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1. Infroduction

During an earthquake, adjacent structures vibrate out of
phase, and if the distance between them is insufficient
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ABSTRACT: It has been found that in the event of a strong earthquake, and due to
insufficient distance between two adjacent structures, the lateral movement at the top
of structures may cause collisions between them. This phenomenon, commonly known
as seismic collision, can generate impact forces that were not considered during the
initial design of the structure. These forces can cause significant structural damage
or lead to complete collapse of the structure. The main purpose of this paper is
to study the coupled effects of soil flexibility and impact between adjacent buildings
undergoing seismic excitation. To capture the impact forces between the structures
during the collision, a modified linear viscoelastic model was used effectively. Particular
attention has been paid to studying the effects of shear wave velocity, first on the
soil structure interaction and then on the collision response of adjacent structures.
Three configurations of adjacent structures were analyzed: light-light, light-heavy, and
heavy-heavy structures. The results obtained through this analysis showed that the
dynamic response and the impact force of the structures depend essentially on the
interaction between the structure, the foundation, and the soil.

RESUMEN: Se ha comprobado que, en caso de terremoto fuerte, y debido a una distancia
insuficiente entre dos estructuras adyacentes, el movimiento lateral en la parte superior
de las estructuras puede provocar colisiones entre ellas. Este fenémeno, comlinmente
conocido como colision sismica, puede generar fuerzas de impacto que no se tuvieron
en cuenta durante el diseno inicial de la estructura. A su vez, pueden causar danos
estructurales significativos o provocar el colapso completo de la estructura. El objetivo
principal de este trabajo es estudiar los efectos acoplados de la flexibilidad del suelo y
el impacto entre edificios adyacentes sometidos a excitacion sismica. Para capturar las
fuerzas de impacto entre las estructuras durante la colision, se ha utilizado eficazmente
un modelo visco elastico lineal modificado. Se ha prestado especial atencién al
estudio de los efectos de la velocidad de la onda cortante, primero en la interaccién
suelo-estructuray después en larespuesta de colision de las estructuras adyacentes. Se
analizaron tres configuraciones de estructuras adyacentes: estructuras ligeras-ligeras,
ligeras-pesadas y pesadas-pesadas. Los resultados obtenidos mediante este analisis
mostraron que la respuesta dindmicay la fuerza de impacto de las estructuras dependen
esencialmente de la interaccion entre la estructura, la cimentaciéon y el suelo.

to accommodate their relative motion, their different
dynamic properties can lead to collisions that generate
high-impact forces, which can cause severe structural
damage. This phenomenon can be avoided if a separation
distance (also called seismic joint] is ensured.

The dynamic behavior of structures under seismic

loads depends on the interaction with the underlying soil
through the foundation.
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In civil engineering, it is called "Soil-Structure Interaction”
(SSI). This phenomenon poses particular problems in
civil and geotechnical engineering, as the mechanical
properties of the soil can cause strong local seismic
anomalies at the surface. Therefore, when planning a
building, it is necessary to evaluate the soil properties at
the early stage of design [1-8].

Most seismic design codes ignore the SSI and determine
the dynamic response of structures, assuming they are
embedded in the ground. This hypothesis is based on the
assumption that the SSI positively impacts structures by
reducing the inertial forces acting on them. However,
post-earthquake observations have shown that the SSI can
damage some buildings built on unconventional soil [5].
Recently, clauses have been introduced in some seismic
regulations to optimize building designs considering
the SSI effect and allowing more realistic predictions of
seismic behavior.

Seismic collisions between adjacent buildings have been
studied for more than 20 years in several research works
[9-13], considering buildings embedded in foundations
(fixed foundations) and without considering the effects of
SSI. Therefore, completely ignoring SSI phenomena in this
type of structure can lead to structural damage. Given
the complexity of the problem, research in this area has
received little attention.

One of the few studies investigating the simultaneous
effects of impacts and the SSI on adjacent buildings
subjected to ground motion is that of Mahmoud et al. [14].
They studied the effects of a collision on the dynamic
response of light and flexible structures considering the
SSI. The results obtained in this study showed that the
SSI significantly influences the seismic response of same
height buildings during impact.

Two buildings of different heights (10 and 9 floors)
and two buildings of the same height (5 storeys) exposed
to earthquakes, taking into account soil effects were
examined. Based on obtained results, it was concluded
that considering the underlying soil reduced the maximum
soil displacement, impact force, and shear force at each
floor [15].

Soil conditions for studying two adjacent seismically
loaded buildings with different heights (6 and 12 floors),
different foundation depths, and no seismic joint between
the two buildings are considered [16]. Others studies
analyzed collisions of fixed base buildings, isolated
buildings and buildings on soft soil. [17]

Basic analyses are often performed using a single
degree of freedom (SDOF) system as a structural model.

Such a model to conduct a study of adjacent buildings
collision was used [13, 18].  Structural supports are
considered fixed if the soil is rocky (high stiffness]. In soft
soils, the flexibility allows the foundation to rotate and
laterally displace, reducing the stiffness of the overall
structure. [18, 19].

To relate our problem with those mentioned in previous
studies, we propose a simplified model to treat the
collision phenomena of adjacent structures under the SSI
effect. Soils are characterized by the shear wave velocity.
The Algerian seismic code RPA99/Version 2003 [20, 21]
proposes to divide sites into four categories: very soft soil,
soft soil, hard soil, and rocky soil. This classification was
based on soil mechanical properties, primarily shear wave
velocity.

The study was conducted in three different configurations
of two adjacent three-story buildings subjected to the 1940
El Centro earthquake. Each configuration is characterized
by the mass and stiffness properties of the building. A
modified linear viscoelastic model simulated the collision.
We used the Newmark method to solve the dynamic
equations of motion. The primary response parameters
identified in this study are displacement and impact force.

2. Mathematical development of the
proposed method

This study analyzes the coupled effect of SSI and impact
between two adjacent buildings subjected to seismic
excitation. The proposed analytical model consists of two
sub-models: the soil-foundation rheological element and
the superstructure modeled by a multi-degrees of freedom
system MDOF, as shown in Figure 1.

2.1 Soil modeling

The horizontal and rotational movements of the foundation
are represented by springs with stiffness k, and k.
(Equation 1) and dampers with damping coefficients ¢,
and ¢, (Equation 2) [22]. The soil is characterized by the
Poisson’s ratio v; its density p and the shear modulus G
calculated according to the shear wave velocity (Equation
3]. B and g4 are the correction coefficients of the
oscillator’s springs.

L and B are the half-length and half-width of the
foundation, r;, and r,. the foundation radii for translational
and rotational deformation modes, Af and Iy are
cross section and the inertia moment of the foundation,
respectively [9, 23].

G

kn =2(14v)GB.VBL ; k.= mﬁ(;)BLZ (1)
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Figure 1 Two colliding buildings model with SSI
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2.2 Collision model of adjacent structures

Modeling the collision between two adjacent buildings
(Figure 2] requires the use of appropriate models of
collision effects. This can be done using two different
approaches that exist in the literature.

The first approach considers only the energy conservation
laws and deformation of structural elements during
impact. However, the second one directly considers the
impact force; this approach was adopted in our study.
This force can be simulated using either an elastic or
viscoelastic impact model.

In this study, we chose the modified linear viscoelastic
model (Figure 3) [18]. This model was developed firstly
to eliminate the tensile forces that occur just before the
separation of two structures in the linear viscoelastic
model and secondly for simplicity, applicability, and
accuracy in modeling the adjacent structures collision.

M (t) + Cx(t) + Kx(t) + F(t) = —Mi,(t) (4)
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Figure 2 Collision model of two adjacent buildings with three
degrees of freedom
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Figure 3 Modified linear viscoelastic model
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3. Determination of the dynamic
response due to collision

The study consists of determining the impact forces and
displacements of two neighboring structures due to their
collision during an earthquake by introducing the SSI.
The proposed model is based on the shear wave velocity
variation V which characterizes the soil foundation type.
To illustrate the procedure, we have considered the
example of two structures with three degrees of freedom.
The Newmark’'s direct integration method was applied
to numerically solve the equation of motion (Equation 4).
The parameters v = 0.5, B = 0.25, and a constant
step of 0.001s were considered to achieve high numerical
stability. The program was developed in Matlab by the
authors. The effect of SSl is introduced by the impedance
equations (Equations 1 and 2).

(Equation 4] can also be written in matrix form
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Where: displacement of the structures;

ml;m”; el s kY k? are the mass, damping, and stiffness %, () ground acceleration vector.

matrices of the left and right structures, respectively;
X(t);%(t);x(t) are the acceleration, velocity, and
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(7)

(8]

(9)

(10)

(11)

(12)

F(t) impact force; determined by (Equations13 and 14][9]:
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Table 1 Structures properties

Parameters Structure 1 Structure 2
Story mass 31.92x 103 144.72 x 103
m, (kg)
Story stiffness 8 8
K, (N/m) 1.37x 10 3.815x 10
Story damping coefficients 5 e
¢, (N.s/m) 1.477 x 10 4.69 x 10
F(t) = ked(t) + ced(t) if 6(t) > 0 (13)
F(t) = ko(t) if 6(t) <0 (14)

ce,&. are damping and damping coefficient of structure
during impact determined by (Equation 15).

mims 1—¢€?
Ce =26y |ke———; (o= ———F—
& V' " ma 4+ me & ele(m —2) + 2]

. .
Ty —X
€ = ! /

(15

@l — @0
d(t) : structural deformation during impact;
0(t) : structural relative velocity during impact;

4. Case study

4.1 Properties of the structures

In order to illustrate the phenomenon of the adjacent
buildings’ collision considering the soil effect, an analysis
of two three-story reinforced concrete buildings subjected
to the 1940 El-Centro earthquake was performed. The
displacement and the impact force are the parameters of
interest in this comparative analysis.

Three configurations according to the following case are
considered (Figure 4):

e Case (1): the two adjacent buildings (left and right) are
identical.

 Case (2]): the two structures have different properties,
so the right structure has greater stiffness and mass
than the left structure.

e Case (3): the two structures have the same mass and
stiffness as the structure on the right side of Case 2.

The dimensions of the two buildings are represented in
Figure 5, and the mass, stiffness, and damping ratio of the
two buildings are summarized in Table 1.

4.2 Characteristics of the foundation soil

To consider the effects of SSI on collision response, a
comparative analysis was performed on the three cases

Table 2 Foundation and soil properties

Parameters Values
Soil density 3
P (kg/mz) 1.89 x 10
Shear wave 125 300
velocity Vs, (m/s) 600 1350
Soil shear modulus 1.18210° 1.17 x 100
G, (kN/m?) 5.32 x 1015 3.59 x 102!
Poisson’s ratio v 0.3
Spring balancing
correction 1

coefficient B
Spring oscillation
correction 0.5
coefficient By
Radius of the equivalent
circular foundation for 1.12
spring oscillation 7., ( m)
Radius of the equivalent
circular foundation for 1.14
spring balancing 7, ( m)

by varying the shear wave velocity. Foundations and soil
properties are summarized in Table 2.

4.3 Buildings response considering collision
and SSi

Case (1)

Figure 6 represents the temporal displacement of the two
structures for the four soil types (very soft, soft, hard,
and rocky) characterized by their shear wave velocities V;
(125, 300, 600 and 1350) m/s, respectively. The results
show that the SSI contributes significantly to increasing
the top displacement of adjacent structures by about
51%, especially in very soft soil (Vs = 125m/s) where
the impact phenomenon is accentuated. This is due to
the period lengthening and the increased damping of the
SSI system. However, on rocky soil, the stiffness and
displacement of the system are unaffected.

During an earthquake, if the soil is very soft, the top
displacement of the two structures may approach the
ultimate displacement. In this case, they can fail, if
the seismic joint has not been properly dimensioned.
Figure 6 shows that the displacement of the three stories
increases as the value of V, decreases; it increases from
0.005m to 0.0206m on the 1st floor and from 0.011m
to 0.057m on the 3rd floor when V, =1350m/s and 125
m/s, respectively. Therefore, an increase occurs in the
inter-story displacements. It is worth emphasizing the
importance of this parameter, since it is directly related to
the stresses in the plastic hinges and structural elements
damage. Table 3 shows the inter-story displacement
values, and its decrease in rocky soil due to significant
energy dissipation.

13
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Figure 4 The three different configurations
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Figure 5 TGeometrical properties of the structures: (a) light structure, (b) heavy structure, (c] columns and beams cross sections,

and (d) foundation section

Table 3 Inter-story displacements for different soil types

Inter-story displacement [%]
Story Very soft soil Soft soil Hard soil Rocky soil
(Ve=125m/s) (Vo =300m/s) (Vo =600m/s) (Vi=1350m/s)
3-2 0.58 0.14 0.1 0.0667
2-1 0.63 0.20 0.19 0.13
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Figure 6 Displacements time-histories considering shear wave velocity variation: (a) left building and (b) right building

The effects of SSI are determined by most seismic
regulations by the stiffness ratio between the
structure and the soil (h/ViT) (h: effective height,
Vi: shear wave velocity, and T: structure period). If
(h/ViT) > 0.1, the soil-structure interaction causes a
period lengthening of the building, and modifies the forces
distribution and structural deformation requirements.
Applying this ratio to the 1st configuration case
(h=6.12m; T = 0.212 s; V;, = 125, 300, 600, 1350 m/s)
gave the following values of (h/V,T) = 0, 2271, 0.095,
0.047 and 0.021 for very soft, soft, hard, and rocky soil
respectively.

This ratio will be less than 0.1 when the structure is placed
on soft, hard, and rocky soil. This means that the SSI
does not affect its seismic behavior. However, it is greater
than 0.1 for very soft soil, so taking the SSI into account is
necessary.

The impact forces in Figure 7 show that the intensity
of these forces also depends on soil properties and
decreases as the shear wave velocity increases. For the
very soft soil, we observe that the impact force between
the two structures reaches a maximum value at the
second floor F=2010 N at time t=2.4s.

Figure 8 shows the foundation displacement and rotation

curves. These two parameters are also affected by the soil
nature. It is clear that for very soft soil (Vs = 125 m/s)
and soft soil (V; = 300 m/s), displacements and rotations
are greater compared to hard soil (V5 =600 m/s) and
rocky soil (V; = 1350 m/s). The foundation flexibility can
cause lateral displacements and rotations at the structure
base, which can affect the ductility requirement of the
structure.

Figure 9 shows the displacements and impact forces of the
two structures, as well as the displacement and rotation of
their foundations when the soil is very soft. The maximum
impact force occurs at the 2nd floor F=2010N; however, a
decrease in displacements in the three floors is observed,
and the modal deformation shape has changed after the
collision.

Case (2)

In the second case, Structure 1 is light, and Structure 2 is
heavy. Figure 10 represents the temporal displacement
of the two structures for the four soil types. The light
structure displacement is slightly greater for the same
soil type than the heavy one. The displacement of both
structures decreases as the shear wave velocity increases.

15
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Figure 7 Impact force time-histories considering shear wave velocity variation

"""""""""""""""""" N - 1%mis
""""""""""""""" =V, =300mss
7 v =eomsf F 2-felprel-oeer edrrnaaaes e
z v -1s0msf & —V, - 1350m/s
£o r * Eog 0 ha
g H
H 2.2
B 2
a s
1
1 10 20 30 4 E &
Time (s)
Sl
40 | =V, =300m/s 4
__V =600m/s — Il ||
= Al . 5 T 2 i
é 2 —V_=1350 m/s &
B =5 i e £
K] Z
= 2,
B B PP PR PP PP R PEOE PR PREEORPE SEPPEEOO “ |
L SN SO O O AU SO B
gl
P 10 20 30 30 E [
10 20 30 El 50 61 Time (s)

wisoil = 0001 ! P ¢ Usil = 0.00041
EaEE067m Useil = 0.00967m  Usoil = 0.00041m e
AS sl . - kS -

- -

i
0s0il=0.0051 Rad Os0il=0.0041 Rad B50il20:0041 Rad

855il=0.0051 Rad

(a) Before impact U,3=U;p=0.057m U= Uj;=0.04m U= U;=0.02m

(b) After impact Upz= Uj3=0.040m U.,=U;;=0.013m U,=U;;=0.015 m

Figure 9 Displacements and impact forces of the structures for V, = 125 m/s



B. Djebbar et al., Revista Facultad de Ingenieria, Universidad de Antioquia, No. 112, pp. 9-22, 2024

R e SET T SRR SESET PP
—V, =125m/s
0.04 ol —v, =300m/s
- v - ;
E 0,02 |V, =600ms
= —V_=1350m/s
g s
ER | e
H]
z
B 0,020 T b
LY/ NN S NOUPUONULON AN SOOI
B e S AT
0% 10 20 30 40 50 60
Time ()
0,04
—V_=125mwss |}
0.0 J 1 ; B LY H
f ' ! : V=V, =300mys |
0.0; : . : ; : :
- —V_=600ms |}
E o0 1 1 1 = :
é’ : N —V, —1350mis|
0 L :
: ) ; - -
= oonf-Hi--- - -
D s
AT :
0.0 ;
-0, :
0 ;
0 10 0 30 40 50 60
Time (s)
0.03
; : : Vo=V e1sms |
0.0; ; ; ; ; V, =300 s |
g [ : : I ek
2om —V, = 1350 mss|
g - ]
2 oA
=
E-0m
g 0.01
0.0
003 10 20 30 10 50 60
Time (s)

3" story

2" story

1% story

0.06~

0.04—

D— V,=125mis |
=V, =300mss |

oo f b

V,=600ms |
Fl— v,=1350ms |

Displacement (m)
|
=

V.= 125mis
—V_=300m/s
V, = 600m/s
=V, =1350m/s
s
50 50
0.03
—V_=125m/s
0.02 V_=300m/s
- —V_=600m/s
E) b-J
S on — V= 1350 ms
a il
g 0 Ll
=
Eonr-
-0.02
-D'ml) 10 20 30 40 50 60

Time (s)

Figure 10 Displacements time-histories considering shear wave velocity variation: (a) left building and (b) right building

The maximum top displacements of the two heavy and
light structures are 0.051Tm and 0.061m, respectively,
occurring at t=2.2s. On the other hand, for rocky soil, the
maximum displacements of the two structures are 0.004m
and 0.006m, respectively. Figure 11 shows the impact
force of structures subjected to El Centro earthquake for
each soil type. This force value decreases as the shear
wave velocity increases. The maximum impact force is
0.83.10°N and occurs at t=2.29s, 0.09s after reaching
maximum displacement on the 3™ story for very soft soil.

Collisions also affect the inter-story displacement and,
therefore, the impact force on structures. Figure 12
shows the displacement and rotation of foundations for
the left and right buildings. For different values of fV,
the inter-story displacement of the two structures is
calculated and compared.

A very significant increase in inter-story displacement is
observed at all heavy structure levels compared to the light
structure for all soil types. For example, the inter-story
displacements between the third and second storeys of
the two buildings are 0.46% and 0.57%, respectively, for
the very soft soil. However, for rocky soil, these values are
0.02% and 0.04%.

The stiffness ratio h/(VsT) = 0.2271, 0.095, 0.047

and 0.021 for very soft, soft, hard, and rocky soils,
respectively, for the light structure and 0.12, 0.049, 0.025
and 0.011 for the heavy structure. h/(V_sT) < 0.1 for
soil (soft, hard and rocky). This means that the SSI does
not affect the response of the two structures. However,
h/ (VT) > 0.1 for very soft soil. So, a significant period of
lengthening occurs in both structures.

Figure 13 shows that the impact force reaches a maximum
value (F3 =553 N at t=2.29s) at the 3rd floor, but
the displacement decreases after the collision of the two
structures. This is due to the energy loss during impact,
which slows down the structure movement.

After the collision, displacement and rotation of structural
foundations are reduced. Example of a heavy structure:
the displacement decreases from 0.0006m to 0.0003m and
the rotation decreases from 0.0046 rad to 0.00026 rad.

Case (3)

When the two adjacent structures are heavy, the maximum
displacement is much lower compared to the two previous
cases. According to Figure 14, the displacements in
the 3rd, 2nd and 1st stories are about 0.038 m, 0.026
m and 0.031, respectively. The impact force at the 3rd
and 1st story is almost zero, while at the 2nd one it is
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864 N (Vs =125m/s). Figures 14 and 15 show that
displacements and impact forces decrease with increasing
shear wave velocity. Displacements in the three stories
are almost zero in the case of rocky soil. Figure 16 shows
that due to the importance of structure masses, Case 3
has the lowest displacements and rotations of foundations
compared to the other cases.

Figure 17 presents the maximum structural displacement
and impact force response in very soft soil at times
t=2.2s and t=2.32s. The impact force occurs seconds
after maximum structural displacement, and the mass
continues to displace after impact. In this case, the
foundation displacement and rotation values are close to
zero.

Analysis of the results for the three cases studied
shows that collisions become significant when the
difference in mass between adjacent buildings (light to
heavy) is large. In fact, collisions significantly increase
displacement, inter-story displacement, and impact force.
From this, it can be concluded that the displacement and
impact force depend not only on the dynamic properties
of the colliding building and the characteristics of the
seismic excitation, but also on the external environment
surrounding the building foundation. In other words, the
interaction between the structure, the foundation, and the
ground.

5. Conclusions

In this paper, a numerical analysis was performed to study
the coupled effects of collision and SSI on two adjacent
reinforced concrete buildings.  The most important
parameters to determine are displacement and impact
force. A parametric study was carried out between
three configuration cases of two buildings to illustrate the
proposed approach. These cases are distinguished by
differences in mass and stiffness. The effect of the soil
was introduced by its shear wave velocity, characterizing
its nature. The soil types considered are those indicated in
the classification of the RPA99 regulation version 2003, i.e.,
very soft, soft, hard, and rocky soils. The main conclusions
drawn from this study are as follows:

e The displacements of the two structures in the
three cases decrease when the shear wave velocity
increases.

e When the two structures have similar properties
(Cases 1 and 3), displacements and maximum impact
forces occur on the 2nd floor, and when their
properties are different (Case 2J, they occur on the 3rd
floor.

e When the two adjacent structures are on very soft soil,
the impact phenomenon due to the top displacement
of the structure becomes noticeable. However, the

movement of buildings built on rocky soil is not
affected by collisions.

¢ In the structure of the first case, as the shear wave
velocity increases, the impact force occurs sooner
after the maximum displacement is reached.

¢ Flexible structures on very soft soil (low stiffness)
experience multiple impacts during an earthquake;
unlike structures on rocky soil, the impact force
stabilizes over time.

¢ Structures with important masses and rigidities (case
3) resting on soft, hard and rocky soil have a stable
impact force during the earthquake.

¢ Displacements and impact forces depend not only on
the dynamic properties of the colliding building and
the nature of the seismic excitation, but also on the
external environment of the structure’'s foundation,
i.e., interaction between the structure, the foundation
and the soil.

e Different analysis of the effects of varying shear
wave velocities in combination with the properties
of adjacent structures (mass and stiffness) on
the displacements and impact forces during an
earthquake lead to the conclusion that the nature
and soil's conditions should be considered when
determining seismic joints to avoid damage caused by
collisions.
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