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Abstract

Pounding between buildings that are not sufficiently separated has been observed several times during earthquakes. This destructive
impact may severely damage the structure and lead to its collapse. Although it is impossible to completely eliminate such losses,
measures can be taken to minimize them. This article investigates the effect of the variability of structural parameters, soil parameters,
and seismic action on the seismic response of two colliding buildings, taking the soil-structure interaction (SSI) into account.
Two adjacent structures closely separated, modeled as inelastic lumped mass systems with different structural characteristics,
were considered in this study. Both structures were modeled in the analysis using multi-degree-of-freedom (MDOF) systems, and
the pounding was simulated using the modified linear viscoelastic model. The analysis was conducted in two cases: probabilistic
analysis and deterministic analysis. Probability curves were established to analyze the effect of the variability of the parameters on
the responses of the two colliding buildings. The comparison between the two analyses indicates that the probabilistic analysis is
more precise than the deterministic analysis. It has been indicated that taking into account the variability of structural parameters, soil
parameters, and seismic action is efficient in determining the realistic behavior of colliding buildings. Additionally, pounding is more

critical in the case of buildings founded on very soft soil, followed by those on soft soil, then on hard soil, and finally on rocky soil.
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1 Introduction

One of the most important natural disasters facing human
society today is the earthquake disaster, which is char-
acterized by suddenness and destructiveness. In recent
years, protecting against the destructive effects of earth-
quakes has received more attention, particularly concern-
ing the collisions between adjacent structures, especially
during previous earthquakes such as those in San Fernando
1971 [1], Mexico City 1985 [2], Lom Prieta 1989 [3], and
Bhuj 2001 [4]. Pounding was also observed in recent earth-
quakes, such as Christchurch (New Zealand, 2011) [5] and
Gorkha (Nepal, 2015) [6]. Additionally, pounding was
observed in Algeria, especially during the Boumerdes
earthquake (M = 6.8) in 2003 [7]. The majority of the
damages observed during these earthquakes were caused
by pounding, which occurred between two adjacent struc-
tures that were located too close to each other, and the
gap between them did not satisfy the minimum distance
required for them to vibrate freely, see Fig. 1.

Numerous researchers have extensively investigated
the phenomenon of structural pounding, considering vari-
ous structural configurations and diverse ground motions.
Anagnostopoulos [8] studied the pounding of buildings in
series during earthquakes, where the structures were mod-
eled as single-degree-of-freedom. The author found that
the outer structures in the series responded more severely
than the inner ones. Moreover, research has shown that
the dynamic response of adjacent structures is signifi-
cantly influenced by dynamic structural parameters such
as the natural vibration period, mass, and damping. Also,
a change in the structural design, the separation distance
between the colliding buildings, or the ground motion
excitation may lead to different results [9].

The previous investigation confirmed that the behavior
of lighter and more flexible buildings is severely impacted
by structural pounding during earthquakes, which can
eventually lead to considerable permanent deformation
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Fig. 1 Examples of buildings that were impacted by pounding in three different earthquakes: (a) Bhuj (2001), (b) Nepal (2015), and
(c) Boumerdes (Algeria, 2003)

of the structures due to elastic deformation. In contrast,
heavier and stiffer buildings are nearly unaffected by colli-
sions between structures [10, 11]. The investigations have
also indicated that pounding has a negative impact on the
seismic responses of closely separated buildings, and the
impact increases as the separation gaps decrease.

Several mechanical devices have been used to mitigate
the effects of vibrations in structures. However, the most
popular and effective solution is the Tuned Mass Damper
(TMD). Optimizing the parameters of this passive control
system has attracted the attention of many researchers, lead-
ing to the study and development of numerous algorithms
[12—14]. Recently, Djerouni et al. [15] determined the effec-
tiveness of using the tuned mass damper inerter (TMDI) and
the tuned inerter damper (TID) to mitigate seismic pounding.

The reduction of the vulnerability of a structure requires
a good knowledge of the structure and the soil that sup-
ports it. The global term for the study of these phenomena
is soil-structure interaction (SSI). Many researchers have
been focusing on this issue. (See, for example, Mylonakis
and Gazetas [16], Mekki et al. [17], Oz et al. [18],
Arboleda-Monsalve et al. [19], Liu et al. [20] and Kaveh
and Ardebili [21]). They concluded that not only does the
nature of the soil influence the behavior of the structure,
but also that the structure influences the behavior of the
soil. Furthermore, the effects of SSI play an important role
in determining the dynamic response of structures, and
neglecting SSI can lead to unsafe construction, especially
for structures built on soft ground.

The importance of considering SSI in pounding prob-
lems has been confirmed by several researchers (for exam-
ple, Sobhi and Far [22]). Moreover, Mahmoud et al. [23]
studied the impact of both the supporting soil flexibility
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and the pounding between adjacent structures. The find-
ings of this study indicated that including SSI reduces
the peak impact forces and story peak displacements
during collisions while increasing the peak accelerations.
However, Pawar and Murnal [24] concluded that taking
SSI into account increases structural displacement while
decreasing other reactions such as base shear, impact force,
and kinetic energy. In addition, the phenomenon of SSI
may produce severe pounding due to an increase in dis-
placement. Therefore, neglecting SSI may lead to incor-
rect conclusions about the risk of pounding. The studies
have also shown that SSI has considerably increased the
effect of pounding on flexible buildings compared to stiffer
structures when SSI is considered [25].

There is limited research about the effects of soil type
on the dynamic response of adjacent buildings when con-
sidering SSI. Recently, Miari and Jankowski [26, 27]
examined the impact of pounding between structures
built on the same and various soil types (hard rock, rock,
very dense soil, soft rock, stiff soil, and soft clay soil).
The results showed that buildings constructed on soft
clay soil are susceptible to the greatest displacements and
shear forces, followed by structures built on stiff soil, then
structures built on very dense soil and soft rock. Finally,
structures built on rock and hard rock experienced the
lowest displacement and shear forces. Tena-Colunga and
Sanchez-Ballinas [28] conducted a parametric study to
minimize heavy pounding on soft soils. They concluded
that the seismic code of Mexico City should increase the
minimum distance between neighboring structures.

Until now, the impact of pounding on the responses of
colliding buildings considering Soil-Structure Interaction
(SSI) has not been fully understood, and the results are



generally contradictory. Previous investigations were lim-
ited to comparing the responses of colliding buildings in
cases with fixed bases and incorporating SSI. These stud-
ies focused on a single soil type and neglected the signif-
icance of uncertainty related to the soil, the parameters of
the structure, or the seismic action. However, the vulnera-
bility of adjacent structures might increase significantly due
to the variability of these parameters. These variabilities are
an important source of uncertainty. It is in this context that
the objective of this paper is articulated. This study aims
to determine the effect of different types of uncertainties
(structural parameters, soil parameters, and seismic action)
on the response of adjacent structures, considering the SSI.

To achieve the objectives of this article, two multi-
story buildings of equal height have been considered in
the study. These buildings have been modeled as inelas-
tic lumped mass systems, with the structure on the right
being stiffer than the one on the left. The models have
been excited using the time history of the El Centro earth-
quake (May 18, 1940). Additionally, the modified linear
viscoelastic contact element was employed to simulate the
pounding phenomenon, and the spring-dashpot elements
have been incorporated to account for the dynamic behav-
ior of the supporting soil.

2 Numerical models

2.1 Model of the adjacent structures and the SSI

The adjacent structures are typically modeled as multi-de-
gree-of-freedom (MDOF) systems, with lumped masses
concentrated at the levels of their floors. as shown in Fig. 2.
Two 10-story buildings with different dynamic properties,
where the masses, stiffnesses, and damping coefficients
for the left building are represented by m" , m}, m},...,
mts kb, kf kL kfsand CF, CF, CE., C s respec-
tively, whereas the masses, stiffnesses, and damping coef-
ficients for the right building are represented by m *, mf,
mp L mFkR R R kR and CF L, CR CR,LL CR
respectively. The structures shown are separated by dis-
tances (d), see Fig. 2.

The theory of a homogeneous, isotropic, and elastic
half-space has been used to consider the SSI. The transla-
tion and the rotation of the foundation are simulated using
springs and dampers adapted to the horizontal and rota-
tional movement of the supporting soil [29], see Fig. 3.
The soil-foundation parameters are dependent on the elastic
properties of the soil and the dimensions of the foundation.

These parameters consist of horizontal stiffness and damp-

ing (Eq. (1)) and rocking stiffness and damping (Eq. (2)) [29].
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Where the dimensions of the foundations are (B x L),
B, and S , are the correct constants of sway and rocking
spring. r, and r, are the equivalent radii of isolated founda-
tions for sway and rocking springs. Whereas the soil prop-
erties are defined by Poisson's ratio v, the mass density p,
and the maximum shear modulus G__ , which depends on

the shear wave velocity V, (Eq. (3)) [29].
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In the analysis that incorporates SSI, the shear modulus
has been decreased to more accurately reflect the behavior
of the soil. In this study, the reduced shear modulus G was
assumed to be 50% of the maximum shear modulus G__
and calculated by (Eq. (3)) [29].

X

2.2 Model for simulating pounding force during collision
The linear viscoelastic model has been extensively and
successfully used in the majority of studies on earth-
quake-induced structural pounding [8] because it is the
most efficient and practical model to simulate the pound-
ing force. Also, it takes into account the energy dissipation
during the collision. However, the drawback of this model
is the negative impact force observed just before the sep-
aration of colliding structures. To eliminate this default,
Mahmoud and Jankowski [30] modified the linear visco-
elastic model by activating the damping term only during
the approach period of the collision.

In our case, we used the modified linear viscoelas-
tic model (Fig. 4), which consists of three sub-elements.
In the middle part, a linear spring accounts for pound-
ing-induced elastic force, and a linear dashpot takes into
account the energy dissipation during the collision. On the
right, the separation gap is simulated by a GAP element.
These impact elements are presented between the masses
and activated only if the separation gap is closed, and the
two masses are in contact. Otherwise, the impact force is
transmitted to zero.

The pounding force during impact F(¢), for this model
is defined by Eq. (4).
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Fig. 4 Model of pounding force

F(1)=k8(t)+c5(t) for 5(r)>0 (approach period)
F(t)=k6(t) for 6(£)<0 (restitution period)

Where ¢ is the deformation of colliding structural ele-
ments, J is the relative velocity between colliding struc-
tural elements, k is the impact element's stiffness, and ¢
is the impact element's damping, which can be defined by
Eq. (5), see [8, 31].

mm,

c=2¢& |k ®)

m, +m,
Where m, and m, are the masses, as illustrated in Fig. 4.
Moreover, the relation between the impact damping ratio ¢
and the coefficient of restitution e is defined by Eq. (6) [30].
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3 Dynamic equation of motions
The dynamic equation of motion for colliding buildings con-
sidering SSI, as shown in Fig. 3, is expressed by Eq. (7) [25].
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Where (UF, U, U") and (UR, UR, U*) denote the accel-
eration, velocity, and displacement vectors for the left and
the right buildings (Eq. (8)). M and M* are the matrices of
masses for the left and the right building (Egs. (9) and (10));
C* and C* are the matrices of damping coefficients for the
left and the right building (Egs. (11) and (12)). R” and R~
are the vectors consisting of the system resisting forces for
the left and the right buildings (Eq. (13)). F is the pound-
ing force vector, and ﬁg is the vector of ground motion
acceleration (Eq. (13)).

4 Case study
4.1 Description of the selected structures
The case study involves two 10-story adjacent structures
with different dynamic characteristics, where the right
structure is stiffer than the left structure. The plan and ele-
vation views are illustrated in Figs. 5 (a) and 5 (b). The build-
ings are constructed using concrete, which has a strength
of 25 MPa and Young's modulus of 32164.20 MPa.

The steel used has a yield strength of 400 MPa and
a modulus of elasticity of 200 GPa. The structures were
designed as a column-beam system, and the columns are
square with a dimension of (50 x 50) m? for the left struc-
ture and (60 x 60) m? for the right structure (Fig. 5(c)).
The foundation has dimensions B = L = 2.50 m for both
structures, see Fig. 5(c). The floors are infinitely rigid, with
a live load 0 = 1.5 KN/m? and a roof load G = 5.14 KN/m?,

4.2 Variability

The soil is a heterogeneous material since it consists of
several layers whose properties are constantly changing
due to soil disaggregation, which induces the variability
of soil properties from one area to another. That is known
as the natural variability or spatial variability of the soil.

R
10

)

Asmouni et al.
Period. Polytech. Civ. Eng., 68(1), pp. 207-220, 2024

1213

(15)

S O O O O O O o o o <o

R
my

10

d

This topic has been investigated in numerous studies
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[32, 33]. Also, the effect of uncertainty on the structural
response has been extensively discussed [34-37], consid-
ering that it can provide more reliable results and allow for
more precise construction of the structures given that the
material properties and geometric elements of a building
are uncertain due to various reasons. Despite all that, the
impact of uncertainty on the behavior of colliding build-
ings has received limited attention. For an effective inves-
tigation, it's crucial to consider all sources of variability,
which are significant sources of uncertainty.

A detailed analysis of the seismic behavior of adjacent
structures requires the control and consideration of sev-
eral types of uncertainties:

* Structural uncertainty: the variability of structural
geometry on the one hand and the variability of mate-
rial characteristics (strength, Young's modulus, etc.) on
the other.

Soil uncertainty: characterization of mechanical prop-
erties (spatial variability) due to soil heterogeneity.
Uncertainty related to seismic action: Earthquakes
differ inherently due to their nature, unpredictability,
intensity, frequency content, and type of seismogenic
source.

Soil-structure interaction uncertainty: modeling
impedance functions and soil-foundation liaison.

To reach the target of this study, all uncertainties resulting
from the variation of structural parameters, soil parame-
ters, and seismic action have been included. Seven vari-
ables have been considered: the building's mass coef-
ficient (m), the building's stiffness coefficient (k), the
building's damping factor (c), the Poisson's ratio of the soil,
the density of the soil (p), soil shear wave velocity (V),
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Fig. 5 Description of the selected structure; (a) Plan view, (b) Elevation view, (c) Geometric characteristics for column and foundation

and peak ground acceleration (PGA). Each one of these
parameters has been described by probability distribution
laws defined by their mean and coefficients of variation
(CoV), or their mean and their minimum and maximum
values as indicated in Table 1.

5 Numerical results

Numerical simulations based on the Matlab code were
used to evaluate the seismic behavior of colliding build-
ings, including the soil-structure interaction and the vari-
ability of structural parameters, soil parameters, and seis-
mic action.

The model has been excited using the time history of
the El Centro earthquake (May 18, 1940). To account for
both horizontal and rotational movements of the support-
ing soil, swaying, rocking springs, and dashpots have been
employed, see Fig. 3. The horizontal and rotational stiffness
and damping coefficients have been calculated using the
formulas given by Egs. (1) and (2). The corrected constants

of swaying and rocking springs have been taken as g _= 1,
B , = 0.5. The radii of equivalent circular foundations for
swaying and rocking springs have been estimated and
found to be equal to » = 1.41 m and r, = 1.42 m. The adja-
cent structures have been modeled as MDOF systems with
lumped masses at the floor levels, see Fig. 2, and the sepa-
ration gap distance has been considered as d = 3 cm.

The pounding force has been modeled using the modi-
fied linear viscoelastic model (Fig. 4). The stiffness of the
spring has been taken to be equal to k = 2.36 x 107 N/m,
while the impact element's damping has been calcu-
lated based on Eq. (5) for the coefficient of restitution
e = 0.65 [38]. The analysis has been performed in two
cases: deterministic analysis and probabilistic analysis.

5.1 Results of the deterministic analysis

The mean values of the different parameters have been
selected for deterministic analysis (see Table 1). In addition,
four soil types with different shear wave velocities have
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Table 1 The probabilistic properties of variables

Variable Uncertainty parameters Distribution Mean CoV Minimum value ~ Maximum value
m* (kg) Log-normal 53164.903 0.10 - -
mR (kg) Log-normal 104643.441 0.10 - -
Kt (N/m) Log-normal 5.613 x 108 0.10 - -
Structural parameters
k® (N/m) Log-normal 1.746 x 10° 0.10 - -
et (kg/s) Log-normal 1.123 x 10° 0.10 - -
R (kgls) Log-normal 3.492 x 10° 0.10 - -
p (kg/m3) Uniform 1.81 x 10° - 1.7 x 103 1.9 x 103
v Uniform 0.29 - 0.25 0.33
Very soft soil Uniform 125 - 50 200
Soil parameters
Soft soil Uniform 300 - 200 400
V_(m/s)
) Hard soil Uniform 600 - 400 800
Rocky soil Uniform 1350 - 800 1900
Seismic load PGA (g) Uniform 0.4 - 0.01 1

been considered to account for soil variability: V. =125 m/s,
V.=300m/s, V.= 600 m/s, and V, = 1350 m/s. The effect of
the variability of the soil on the behavior of colliding build-
ings has been discussed in this analysis.

Fig. 6 shows the peak story displacement at different
floor levels of the left and right buildings under differ-
ent soil types. The results presented in this figure have
indicated that the highest peak displacements (0.21 m for
the left structure and 0.20 m for the right structure) are
obtained at the top floor level (10' story), whereas the low-
est peak story displacements are obtained at the 1% story of
the structures for both neighboring buildings.

The influence of the soil type has also been investigated
at this stage. It has been shown that the buildings have
significantly different structural responses under different
site conditions. It can be seen from Fig. 6 that the peak
displacement of the colliding buildings decreased with the
increase in the soil shear wave velocity at all floor levels of
the structures. Notably, buildings founded under the soil
shear wave velocity of ¥ =125 m/s produced the highest
levels of displacement, followed by those of V= 300 m/s,
V=600 m/s, and finally ¥ = 1350 m/s.

An example of displacement time histories for the left
and right structures at the 10th story under four different
soil types is shown in Fig. 7. It can be seen from Figs. 6
and 7 that the displacements of the left building (0.21 m)
and the displacements of the right building (0.20 m) are
relatively similar when constructed on very soft soil, see
Fig. 7(a). However, the results shown in Fig. 7(d) clearly
demonstrate that the displacement of the left building
(0.05 m) is greater than that of the right building (0.01 m)
when they are constructed on rocky soil. In this case, the

left building undergoes a large displacement resulting
from structural pounding due to its lighter weight and
greater flexibility. On the other hand, the right building,
being stiffer, is less affected by such displacements.

Fig. 8 shows the pounding force time histories for the
two colliding buildings under different soil types at the 1%
story, the 5% story, and the top floor. The results presented
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Fig. 6 Peak story displacement at different floor levels of the left and
right buildings under different soil types; (a) left structure,
(b) right structure
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Fig. 8 Pounding time histories for the colliding buildings under different soil types; (a) at the st story, (b) at the 5" story, (c) at the 10™ story

in this figure indicate that the highest pounding force is
obtained at the top floor level, while the lowest pounding
force is observed at the 1st story. For example, for build-
ings built under very soft soil (¥, = 125 m/s), the pounding
force at the top floor is 2.92 x 10° N, while at the 1% floor,
it is 6.44 x 10° N, see Fig. 8(c).

The influence of the soil type was also investigated at
this stage, and the results have indicated that the buildings
have significantly different structural responses under dif-
ferent site conditions. It can be seen from Fig. 8§ that the
pounding force of the colliding buildings decreased with
the increase in the soil shear wave velocity at all floor



levels of the structures. Buildings founded under soil shear
wave velocity V. =125 m/s produced the highest pounding
force, followed by V. = 300 m/s, V= 600 m/s, and finally
V= 1350 m/s. That signifies that the very soft soil is the
most affected by the collision.

5.2 Results of the probabilistic analysis

The probabilistic analysis has been considered with proba-
bilistic parameters following the distribution laws defined
by their mean and coefficients of variation (CoV), or their
mean, minimum, and maximum values, as shown in Table 1.
Moreover, 10,000 simulations have been performed to
establish the probability curves (Figs. 8 and 9). The effect
of the variability of structural parameters, soil parameters,
and seismic action on the behavior of colliding buildings
has been discussed in this analysis.
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Fig. 9 compares the influence of the variability of struc-
tural parameters, soil parameters, and seismic action on
the displacement probability of the two colliding build-
ings under different soil types at the 1% story, the 5" story,
and the 10' story. The results presented in this figure have
indicated that the probability of displacement at the level
of the top floor (0.4 m) is higher than that of the other
floors, whereas the lowest probabilities of displacement
have been observed on the first story of both adjacent
buildings.

The effect of soil type has also been studied at this stage.
The results show that the dynamic responses of colliding
buildings are significantly different for structures built on
different soil types. Buildings built on very soft soil have
the highest displacement probabilities, followed by those
built on soft soil, hard soil, and rocky soil, in that order.
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Fig. 9 The displacement probability of the two colliding buildings under different types of soil at the 1% story, the 5% story, and the 10*" story;
(a) Left building, (b) Right building
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The comparison between Figs. 9(a) and 9(b) shows that
the left building, which is lighter and more flexible, is more
susceptible to undergoing higher displacement probabili-
ties compared to the right building, which is stiffer. That is
very clear for buildings constructed on rocky soil, where
the displacement probability at the 10% story is 0.13 m for
the left building and 0.04 m for the right building.

Fig. 10 compares the influence of the variability of struc-
tural parameters, soil parameters, and seismic action on
the probability of pounding force under different soil types
at the 1% story, the 5" story, and the top story. The results
show that the top floor has a higher probability of pounding
force (6 x 10° N) than the other floors, while the 1 story
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Fig. 10 Probability of the pounding force between colliding buildings
under different soil types; (a) at the 1% story, (b) at the 5 story,
(c) at the 10" story

has the lowest probability of pounding force. The results
shown in these figures show that the dynamic responses of
colliding buildings are significantly different for structures
built on different soil types.

The highest pounding probabilities has been obtained
for buildings built on very soft soil, then for buildings
built on soft soil, then for buildings built on hard soil, and
finally for buildings built on rocky soil, see Fig. 10.

The comparison between the results obtained from the
deterministic analysis (Figs. 6, 7, and 8) and the probabi-
listic analysis (Figs. 9 and 10) has indicated that the prob-
abilistic analysis provides more accurate results since it
takes into account different types of uncertainties such as
structural parameters, soil parameters, and seismic action.
In contrast, deterministic analyses tend to underestimate
the results by about 50 %, see Table 2.

The analyses agree on the observation that the top
floor experienced the highest level of impact during the
collision. Moreover, the 1st floor is less affected by struc-
tural pounding when d = 3 cm, and the soil type signifi-
cantly influences the dynamic responses during collisions.
Additionally, the lighter structure is more susceptible to
the effects of structural pounding.

6 Conclusions

This paper investigates the effect of the variability of
structural parameters, soil parameters, and seismic action
on the responses of two colliding buildings of the same
height with different structural characteristics, taking into
account SSI. The study is conducted in two cases: prob-
abilistic analysis and deterministic analysis. First, the
deterministic analysis is considered with deterministic
parameters, and only the mean values of different param-
eters are accounted for. Then, the probabilistic analysis
is performed with probabilistic parameters following the
distribution laws defined by their mean and coefficients
of variation (CoV), or their mean, minimum, and maxi-
mum values. Both analyses lead to the same conclusions.

Table 2 The important results of the two analyses for very soft soil

Deterministic ~ Probabilistic
analysis analysis
Displacement of the I* story 0.03 0.06
left building (m) 10™ story 0.21 0.40
Displacement of the I*t story 0.02 0.05
right building (m) 10 story 0.20 0.40
1% story 6.44 x 10° 100
Pounding force (N)
10t story 2.92 x 10° 6 % 10°




However, the probabilistic analysis provides a more pre-

cise estimation of the behavior of colliding buildings than

the deterministic analysis.

The most important results of this work are as follows:
* The dynamic responses of the adjacent structures are

higher at the top level, which indicates that the top
floor is the most affected by the structural pounding.
The soil type considerably affects the behavior of
colliding buildings. It has been observed that an
increase in the soil shear wave velocity reduced
structural responses. Also, pounding is more severe
in buildings built on very soft soil, followed by those
on soft soil, hard soil, and rocky soil.
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