding soil beneath their foundations; this problem
is generally known as soil–foundation–structure interaction (SFSI) or Structure–
soil interaction, or as it is more commonly known, soil–structure interaction (SSI).
Accounting for soil flexibility in the analysis of structure does not generally affect
the response significantly. In general, for stiff, heavy buildings (and other structures)
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soil flexibility can change the response due to SSI. SSI is an important research topic
in earthquake engineering that has attracted extensive attention for several decades.

An extension of SSI is an interaction of adjacent structures. The present-day
cities’ existence of a high raised and high density of buildings inevitably results in
the possibility of seismic interaction of adjacent buildings through the underlying
soil. During an earthquake, the presence of one structure may affect the dynamic
response of another, resulting in structure–soil–structure interaction (SSSI). The
SSSI is important for the performance assessment of buildings in dense urban areas
and is receiving some considerable attention in recent years. Although, the limited
studies on SSSI are well-documented field and/or experimental data available but
still no related provisions are made in any standard code of practice.

A recent review of the SSSI problem can be found in Menglin et al. [1]. Due
to the difficulties involved in modelling the multiple interactions, previous studies
of the dynamic SSSI phenomena have been explored analytically and also numeri-
cally based either on finite element (FE) or boundary element (BE) methods or on
coupled FE/BE procedure and provided qualitative evidence of the dynamic inter-
action effects between adjacent structures [2–9]. Based on these studies on SSSI,
the dynamic interaction between adjacent buildings with consideration of the under-
lying or surrounding soil influences each other through the soil during earthquakes
and exhibits dynamic behaviours different from those of isolated building.

In this paper, a numerical investigation is carried out on adjacent buildings ideal-
ized as a simplified two-dimensional discrete model and underlying or surrounding
soil coupled by a rotational interaction spring and the non-stationary Kanai–Tajimi
accelerogram is employed as artificial seismic excitation input to study the dynamic
of SSSI phenomena. The dynamic response of two adjacent buildings in the coupled
SSSI system due to artificial seismic excitation input is compared and the parameters
of the two adjacent buildings that affect the dynamic coupling interaction between
adjacent building structures in the coupled SSSI system are also investigated.

2 Equation of Motion of the Coupled SSSI System

In this paper, the coupled SSSI system consists of two adjacent buildings modelled
as a simple 2D-discrete model system with six degrees of freedom (DOF) and under-
lying or surrounding soil is coupled by a rotational interaction spring. The assump-
tion made to derive the equation of motion of the coupled SSSI system in the present
study is as follows, (i) the inter-building spacing, i.e. space between the two adja-
cent buildings is assumed to be large enough to avoid pounding, (ii) the total height
of the two adjacent buildings can vary and be different but is idealized as 2-DOF
lumped mass system, (iii) both the buildings have a similar square plan area of b2,
and the average building density, ρb is kept constant, (iv) the soil profile under the
two adjacent buildings remains same, and the radius of gyration of the soil-cylinder
(directly under the rigid foundation) is calculated according to the Newmark’s empir-
ical expression rb ≈ 0.33. Therefore, r1 = r2 = 0.33b. [10] (v) the wave passage
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effects and spatially heterogeneous ground motion are assumed to be negligible;
therefore, the foundation of the two adjacent buildings is applied with same ground
motion.

The idealized 2D-discrete model of the coupled SSSI system is shown in Fig. 1.
The 2D-discrete model system of the two adjacent buildings ( j ∈ [1, 2]) consists
total of six degrees of freedom (DOF). Each building superstructures consists of two
translational DOFs relative to the ground, and the soil/foundation system of each
building has one rotational DOF at the foundation level θ j . mb1and mb2 are total
masses; kb1and kb2 are lateral stiffnesses; mb1.r21 and mb2.r22 are foundation/soil
mass polar second moments of area; ks1and ks2 are rotational stiffnesses of founda-
tion–soil beneath each building; r1 and r2 are radii of gyration of soil semi-cylinders;
h1 and h2 are the total height; b1 and b2 are the width of the buildings foundation
of building 1 and 2, respectively, z is the non-dimensional inter-building distance,
κ is the stiffness of the inter-building soil rotational spring and ẍg is the horizontal
acceleration ground motion.

The Euler–Lagrange equation of motion in its general form describing the
dynamics of the coupled SSSI system can be derived using standard procedure and
is formulated in Eq. (1).

M̂ẍ + Ĉẋ + K̂x = P̂ẍg (1)

where the system matrices are defined as follows

Fig. 1 Idealized 2D-discrete model of the coupled SSSI system
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M̂ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

1
2mb1 0 − 1

4mb1h1 0 0 −0
0 1

2mb1 − 1
2mb1h1 0 0 0

− 1
4mb1h1 − 1

2mb1h1
5
8mb1h21 + ms1r21 0 0 0

0 0 0 1
2mb2 0 − 1

4mb2h2
0 0 0 0 1

2mb2 − 1
2mb2h2

0 0 0 − 1
4mb2h2 − 1

2mb2h2
5
8mb2h22 + ms2r22

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

K̂ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

2kb1 −kb1 0 0 0 0
−kb1 kb1 0 0 0 0
0 0 ks1 + κ 0 0 −κ

0 0 0 2kb2 −kb2 0
0 0 0 −kb2 kb2 0
0 0 −κ 0 0 ks2 + κ

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

, p̂ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

− 1
2mb1

− 1
2mb1

3
4mb1h1
− 1

2mb2

− 1
2mb2

3
4mb2h2

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

, x =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

x1
x2
θ1

x3
x4
θ2

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

The Caughey orthogonal damping matrix C
∧

of the system defined in Eq. (1)
assumes that six eigenvalues of the linear unforced system, each natural mode n ∈
[1, 6] is damped at 2% of critical damping, i.e. ξn = 0.02. �n is the eigenvector for
mode n, ωn are the natural frequencies of the system. Thus, the damping matrix C

∧

can be calculated as [11]:

Ĉ = M̂

(
6∑

n=1

2ξnωn

�T
n M�n

�n�
T
n

)
M̂ (2)

3 Selection of Ground Motion

In this paper, the non-stationary Kanai–Tajimi accelerogram is employed to simulate
the artificial seismic excitation [12–14]. This artificial seismic accelerogram gener-
ated is employed as the horizontal acceleration ground motion input to the simplified
idealized 2D-discrete model of the coupled SSSI system to study the dynamic of
SSSI phenomena. Guo, and Kareem, [14] developed non-stationary Kanai–Tajimi
spectrum as shown in Eq. (3).

F(s) = so
ω4
g + (

2ξgωgs
)2

(
ω2
g − s2

)2 + (
2ξgωgs

)2 , so = σ 2
g

2ξg
πωg

(
4ξ 2

g + 1
) (3)

where ξg, ωg are the ground damping and frequency, respectively. σg, is the standard
deviation of the excitation (assuming a two sided spectrum). The artificial ground
acceleration is produced by applying a Gaussian white noise to the filter. In this
study, the duration of strong ground motion is assumed to be 40 sec, σg = 0.3,
ξg = 0.3 andωg = 10πrad/s are used in the numerical simulations of non-stationary
Kanai–Tajimi accelerogram (Fig. 2).
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Fig. 2 Artificial seismic accelerogram generated based on non-stationary Kanai–Tajimi filter

4 Numerical Simulation

The second-order ODE of the coupled SSSI system in Eq. 1 is solved as a state space
model in time domain. The numerical simulations are conducted using MATLAB.
The following parameters are adapted for the coupled SSSI system in the present
study. The total height h1 = 6.40 m and h2 = 6.00 m ; b1 = 20m and b2 = 20m, is
thewidth of the buildings foundation of building 1 and 2, respectively,ms = 0.35b3ρs

is the dynamic mass of soil beneath buildings and mbj = ρbh jb2, the mass of the
buildings, where ρs = 1600kg/m3 and ρb = 800kg/m3 are the average densities
of soil and building, respectively. In the present study, the two buildings are placed in
very close proximity to each other, i.e. z, the ratio of the distance between buildings
to building width is 0.01, i.e., z = 0.10. The values of foundation rotational spring
ks1 = ks2 = ksq2, and the interaction spring stiffness κ are modelled as an inverse
cube function of non-dimensional inter-building separation distance z, [15]. The
rotational stiffness spring coefficient ks is obtained by using the empirical formula
in the absence of building interaction [16].

κ = qkq2ks, qk = − 0.25

(1 + z)3
, q2 = 1 + 0.5

(1 + z)3
, ks = 1

2

Gsb3

1 − μ

where Gs is the elastic shear modulus of the soil, the shear wave velocity of the soil
Vs = √

Gs/ωs in 250m/s and the Poisson’s ratio of the soil as μ = 0.30.

5 Results and Discussions

The results are obtained by numerical simulations performed in MATLAB. Figure 3
provides the acceleration, velocity and displacement response of the idealized 2D-
discrete model of the coupled SSSI system. Figures 4 and 5 provide the acceleration
responses of the building model 1 and 2 of the coupled SSSI system both in time
and frequency domain, respectively. In general, the maximum displacement and
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Fig. 3 Acceleration, velocity and displacement response of the Idealized 2D-discrete model of the
coupled SSSI system

Fig. 4 Acceleration response at the mass levels of the building model 1 and 2 of the coupled SSSI
system in time domain
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Fig. 5 Acceleration response at the mass levels of the building model 1 and 2 of the coupled SSSI
system in frequency domain

acceleration of buildings increases for the SSSI case and the interaction are found to
be amplified when the buildings are very closely spaced.

Table 1 provides the summary of peak acceleration, peak velocity and peak
displacement of the building models of the coupled SSSI system. Based on the
results, the responses of the building model 2 increased to that of the responses of
the building model 1, indicating the amplification of response due to interacting
dynamic coupling interaction effects between taller adjacent building structure and
the underlying soil when subjected to artificial seismic excitation.

Table 1 Peak acceleration, peak velocity and peak displacement of the building models of the
coupled SSSI system

Peak Acceleration in g Peak Velocity in cm/sec Peak Displacement in cm

Building 1 Building 2 Building 1 Building 2 Building 1 Building 2

x1 0.1808 x3 0.0901 x1 9.218 x3 7.4705 x1 51.0011 x3 51.1481

x2 0.1719 x4 0.1318 x2 10.2341 x4 9.4778 x2 52.057 x4 51.7481

θ1 0.0066 θ2 0.0078 θ1 0.3154 θ2 0.4396 θ1 0.0356 θ2 0.0386
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6 Conclusions

In this paper, numerical investigations are carried out on a simplified model to study
the dynamic of structure–soil–structure interaction (SSSI) phenomena. As expected,
the simplified model is effective to study the dynamic coupling interaction effects
between adjacent building structures and underlying or surrounding soil.

Based on the initial trails, the eigen frequencies for the coupled and uncoupled
system are very similar, i.e. there is a maximum of 11% variation in the natural
frequencies between the SSI and SSSI systems, therefore an important feature of the
SSSI systems.

The building space has been a major contributing factor to the responses, when
the two buildings are placed in very close proximity to each other (i.e. 0.1 d) which
is large enough to avoid pounding but is found to be close enough to maximize the
SSSI effects. In general, the maximum displacement and acceleration of buildings
increase for the SSSI case and the interaction is found to be amplified when the
buildings are very closely spaced.

Based on the present study, results indicate that the response of the structure
adjacent to the taller building is significantly increased and thereby amplifies the
seismic risk; however, the response of the taller building is comparatively reduced
indicating reduction of its own seismic risk.

The present study is based on the analyses undertaken for limited parameters and
needs further investigation.

References

1. LouM,Wang H, Chen X, Zhai Y (2011) Structure–soil–structure interaction: literature review.
Soil Dyn Earthq Eng 31(12):1724–1731

2. Hans S, Boutin C, Ibraim E, Roussillon P (2005) In situ experiments and seismic analysis of
existing buildings. Part I: experimental investigations. Earthq Eng Struct Dyn 34(12):1513–
1529

3. Kitada Y, Hirotani T, Iguchi M (1999) Models test on dynamic structure–structure interaction
of nuclear power plant buildings. Nucl Eng Des 192(2–3):205–216

4. Lee TH, Wesley DA (1973) Soil-structure interaction of nuclear reactor structures considering
through-soil coupling between adjacent structures. Nucl Eng Des 24(3):374–387

5. Lysmer J, Seed HB, Udaka T, Hwang RN, Tsai CF (1975) Efficient finite element analysis of
seismic soil structure interaction. Report No. EERC 75–34. Earthquake engineering research
center, University of California, Berkeley, CA

6. Murakami H, Luco JE (1977) Seismic response of a periodic array of structures. J EngMechan
Division 103(5):965–977

7. Roesset JM, Gonzalez JJ (1978) Dynamic interaction between adjacent structures. In: Dynamic
response and wave propagation in Soils. Rotterdam: AA balkema. pp 127–166

8. Wong HL, TrifunacMD (1975) Two-dimensional, antiplane, building-soil-building interaction
for two or more buildings and for incident planet SHwaves. Bull Seismol Soc Am 65(6):1863–
1885

9. Yano T, Kitada Y, Iguchi M, Hirotani T, Yoshida K (2000) Model test on dynamic cross inter-
action of adjacent buildings in nuclear power plants. In: 12th world conference on earthquake
engineering. New Zealand



Analytical Study on Dynamic Coupling Interaction Effects … 191

10. Newmark NM, Rosenb lueth E (1971) Fundamentals of earthquake engineering, Prentice Hall.
Inc. Englewood Cliffs, NJ, USA

11. Chopra AK (2000) Dynamics of structures: theory and applications to earthquake engineering,
2nd edn. Prentice Hall, NJ

12. Lin YK, Yong Y (1987) Evolutionary kanai-tajimi earthquake models. J Eng Mechan
113(8):1119–1137

13. Rofooei FR, Mobarake A, Ahmadi G (2001) Generation of artificial earthquake records with
a nonstationary Kanai-Tajimi model. Eng Struct 23(7):827–837

14. Guo Y, Kareem A (2016) System identification through non stationary data using time–
frequency blind source separation. J Sound Vib 371:110–131

15. Vicencio F, Alexander NA (2018) Higher mode seismic structure-soil-structure interaction
between adjacent building during earthquakes. Eng Struct 174:322–337

16. Gorbunov-PosadovMI, Serebrajanyi V (1961) Design of structure upon elastic foundations. In:
5th international conference on soil mechanics and foundation engineering, Paris. pp 643–648


	 Analytical Study on Dynamic Coupling Interaction Effects Between Adjacent Building Structures
	1 Introduction
	2 Equation of Motion of the Coupled SSSI System
	3 Selection of Ground Motion
	4 Numerical Simulation
	5 Results and Discussions
	6 Conclusions
	References




