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Abstract

Unequal distribution of stresses in soil underneath the foundations of adjacent
buildings represents a great challenge in structural engineering, especially for
buildings prone to earthquakes. Another serious problem facing earthquake-
prone adjacent buildings is collision, which severely affects the behaviour of
the buildings and changes the distribution of the soil stresses under the
foundations of the buildings. This research investigates seismic responses of
adjacent High-Rise Buildings (HRBs) exposed to seismic-induced pounding
and impose irregular soil stress distribution considering the Soil-Structure
Interaction (SSI) effect. For this purpose, numerical nonlinear dynamic
analysis of three-dimensional models of adjacent four HRBs is conducted. To
mitigate the exaggerated effect of seismic-induced collision and soil stress
irregularity on the seismic response of the adjacent HRBs, three approaches are
proposed; improving soil bearing capacity in the highly stressed zone, joining
the adjacent HRBs by means of Fluid Viscous Links (FVLs), and combining
the two previous approaches. Three-dimensional models of the adjacent
4HRBs group are studied under different earthquakes to examine the above-
mentioned three approaches. The combination approach shows promising
results in moderating the collision effects; it considerably mitigates the
pounding effects between the adjacent HRBs in terms of reducing straining
actions and displacements of buildings as well as controlling stresses
irregularity in soil under the foundations of such buildings.

1. Introduction

The lack of construction land leads to the adhesion of buildings, and thus, to the inability to extend
the prominence of raft foundations, which means cutting dimensions on the boundaries of the
adjacent buildings. Consequently, the stresses in the soil beneath the raft foundation become
irregular. Contiguous buildings lead to intensified stresses in some regions in the soil beneath the
foundation. Besides, collision between the superstructures of the adjacent buildings as well as in the
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foundations level has high amplitude and short duration effects cause localized degradation of the
stiffness and strength in the affected members and leave an overall modification in the behavior of
the structures and the stresses distribution in the soil under the foundation of the buildings.

Pounding mitigation between adjacent buildings during earthquakes has been the concern of
considerable research. Jankowski and Mahmoud [1] mitigated the pounding effect between two
adjacent buildings through three types of links (spring, damper, and spring-damper-like elements).
It was concluded that the large stiffness or damping values are more effective in decreasing the
pounding effect. On the other hand, they confirmed that the use of visco-elastic elements reduces
the peak displacement of the lighter and more flexible building at lower stiffness and damping
values compared to the case when spring or damper elements are applied alone. Barros and Khatami
[2] checked the pounding force between two adjacent buildings connected with links and suggested
new formulas and confirmed that the top of buildings is the most part suffer from pounding. Licari
et al. [3] proposed a retrofit technique reproducing Jankowski’s nonlinear viscoelastic relationships
as a mitigation solution for the pounding of adjacent buildings. Polycarpou and Komodromos [4]
used rubber bumpers to mitigate the pounding effect under heavy earthquakes and studied the effect
of gap size, earthquake characteristics, and thickness, compressive capacity, and damping of the
rubber bumpers. Lin et al. [5] used Pounding Tuned Mass Damper (PTMD) to mitigate the
pounding effects of the adjacent buildings experimentally by applying the manufactured PTMD on
a shaking table, the results showed that the TMD is sensitive to input excitations, while the PTMD
mostly has improved control performance over the TMD. Skrekas et al. [6] studied the inelastic
response of two 5-storey buildings with a 7-storey building. It was shown that the effect of the
induced torsion on the structural response of the entire block is substantial due to the bi-directional
seismic pounding because of the coupled building block system. Khatiwada et al. [7] applied a
parametric study of mass pendulums, relative velocities, and shape of contact surface on the
restitution and acceleration. It was concluded that acceleration is not dependent on mass but on
velocity, total participating mass, and the ratio of striker mass to struck block. Polycarpou et al. [8]
applied numerical simulations and parametric studies on the effect of the inclination angle of the
earthquake on adjacent buildings as a very important parameter during pounding. Lin et al. [9] used
a Multiple Pounding Tuned Mass Damper (MPTMD) to reduce the pounding between two adjacent
buildings and obtained an equation that controls the response. The (MPTMD) was applied on an
existing tower, it was concluded that the system has better control efficiency over the traditional
TMDs. Amiri et al. [10] studied the base isolation effect on the adjacent non-isolated base
buildings. The results indicated that the effect of the stiffness of the adjacent buildings on the
impact imposed on the superstructure, and the increment of the fundamental period of the isolated
building could intensify the impact force up to nearly five-fold. Bi et al. [11] studied the pounding
between L-shaped irregular 3D buildings with numerical simulations and investigated the different
parameters of the pounding on the response of each building with the probability of the pounding
locations. Kheyroddin et al. [12] studied the lateral structural systems of adjacent earthquake-
resistant buildings to show which system can mitigate the pounding between these buildings under
earthquake. Jiang et al. [13] studied the pounding between unequal height adjacent low-rise
buildings with a parametric study on the different parameters that affect the pounding and
concluded that the dangerous pounding is at mid-column. Karabork et al. [14] found the optimum
placements of viscous dampers to prevent the pounding between adjacent buildings with a new
algorithm and improved its effectiveness. Abdel Raheem et al. [15] studied the eccentric pounding
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between adjacent buildings and concluded that torsional oscillation due to eccentric pounding plays
a significant role in the overall response of symmetric buildings in horizontal eccentric alignment
under earthquake excitation. Shi et al. [16] described the effect of contact pounding points of
adjacent buildings subjected to earthquakes and concluded that the hierarchical substructure method
can significantly speed up the numeric integration procedure by preserving a required level of
accuracy. Abdel Raheem et al. [17] studied the pounding effect on the adjacent buildings and the
effect of the number of stores, separation distances, and alignment configurations on the behavior of
the adjacent buildings. It was concluded that the pounding effects depend on the dynamic
characteristics and produce big acceleration and shear force. Naserkhaki et al. [18] studied the
pounding between adjacent buildings and concluded that the taller building is not affected when the
short building is relatively very short. But it will suffer if the height of the short building is
increased, and the most critical pounding scenario is when the shorter building’s height is half of
the height of the taller one, which demands increasing the separation gap. Rahimi and Soltanim [19]
proposed an analytical approach for the pounding of adjacent buildings and showed that the
proposed approach can significantly save computational costs by obviating the need for performing
dynamic analysis. Shehata E. A. et al. [20] compared the seismic response of structures with
shallow raft base lying on soft soil with fixed support conditions. F. Kazemi et al. [21] studied
adjacent RC and steel moment-resisting frame buildings with different heights to investigate the
collision effects. The results illustrated that providing a fluid viscous damper between adjacent
reinforced concrete and steel structures can be effective to eliminate the sudden changes in the
lateral forces during the collision. Farghaly [22] studied the effect of soil-structure interaction on
the seismic response of adjacent buildings and investigated the effect of pounding between the
superstructure and the substructure at the foundation level for buildings with different heights and
different foundation levels.

Several studies have contributed significantly to the field of seismic-induced pounding between
buildings and the influential factors in the pounding phenomenon. However, the dynamic
interaction between buildings undergoing pounding and the surrounding soil is worthy of further
consideration. In general, the interaction effect between soil and structure is disregarded during
seismic design and analysis of superstructures. However, the system of soil-base adversely affects
the behaviour of the structures; the response of a structure supported on a rigid foundation to
earthquake motion is not the same response as if the structure is supported on deformable soil.
Moreover, recorded ground motion at the base of a structure is different from that which would be
recorded if there is no structure. The assumption of ignoring the effects of SSI might be appropriate
for rigid soil. For soft soils, the response of the structure under seismic excitation is significantly
influenced by SSI [23]. It has been recognized that SSI decreases the stiffness of the structure due to
the movement of the flexible soil [24]. Miari et al. [25] extensively reviewed previous studies on
pounding between adjacent buildings with fixed bases, isolated buildings, and buildings resting on
soft soils. Previous studies concerning the factors that influence earthquake-induced structural
pounding in bridge structures were reviewed by Miari et al. [26] and recommended mitigation
measures were introduced.

The flexible structure was found to be more sensitive to pounding with SSI compared to the stiffer
structure [27-29]. Most studies indicate that the response of the superstructure regarding
displacement, shear forces, pounding forces, base forces, and acceleration is higher in the case when
SSlI is considered. In other studies, it was found that considering SSI leads to a reduction in the peak
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displacements, shear forces, impact forces, and energy dissipation, while it leads to an increase in
the acceleration at all storeys and the number of impacts. The difference in the results is attributed
to the type of soil and the foundation type used in investigations. The influence of the soil type on
the effects of collision between buildings is also investigated by M. Miari et al. [30,31]. These
studies investigated the effect of pounding between buildings founded on the same and different soil
types. Three 3-D high-rise buildings with different heights experiencing earthquake-induced
pounding were examined considering five different soil types defined in the ASCE 7-10 code. The
results of this study indicate that higher displacements at all storeys, peak storey shears, and
pounding forces were experienced in buildings founded on soft clay soil, then for buildings founded
on stiff soil, then for buildings founded on very dense soil and soft rock, and finally for buildings
founded on rock and hard rock. This means that considering the soil-structure interaction and the
soil type in pounding studies is crucial rather than considering fixed-base building. Mahmoud et al.
[32] investigated the influence of SSI on isolated buildings with rubber bearings subjected to
pounding with moat wall. The results showed that, regarding the superstructure response, the
displacement, acceleration, and number of impacts increase while the impact force and dissipated
energy decrease when taking SSI into consideration. Regarding the isolated base, the acceleration
decreases while the displacement is insensitive considering SSI. The response is greater when the
soil is softer and when the ground motion is near the site. The general aim of this paper is to
contribute to understanding the response of high-rise adjacent buildings vulnerable to seismic-
induced pounding considering SSI effect.

2. Research Objective

The main objectives of this paper are to study the pounding effect between adjacent HRBs imposing

unequal stress distribution in the soil under the foundation of the buildings and investigate the

efficiency of pounding mitigation procedures taking into consideration SSI effect. In this paper,
four cases are studied as follows:

e The effect of pounding on the seismic response of adjacent 4HRBs in terms of lateral
displacements, base shear forces, and base moments is studied under different earthquakes
considering SSI effect.

¢ Mitigation of pounding effect by means of connecting the adjacent 4HRBs by FVLs is studied
considering SSI effect.

e The influence of improving soil bearing capacity under the foundations of the adjacent 4HRBs
on mitigating the pounding effect is also investigated.

¢ The advantage of using soil improvement procedure along with connecting the adjacent 4HRBs
with fluid viscous links to mitigate the pounding effects is inspected.

3. Modeling of the Structural System for Seismic Analysis

To study the seismic response of adjacent buildings, undergo pounding considering SSI effect,
three-dimensional model of adjacent 4HRBs group is analysed using SAP2000 program. Each
building is twelve storeys with total height of 36 m from ground level with 3 m storey height. The
group of buildings consists of four adjacent buildings with two-side projection raft foundations. The
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adjacent buildings group induces unequal stresses underneath the foundations due to the difference
between the center of gravity of each building and the center of area of its raft foundation. The
highest stress point under the foundations appears under the un-projected corner of the raft
foundations, as shown in Fig. 1.
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Fig. 1 Group of 4HRBs with 2 m foundation projection (two-side projection of each raft foundation)
3.1. Structural Details of Buildings

Fig. 2 shows detailed structural plans of floor slab and raft foundation of the buildings. Each
building is a reinforced concrete structure 20 x 20 m in plan. Buildings are symmetrical in X and Y-
direction. A live load for a residential building of 2 kN/m2 is used, while the superimposed dead
load is equal to 2 kN/m2. The structural system of each floor consists of slab-beam system with two
beam models (b and b1) of 250 x 600 mm in cross-section and spacing 5 m in both directions as
shown in Fig. 2(a). Beam b is of 2 @12 and 4 @16 for top and bottom reinforcement, respectively.
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Fig. 2 Structural plans
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For beam by, the top and bottom reinforcement are 3 @12 and 5 @16, respectively. The slab
thickness is 120 mm, and the reinforcement is 6 @12/m' in each direction. Columns cross section is
800 x 800 mm with reinforcement of 26 @18. The raft foundations are of 1500 mm thickness and 7
@ 25/m' top and bottom mesh as shown in Fig. 2(b). In this paper, the Egyptian Code of Practice
(ECP) [33,34] is used. Beams and columns are modelled as frame elements, slabs are defined as
shell elements.

3.2. Earthquake Record

Three-dimensional time history analysis is performed using SAP2000 program for four adjacent
HRBs with twelve floors heights without a separation gap between buildings large enough to allow
individual buildings to vibrate freely. Therefore, pounding occurs, and buildings displacements and
storey shears deviate from the no-pounding case. Analysis is performed under four different
earthquakes strike in X or Y-direction considering SSI effect. The time history analysis is about 40-
s duration and consists of 4000 steps under actual earthquake accelerograms and a vibration
segment of 0.01 s duration. The used earthquakes excitations are as shown in Fig. 3. The 1940 El
Centro earthquake occurred in the Imperial Valley in south-eastern California with a Magnitude
(Mw) = 6.9. The 1995 Kobe earthquake occurred in southern Hyogo prefecture with (Mw) = 6.9.
The 1989 Loma Prieta earthquake occurred in northern California with (Mw) = 6.9. The 1994
Northridge earthquake occurred in the San Fernando Valley region of the city of Los Angeles with
(Mw) = 6.7. Characteristics of the used ground motions (Magnitude (Mw), Peak Ground
Acceleration (PGA), Peak Ground Velocity (PGV), and Epicentral Distance) are given in Table 1.
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Fig. 3 Acceleration signals of used different earthquakes
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Table 1: Characteristics of the used ground motions. [35]

Earthquake Magnitude (Mw) PGA (9) PGV (cm/s) Epi. Dist. (km)
1940 EI Centro 6.9 0.37 33.45 12.2
1995 Kobe 6.9 0.345 - 225
1989 Loma Prieta 6.9 0.37 62.8 17.2
1994 Northridge 6.7 0.56 515 24.1

3.3. Soil-structure Interaction Model

The dynamic characteristics of a structure such as fundamental frequency and vibration modes are
dependent on soil stiffness. When the structure is stiff and the underlying soil is soft, the SSI effect
becomes important. On the other hand, as the structural period gets longer and the stiffness of the
soil under the structure gets higher, SSI loses its importance. In the present study, medium soil is
used, the properties of the used soil are shown in Table 2, where, E is the Elastic modulus, G is the
strain shear modulus, v is Poisson’s ratio, and p is the mass density of the soil.

The dynamic model of the foundation-soil interaction system is represented by an equivalent
springs and dashpots system in three directions (X, Y, and Z-directions), as shown in Fig. 4. Springs
and dashpots represent soil stiffness and soil damping, respectively. The spring stiffness and
damping coefficients of the soil in the vertical and horizontal directions for the 3D soil element are
calculated using the expressions in Table 3, described by Newmark and Rosenblueth [36]. When a
non-circular foundation is considered, an equivalent radius is defined to use these equations. In the
present study, the equivalent radius was obtained by equating the area of a circular plate to the
square plate and solving for  (Adapted from [37])

Table 2: Soil properties

Soil type p0(Mg/m°) G (N/mm?) v E (N/mm?)
Medium 1.95 25 0.4 30
Table 3: Stiffness and damping coefficients of soil model [36].
Direction Stiffness; k Damping; ¢
Vertical k= 145"; ¢ = 1.79 Jkpr
Horizontal k= 182 m% c = 1.08 kpr?®

1 = Plate radius; - = shear modulus; © = Poisson's ratio; g = mass density.

X

‘
Fig. 4 Soil-foundation interaction element modeled as spring-mass system with viscous damper in three
directions
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3.4. Impact Elements

In this study, the equivalent impact element of spring-dashpot model is applied to simulate the
earthquake-induced pounding between the adjacent buildings. The impact force, F(t), in the model
is expressed as [21]:

F{t) = kim,u S(t) + Cimp S{t) (1)

where &(t) and &(t) denote the relative deformation and the relative velocity of the colliding
buildings, respectively. k... is the stiffness of the impact element and ¢, is the damping
coefficient of the impact element. The value of the damping coefficient of the impact element
reflects the energy losses during the inelastic collisions. The coefficient of restitution is utilized for
assigning values of the damping coefficient of the impact elements in Anagnostopoulos [38]. If the
masses m, and m, are the masses of the two pounding buildings, then the damping coefficient,
imp: Of the impact element in terms of the coefficient of restitution, ¢, is expressed by

Anagnostopoulos [38,39] as

C

9 F |rEL ( myms ) F Inc,
Comp =25 |Kimp my, +my/ ' i - . (2)
\JI - + (Inc,.)?

where [ is the damping ratio and Inc, is the natural logarithm of c,.. Table 4 shows the values of
the restitution coefficient ¢, via the damping ratio ¢. For concrete-to-concrete impact, as in the
application herein, a value of the coefficient of restitution ¢, = 0.65 is recommended by Jankowski
[40], which corresponds to a damping ratio ¢=0.14.

Table 4: Values of coefficient of restitution (e,.) via damping ratio (¢).

Case €y 4
Elastic impact 1 0
Plastic impact 0 1
The study case 0.65 0.14

4. Numerical Results and Discussion

In this section, numerical studies are conducted to examine the mutual effect of pounding between
adjacent HRBs due to ground motions in presence of soil stress irregularity taking into
consideration SSI effect for more realistic modeling. Furthermore, the effectiveness of proposed
pounding mitigation procedures (such as connecting fluid viscous links between buildings and/or
improving soil bearing capacity) is investigated. Seismic responses of the pounding adjacent
4HRBs are compared with responses of a single HRB with a two-side projection foundation as a
reference case to understand the deviation of the response of pounding HRB from the response of a
single HRB under different earthquakes considering SSI. The ratios between the corresponding
values of the measured responses are used for the comparison. Additionally, the efficiency of the
proposed pounding mitigation procedures is measured by the reduction in the response values of the
4HRBs when applying mitigation procedure relative to the corresponding values of the 4HRBs
without mitigation procedures. The studied cases are summarized in Table 5.
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Table 5: The studied cases.

Case | Notation Description

Casel SC Single Case (HRB with two-side projection foundation)

Case2 GC1 Group Casel (Adjacent 4HRBs without mitigation procedure)

Case3 GC2 Group Case2 (Adjacent 4HRBs with soil improvement)

Case4 GC3 Group Case3 (Adjacent 4HRBs connected with fluid viscous links)
Caseb GC4 Group Case4 (Adjacent 4HRBs with soil improvement and fluid viscous links)

4.1  Seismic Response of Adjacent Buildings Subjected to Pounding Considering SSI

To study the effect of seismic-induced pounding between adjacent HRBs in presence of irregular
stress distribution in soil, a particular arrangement of adjacent 4HRBs group with two-side
projection raft foundation of each building is considered as shown in Fig. 1. The 4HRBs are
identical, which means that they have the same dynamic properties and fundamentally will vibrate
in-phase in the fixed base cases, which means no collisions will occur. However, in this study, even
though the buildings have the same dynamic properties, they vibrated out-of-phase causing
collisions. This is apparently due to the consideration of the soil.

Seismic responses for pounding adjacent 4HRBs case (GC1) are inspected along the direction of the
ground motion considering the SSI effect. Lateral displacements, base shears, and base moments of
the single building case (SC) and of the pounding HRBs case (GC1) are shown in Figs. 5-7. Ratios
between maximum lateral displacements, base shears, and base moments of the pounding HRBs
case (GC1) and of the single building case (SC) are given in Tables 6-8 for comparison.

Fig. 5 represents the lateral displacements of the single HRB case (SC) and of the pounding HRBs
group (GC1) in x and y-directions under different earthquakes considering SSI effect. Fig. 5(a)
shows the lateral displacements caused by El Centro earthquake in x and y-directions. The
maximum lateral displacement of the HRBs (GC1) records about 0.6 of the corresponding value for
the single HRB (SC), as in Table 6. It may be owing to the phenomenon of collision between
buildings that leads to the emergence of displacements in opposite directions. Fig. 5(b) shows the
lateral displacements caused by Northridge earthquake. The maximum lateral displacement of case
(GC1) and of case (SC) have the same value for Northridge earthquake as seen in Table 6. Fig. 5(c)
shows the lateral displacements of the buildings subjected to Loma Prieta earthquake. The
maximum lateral displacement of case (GC1) records 0.8 of the corresponding value of case (SC).
Fig. 5(d) shows the lateral displacements of the buildings subjected to Kobe earthquake. The
maximum value of the lateral displacements of case (GC1) is slightly higher than the maximum
lateral displacement of case (SC).

Fig. 6 shows the maximum base shear of the buildings in (GC1) and the base shear of the single
building (SC) due to the above-mentioned four earthquakes in x and y-directions. Fig. 6(i)
represents the base shears in x-direction. It can be noticed from the figure that the maximum base
shear in case (GC1) records higher values than the corresponding values in the single building
under three of the earthquakes, but the value is lower for the fourth earthquake. Fig. 6(ii) also shows
that the values of the maximum base shear in case (GC1) records higher values than that of the
single building case in y-direction under the three earthquakes.
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Fig. 5 Lateral displacements of adjacent 4HRBs without mitigation procedure (GC1) subjected to different
earthquakes compared with a single building case (SC) with two-side projection foundation.
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Table 6: Maximum lateral displacements of the 4HRBs case without mitigation procedure (GC1)
compared with the single case (SC).

Case Earthauake Maximum lateral Lateral displacements relative to
q displacements (mm) (SC)
El Centro 390 -
North 430 -
sC Loma 500 -
Kobe 410 -
El Centro 240 0.6
North 430 1.0
GC1 Loma 400 0.8
Kobe 440 1.1
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é 8000 / P § 8000 / >
é 7000 \ / / g 7000 / /
i J~_. "~ ¢ / A
6000 / \/ 6000
4000 ( 4000 ( \/
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i) X-direction base shear (KN) ii) y-direction base shear (KN)

Fig. 6 The maximum base shear of the adjacent 4HRBs without mitigation procedure (GC1) and of the
single building case (SC) in x and y-directions.

The maximum values of the base shear for the single case (SC) and for the 4HRBs case without
mitigation procedure (GC1) are tabulated in Table 7 for every earthquake. The ratio between the
maximum values of the base shear of case (GC1) and the corresponding values of case (SC) is
calculated for every earthquake and added in Table 7 in the last column. These ratios range from
(0.6 to 1.9), these results indicate that the deviation of the response of pounding HRB from the
response of single HRB ranges widely for different earthquakes. Furthermore, in some incidents the
response of a pounding HRB is higher than the response of a single HRB, and in other earthquakes
is the opposite. In general, earthquakes have different characteristics such as peak acceleration,
duration of strong motion, and different ranges of dominant frequencies and therefore have different
influences on the structure.

Table 7: Maximum base shear of the 4HRBs case without mitigation procedure (GC1) compared with the
single case (SC).

Maximum base shear

Case Earthquake (KN) Base shear relative to (SC)

El Centro 7730 -
North 5470 -
sC Loma 8540 -
Kobe 7750 -

El Centro 4520 0.6

North 10150 1.9

GC1 Loma 10460 1.3

Kobe 11540 15
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Fig. 7 shows the maximum base moment of the buildings in (GC1) and the base moment of the
single building (SC) due to the above-mentioned four earthquakes in x and y-directions. Fig. 7(i)
shows that the maximum base moment in case (GC1) records values higher than the corresponding
values of the single building in the x-direction under three of the earthquakes, but the value is lower
for the fourth earthquake. Fig. 7(ii) shows the base moment in y-direction, it can be seen from the
figure that the maximum base moment in (GC1) records values higher than the corresponding
values of the single building case under the three earthquakes.
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Fig. 7 The maximum base moment of the adjacent 4HRBs without mitigation procedure (GC1) and of the
single building case (SC) in x and y-directions.

The maximum values of the base moment for the single case (SC) and the maximum values of the
base moment for the 4HRBs case without mitigation procedure (GC1) are tabulated in Table 8 for
every earthquake. The ratios between the maximum values of the base moment of case (GC1) and
the corresponding values of case (SC) are calculated for every earthquake and added in Table 8 in
the last column, these ratios range from (0.6 to 1.9). As the base shear, the base moment of the HRB
in the group is higher than that of the single HRB in some cases and in other incidents is the
opposite.

Table 8: Maximum base moment of the 4HRBs case without mitigation procedure (GC1) compared with the
single case (SC).

Maximum base moment Base moment relative to

Case Earthquake (KN.m) (SC)
El Centro 18650 -
North 13310 -
SC Loma 20720 -
Kobe 18000 -

El Centro 10810 0.6

North 24480 1.9

GCl Loma 25160 1.3

Kobe 27940 1.6

It can be noticed from the above results that the base shears and base moments of the HRBs in
group record higher values than the corresponding values of the single building case under most of
the considered earthquakes. This may be attributed to the partial restraint in lateral displacements
caused by the movement restraint provided by the adjacent buildings. However, the comparison
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between the single case (SC) and the pounding case (GC1) has revealed that pounding between

adjacent HRBs may not enormously increase the buildings straining actions as base shears and base

moments under some earthquakes (as seen in El Centro earthquake instance) despite the less lateral

displacement compared to the single case. This is apparently due to the different characteristics of

every earthquake.

The effect of using pounding mitigation procedures on the seismic response of adjacent buildings

taking into consideration the SSI effect is investigated herein. Three different mitigation procedures

are examined to reduce the pounding effect between the adjacent 4HRBs, as follows:

e Improving soil by means of driven piles in the connecting zone between the adjacent 4HRBs
under raft foundations (at the highly stressed zone).

e Linking the adjacent 4HRBs by fluid viscous links.

e A combination of the two previous methods.

4.2 Seismic Response of Adjacent Buildings Subjected to Pounding with Soil Improvement

The Soil under the foundations of the adjacent 4HRBs is medium soil with a highly stressed region
under the connecting zone of the raft foundations of the buildings. The properties of the used soil
are shown in Table 2. Fig. 1 shows the high stress points and the low stress points under the
foundations. Increasing the soil bearing capacity in the highly stressed region under the connecting
zone may reduce the pounding effect between the adjacent buildings. Driven piles procedure is
utilized as a soil improvement technique. Driven piles are used to confine and strengthen the soil to
improve the bearing capacity of the soil. In the present study, the spacing-to-pile diameter ratio
(S/D) is assigned to be equal to 4. Piles are distributed in a 2 m x 2 m array in half of the area under
each raft foundation around the connecting zone between the adjacent 4HRBs as shown in Fig. 8.

———— e N ————

Fig. 8 Piles distribution under half of the raft foundation of each adjacent building.

To investigate the effectiveness of soil improvement on the seismic response of adjacent buildings
undergo pounding, the seismic responses of the adjacent 4HRBs with driven piles in the highly
stressed soil region are inspected under different earthquakes considering SSI effect. Lateral
displacements, base shears, and base moments of the pounding HRBs (GC2) and of the single
building (SC) are shown in Figs. 9-11. The responses of the adjacent 4HRBs with soil improvement
(GC2) are compared with the responses of the single building (SC) and with the responses of the
adjacent 4HRBs without mitigation procedure (GC1) in Tables 9-1.
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Fig. 9 Lateral displacements of adjacent 4HRBs with soil improvement (GC2) subjected to different
earthquakes compared with a single building case (SC) with two-side projection foundation.
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Fig. 9 represents the lateral displacements of the single HRB (SC) and of the pounding HRBs
(GC2) in x and y-directions under the four earthquakes considering the SSI effect. Fig. 9(a) shows
the lateral displacements caused by El Centro earthquake in x and y-directions. The maximum
lateral displacement of the 4HRBs (GC2) records about 0.4 of the corresponding value for the
single HRB (SC), as shown in Table 9. Fig. 9(b) shows the lateral displacements caused by
Northridge earthquake. The maximum lateral displacement of (GC2) records about 0.6 of the
corresponding value of (SC), as seen in Table 9. Fig. 9(c) shows the lateral displacements of the
buildings subjected to Loma Prieta earthquake. The maximum lateral displacement of case (GC2) is
0.5 of the corresponding value of case (SC). Fig. 9(d) shows the lateral displacements of the
buildings subjected to Kobe earthquake. The maximum value of the lateral displacements of case
(GC2) is 0.7 of the maximum lateral displacement of case (SC), as shown in Table 9. The reduction
in the lateral displacements of case (GC2) relative to case (GC1) ranges from 37% to 42% as shown
in Table 9. These results suggest that increasing soil bearing capacity generally governs the
response of adjacent buildings exposed to seismic-induced pounding.

Table 9: Maximum lateral displacements of the 4HRBs case with soil improvement (GC2) compared with
the single case (SC) and with the 4HRBs case without mitigation procedure (GC1).

Maximum lateral . Lateral displacements
Case Earthquake displacements Lat(reg?;t?\;:;i?((:grg;a nts reduction relative to
(mm) (GC1)

El Centro 390 - -
North 430 - -
SC Loma 500 - -
Kobe 410 - -
El Centro 240 0.6 -
North 430 1.0 -
Gl Loma 400 0.8 :
Kobe 440 1.1 -

El Centro 140 04 42%

North 270 0.6 38%

Ge2 Loma 240 05 40%

Kobe 280 0.7 37%

Fig. 10 shows the maximum base shear of the buildings in (GC2) and the base shear of the single
building (SC) due to the above-mentioned four earthquakes in x and y-directions. Table 10 contains
the maximum value of the base shear for case (SC), case (GC1), and case (GC2) for every
earthquake. It can be noticed that the maximum base shear of case (GC2) records higher values than
the corresponding values of case (SC) in some incidents, and the value is lower in other incidents.
But, in general, the deviation of the values of case (GC2) from the values of case (SC) is less than
the deviation found between the values of case (GC1) and case (SC), as can be noticed from the
calculated values of the base shear relative to (SC) in Table 10. The ratios between the maximum
values of the base shear of (GC1) and (SC) range from (0.6 to 1.9). However, the ratios between the
maximum values of (GC2) and (SC) range from (0.5 to 1.5), as given in Table 10.
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Fig. 10 The maximum base shear of the adjacent 4HRBs with soil improvement (GC2) and of the single
building case (SC) in x and y-directions.
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Table 10: Maximum base shear of the 4HRBs case with soil improvement (GC2) compared with the single
case (SC) and with the 4HRBs case without mitigation procedure (GC1).

Case Earthauake Maximum base | Base shear relative | Base shear reduction relative
q shear (KN) to (SC) to (GC1)
El Centro 7730 - -
North 5470 - -
SC Loma 8540 - -
Kobe 7750 - -
El Centro 4520 0.6 -
North 10150 1.9 -
GC1 Loma 10460 1.3 -
Kobe 11540 15 -
El Centro 3560 0.5 22%
North 7920 15 22%
GC2 Loma 8150 1 23%
Kobe 8970 1.2 23%

Fig. 11 shows the maximum base moment of (GC2) and the base moment of (SC) due to the four
earthquakes in x and y-directions. The base moment of case (GC2) records higher values than the
corresponding values of case (SC) in some incidents. However, it can be noticed from Fig. 11 that
the deviation of the base moment of case (GC2) from case (SC) is less than the deviation found for
case (GC1). The ratios between the maximum values of base moment for both case (GC1) and case
(GC2) corresponding to the values of case (SC) are calculated for every earthquake and added in
Table 11 on the last column.

Furthermore, the reduction in the values of the maximum base shear of case (GC2) relative to case
(GC1) is provided in Table 10, and the reduction in the values of the maximum base moment of
case (GC2) relative to case (GC1) is provided in Table 11 to discuss the efficiency of this mitigation
procedure. It is found that the lateral displacements, the maximum base shears, and the maximum
base moments of case (GC2) record values less than the corresponding values of case (GC1) under
all the considered earthquakes. The reduction in the lateral displacements of case (GC2) relative to
case (GC1) is (37- 42%). The reduction in maximum base shear of case (GC2) relative to case
(GC1) is (22-23%). The reduction in the maximum base moment of case (GC2) relative to case
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(GC1) is (25-26%) under the considered earthquakes, see Tables 9-11. These results imply the
effectiveness of the proposed soil improvement technique with driven piles as a procedure to

mitigate the effect of pounding.
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Fig. 11 The maximum base moment of the adjacent 4HRBs with soil improvement (GC2) and of the single

Table 11: Maximum base moment of the 4HRBs case with soil improvement (GC2) compared with the
single case (SC) and with the 4HRBs case without mitigation procedure (GC1).

Maximum base

Base moment

Base moment reduction

Case Earthquake moment (KN.m) relative to (SC) relative (GC1)

El Centro 18650 - -
sc North 13310 - -
Loma 20720 - -
Kobe 18000 - -
El Centro 10810 0.6 -
North 24480 1.9 -
GCl Loma 25160 13 :
Kobe 27940 1.6 -

El Centro 8100 0.5 26%

GC2 North 18350 1.4 26%

Loma 18950 1 25%

Kobe 21050 1.2 25%

4.3 Seismic Response of Adjacent Buildings Subjected to Pounding and Linked with FVLs

Mitigation of pounding effects by means of applying fluid viscous links between adjacent buildings
is a well-known technique. In this research, the seismic response of the adjacent 4HRBs linked with
FVLs is investigated considering the SSI effect. Results are utilized to compare the efficiency of
improving soil bearing capacity and / or applying FVLs procedures in mitigating the combined
effects of collision and soil stress irregularity on the seismic response of adjacent buildings. FVLs
are distributed between the adjacent 4HRBs as shown in Fig. 12 to mitigate the effect of pounding
between the adjacent 4HRBs.
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Fig. 12 Distribution of Fluid Viscous Links (FVLs) in elevation and in plan between the 4HRBs.

Fig. 13 represents the lateral displacements of the adjacent 4HRBs linked with FVLs (GC3) and of
the single HRB (SC) in x and y-directions under different earthquakes considering the SSI effect.
Table 12 contains the ratios between the values of the maximum lateral displacements of (GC3) and
the corresponding values of (SC) for comparison. The maximum lateral displacement of case
(GC3), caused by EI Centro earthquake, records about 0.2 of the corresponding value of case (SC)
as in Table 12. The maximum lateral displacement of case (GC3) relative to that of case (SC) is 0.3
for Northridge earthquake as seen in Table 12. The maximum lateral displacement of case (GC3),
subjected to Loma Prieta earthquake, records 0.3 of the corresponding value of case (SC). The
maximum value of the lateral displacements of case (GC3) subjected to Kobe earthquake is 0.4 of
the maximum lateral displacement of case (SC). The reduction in lateral displacements of case
(GC3) relative to case (GC1) ranges from 68% to 71% as shown in Table 12. These results verify
that connecting adjacent HRBs with fluid viscous links enormously reduces the lateral
displacements of such buildings even in presence of the combined effects of collision and soil stress
irregularity.

Table 12: Maximum lateral displacements of the 4HRBs case connected with fluid viscous links (GC3)
compared with the single case (SC) and with the 4HRBs case without mitigation procedure (GC1).

Maximum lateral . Lateral displacements
Case Earthquake displacements Lateral (_:Ilsplacements reduction relative to
relative to (SC)
(mm) (GC1)

El Centro 390 - -
North 430 - -
SC Loma 500 - -
Kobe 410 - -
El Centro 240 0.6 -
North 430 1.0 -
GCl Loma 400 0.8 -
Kobe 440 1.1 -

El Centro 70 0.2 71%

North 140 0.3 68%

GC3 Loma 130 0.3 68%

Kobe 140 04 69%
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Fig. 13 Lateral displacements of adjacent 4HRBs connected with fluid viscous links (GC3) subjected to
different earthquakes compared with a single building case (SC) with two-side projection foundation.
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Fig. 14 shows the maximum base shear of the buildings in case (GC3) and the base shear of case
(SC) due to the four earthquakes in x and y-directions. It can be seen from Fig. 14 that the
maximum base shear in case (GC3) is lower than the corresponding values in (SC) in most
incidents. Table 13 contains the maximum values of the base shear for case (SC), case (GC1), and
case (GC3) for every earthquake. The ratios between the maximum values of the base shear of
(GC1) and (SC) range from (0.6 to 1.9). However, these ratios between (GC3) and (SC) range from
(0.4 to 1.1), as given in Table 13. Furthermore, the reduction in the maximum base shear of case
(GC3) is 45% relative to case (GC1), as provided in Table 13.
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Fig. 14 The maximum base shear of the adjacent 4HRBs connected with fluid viscous links (GC3) and of the
single building case (SC) in x and y-directions.

Table 13: Maximum base shear of the 4HRBs case connected with fluid viscous links (GC3) compared with
the single case (SC) and with the 4HRBs case without mitigation procedure (GC1).

Case Earthquake Maximum base | Base shear relative | Base shear reduction relative
shear (KN) to (SC) to (GC1)
El Centro 7730 - -
North 5470 - -
SC Loma 8540 : :
Kobe 7750 - -
El Centro 4520 0.6 -
North 10150 1.9 -
GCl Loma 10460 13 -
Kobe 11540 15 -
El Centro 2490 0.4 45%
GC3 North 5600 1.1 45%
Loma 5770 0.7 45%
Kobe 6380 0.9 45%

Fig. 15 shows the maximum base moment of case (GC3) and the base moment of case (SC). Table
14 contains the maximum values of the base moment for case (SC), case (GC1), and case (GC3) for
every earthquake. The ratios between the maximum values of the base moment of (GC1) and (SC)
range from (0.6 to 1.9). However, the ratios between the maximum values of (GC3) and (SC) range
from (0.4 to 1.2). However, the reduction in the base moment of case (GC3) relative to case (GC1)
ranges from (38% to 39%), as given in Table 14. Thus, connecting HRBs with fluid viscous links in
presence of the combined effects of the collision and the soil stress irregularity not only reduces
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lateral displacements but also highly mitigates the other seismic responses as base shears and

moments.
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Fig. 15 The maximum base moment of the adjacent 4HRBs connected with fluid viscous links (GC3) and of
the single building case (SC) in x and y-directions.

Table 14: Maximum base moment of the 4HRBs case connected with fluid viscous links (GC3) compared
with the single case (SC) and with the 4HRBs case without mitigation procedure (GC1).

Case Earthquake Maximum base BaSt_e moment Base mo_ment reduction
moment (KN.m) relative to (SC) relative to (GC1)
El Centro 18650 - -
North 13310 - -
SC Loma 20720 - -
Kobe 18000 - -
El Centro 10810 0.6 -
North 24480 1.9 -
GCl Loma 25160 13 :
Kobe 27940 1.6 -
El Centro 6750 0.4 38%
GC3 North 15250 1.2 38%
Loma 15700 0.8 38%
Kobe 17250 1 39%

44  Seismic Response of Adjacent Buildings Subjected to Pounding and Linked with FVLs in
Presence of Soil Improvement Procedure

The integration between improving soil bearing capacity and connecting adjacent buildings with
FVLs is proposed herein to control the seismic response of buildings that impose irregular soil
stress and undergo pounding. The procedure suggested in Fig. 8 to improve soil bearing capacity
under the 4HRBs is applied in addition to connecting the 4HRBs with FVLs as shown in Fig. 12.
The seismic responses of the adjacent 4HRBs (GC4) considering this integration procedure are
introduced in Figs. 16-18 and Tables 15-17. Figs. 16(a-d) represents the lateral displacements of
case (GC4) and case (SC) subjected to El Centro, Northridge, Loma Prieta, and Kobe earthquakes,
respectively, considering SSI effect.
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Fig. 16 Lateral displacements of adjacent 4HRBs with soil improvement and connected with fluid viscous
links (GC4) subjected to different earthquakes compared with a single building case (SC) with two-side
projection foundation.
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Table 15 includes the ratios of the maximum lateral displacements of (GC4) and (GC1) to (SC) and
the reduction in the maximum lateral displacements of case (GC4) relative to case (GC1) for the
four earthquakes. The maximum lateral displacement of case (GC4) subjected to El Centro
earthquake records about 0.2 of the corresponding value for case (SC) as stated in Table 15. The
maximum lateral displacement of (GC4) subjected to Northridge earthquake records about 0.3 of
the corresponding value for (SC). The maximum lateral displacement of case (GC4) subjected to
Loma Prieta earthquake is 0.2 of the corresponding value of case (SC). The maximum value of the
lateral displacements of case (GC4) subjected to Kobe earthquake is 0.3 of the maximum lateral
displacement of case (SC). The maximum lateral displacements reduction of case (GC4) relative to
case (GC1) ranges from 73% to 75%, as shown in Table 15, while the reduction in the maximum
lateral displacements of case (GC3) relative to case (GC1) ranges from 68% to 71% as shown in
Table 12. Thus, improving soil bearing capacity along with connecting buildings with FVLs has an
advantage over using FVLs only in reducing lateral displacements of adjacent HRBs exposed to
seismic-induced pounding.

Table 15: Maximum lateral displacements of the 4HRBs case with soil improvement and connected with
fluid viscous links (GC4) compared with the single case (SC) and with the 4HRBs case without mitigation
procedure (GC1).

Maximum lateral Lateral Lateral displacements
Case Earthquake displacements displacements reduction relative to
(mm) relative to (SC) (GC1)
El Centro 390 - -
North 430 - -
e Loma 500 - -
Kobe 410 - -
El Centro 240 0.6 -
North 430 1.0 -
GCl Loma 400 08 -
Kobe 440 1.1 -
El Centro 60 0.2 75%
North 110 0.3 75%
GC4 Loma 100 0.2 75%
Kobe 120 0.3 73%
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i) x-direction base shear (KN) ii) y-direction base shear (KN)
Fig. 17 The maximum base shear of the adjacent 4HRBs with soil improvement and connected with fluid
viscous links (GC4) and of the single building case (SC) in x and y-directions.
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Fig. 17 shows the maximum base shear of case (GC4) and the base shear of case (SC). The values
of the maximum base shear of case (GC4) are significantly lower than the corresponding values of
case (SC), see Fig. 17. The ratios between the maximum values of the base shear of (GC4) and (SC)
ranges from (0.3 to 0.7). Furthermore, the reduction in values of the maximum base shear of case
(GC4) relative to case (GC1) ranges from 64% to 65% as stated in Table 16. Fig. 18 shows the
maximum base moment of case (GC4) and the base moment of case (SC). Also, the values of the
maximum base moment of case (GC4) are considerably lower than the corresponding values of case
(SC), see Fig. 18. The ratios between the maximum values of the base moment of (GC4) and (SC)
range from (0.3 to 0.9). Moreover, the reduction in the maximum values of the base moment of case
(GC4) relative to case (GC1) ranges from 56% to 57% as stated in Table 17. Results indicate that
improving soil bearing capacity alongside with connecting adjacent high-rise buildings with FVLs
not only mitigates the pounding effects in terms of reducing the lateral displacements demand of
buildings, but also significantly decreases the values of base shears and base moments in adjacent
high-rise buildings.

Table 16: Maximum base shear of the 4HRBs case with soil improvement and connected with fluid viscous
links (GC4) compared with the single case (SC) and with the 4HRBs case without mitigation procedure
(GCY).

Case Earthauake Maximum base Base shear Base shear reduction relative
q shear (KN) relative to (SC) to (GC1)
El Centro 7730 - -
North 5470 - -
SC Loma 8540 - -
Kobe 7750 - -
El Centro 4520 0.6 -
North 10150 1.9 -
GC1 Loma 10460 1.3 -
Kobe 11540 15 -
El Centro 1640 0.3 64%
GC4 North 3650 0.7 65%
Loma 3780 0.5 64%
Kobe 4180 0.6 64%
20000 /\ 18000
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~#-Single @F4HRB

i) x-direction base moment (KN.m) ii) y-direction base moment (KN.m)
Fig. 18 The maximum base moment of the adjacent 4HRBs with soil improvement and connected with
fluid viscous links (GC4) and of the single building case (SC) in x and y-directions.
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Table 17: Maximum base moment of the 4HRBs case with soil improvement and connected with fluid
viscous links (GC4) compared with the single case (SC) and with the 4HRBs case without mitigation
procedure (GC1).

Case Earthquake Maximum base Base_: moment Base mo_ment reduction
moment (KN.m) | relative to (SC) relative to (GC1)
El Centro 18650 - -
North 13310 - -
SC Loma 20720 - -
Kobe 18000 - -
El Centro 10810 0.6 -
North 24480 1.9 -
GC1 Loma 25160 1.3 -
Kobe 27940 1.6 -
El Centro 4720 0.3 57%
Gca North 10800 0.9 56%
Loma 11100 0.6 56%
Kobe 12250 0.7 57%

Table 18: Summary of maximum seismic responses of cases (GC2), (GC3), and (GC4) compared with (SC)
and (GC1) (Extracted from Tables (9-17)

Mc?i);:or?a%r:rrlzﬁgal Maximum base shear | Maximum base moment
c Earthauak relative to reld l:.c tiotn relative reld l:.c tiotn relative reld l:.c tiotn
ase arthquake relative to relative to relative to
(SC) (GC1) to (SC) (GC1) to (SC) (GC1)
El Centro 0.6 - 0.6 - 0.6 -
North 1 - 1.9 - 1.9 -
GCl Loma 0.8 - 1.3 - 1.3 -
Kobe 1.1 - 15 - 1.6 -
El Centro 04 42% 05 22% 0.5 26%
GC2 North 0.6 38% 15 22% 14 26%
Loma 0.5 40% 1 23% 1 25%
Kobe 0.7 37% 1.2 23% 1.2 25%
El Centro 0.2 71% 0.4 45% 0.4 38%
GC3 North 0.3 68% 11 45% 1.2 38%
Loma 0.3 68% 0.7 45% 0.8 38%
Kobe 0.4 69% 0.9 45% 1 39%
El Centro 0.2 75% 0.3 64% 0.3 57%
Gca North 0.3 75% 0.7 65% 0.9 56%
Loma 0.2 75% 0.5 64% 0.6 56%
Kobe 0.3 73% 0.6 64% 0.7 57%
5. Conclusion

Seismic-induced pounding is a serious incident that dramatically changes the seismic responses and
affects the dynamic characteristics of adjacent buildings. Furthermore, the dynamic characteristics
of buildings, such as vibration modes and frequencies, are modified by the stress and strain
characteristics of the soil under the foundations of the buildings; in some cases, dominate the
seismic performance.
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In this research, seismic response of specific case of four symmetric adjacent High-Rise Buildings
(HRBs) in group with two-side projection raft foundation of each building was studied under four
different earthquakes considering the SSI effect. Mutual pounding effect between the adjacent
4HRBs was studied in presence of irregular distribution of stresses in the soil beneath the raft
foundations owing to the two-side foundation projection.

To find the most appropriate way to mitigate the effect of collision between the adjacent 4HRBs,
three approaches were proposed taking into consideration the SSI effect. The first approach is
improving the soil bearing capacity under the raft foundation of the four adjacent buildings using
driven piles under half of each raft foundation in the highly stressed zone. The second method is
connecting the adjacent 4HRBs using Fluid Viscous Links (FVLs). And the third method is
merging the two previous methods. The seismic responses of the adjacent 4HRBs (in terms of
lateral displacements, base shear forces, and base moments) were compared with the responses of a
similar single HRB with two-side projection foundation as a reference case. The ratios between the
corresponding values of the measured responses, see Table 18, are used for the comparison to
understand the deviation of the responses of pounding HRBs from the responses of a single HRB
under different earthquakes considering SSI. Additionally, the efficiency of the proposed pounding
mitigation procedures is investigated by comparing the responses of the adjacent HRBs when
applying mitigation procedure to the responses of the adjacent HRBs without mitigation procedures.
The following conclusions could be drawn:

 Although there is a reduction in the lateral displacement of the adjacent HRBs without
mitigation procedure (GC1) compared with the corresponding values of the single HRB (SC)
for some earthquakes, there is an enormous increase in the base shear and the base moment
values reaches up to 1.9 times the values of the single HRB case (SC), see Table 18. This is due
to the partial confinement in movement of the adjacent buildings and the mutual collision forces
between the adjacent buildings.

o Improving the soil bearing capacity resulted in reducing the lateral displacements of the
adjacent HRBs (GC2) compared with the single HRB (SC) for all earthquakes. Besides, the max
increase in base shear and base moment values are 1.5 and 1.4 times the values of the single
HRB (SC), respectively, see Table 18. Furthermore, the reduction in the maximum base shears
of case (GC2) relative to case (GC1) is (22-23%), and the reduction in the maximum base
moments of case (GC2) relative to case (GC1) is (25-26%) under the considered earthquakes, as
seen in Table 18. In another word, soil improvement procedure reduces the lateral
displacements, base shears, and base moments of pounding HRBs compared to the case without
improvement. These results imply the effectiveness of the soil improvement with driven piles as
a procedure that mitigates the effect of pounding.

« Connecting the adjacent 4HRBs with fluid viscous links, case (GC3), resulted in reduction in
the lateral displacements of case (GC3) relative to case (GC1) ranges from 68% to 71%.
Moreover, the reduction in base shear of case (GC3) relative to case (GC1) is 45%, and the
reduction in base moment of case (GC3) relative to case (GC1) ranges from 38% to 39%. Thus,
connecting adjacent HRBs with fluid viscous links in presence of the combined effects of the
collision and the soil stress irregularity not only reduces lateral displacements, but also
enormously mitigates the other seismic responses of such buildings as base shears and base
moments.
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e Merging between the procedures of improving the soil bearing capacity and connecting the

high-rise buildings with FVLs caused a remarkable mitigation in the seismic responses of the
adjacent HRBs under the combined effects of collision and soil stress irregularity. Results
showed that the reduction in maximum lateral displacements of case (GC4) relative to case
(GC1) ranges from 73% to 75%, while the reduction in maximum lateral displacements of case
(GC3) relative to case (GC1) ranges from 68% to 71%. Thus, improving soil bearing capacity
along with connecting buildings with FVVLs has an advantage over using FVLs only in reducing
lateral displacements of adjacent buildings exposed to seismic-induced pounding. Additionally,
the values of the reduction in the maximum base shear of case (GC4) relative to case (GC1)
range from 64% to 65%, and the values of the reduction in the maximum base moment of case
(GC4) relative to case (GC1) range from 56% to 57%, as in Table 18. The procedure of
improving soil bearing capacity under raft foundations of adjacent HRBs alongside with
connecting the HRBs using fluid viscous links showed promising results in mitigating the
effects of seismic-induced-collision on the response of adjacent buildings impose irregular soil
stress.
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