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Abstract
Seismic-induced pounding between adjacent buildings may have serious consequences, ranging from minor damage up to 
total collapse. Therefore, researchers try to mitigate the pounding problem using different methods, such as coupling the 
adjacent buildings with stiff beams, connecting them using viscoelastic links, and installing damping devices in each build-
ing individually. In the current paper, the effect of using linear and nonlinear fluid viscous dampers to mitigate the mutual 
pounding between a series of structures is investigated. Nonlinear finite-element analysis of a series of adjacent steel build-
ings equipped with damping devices was conducted. Contact surfaces with both contactor and target were used to model 
the mutual pounding. The results indicate that the use of linear or nonlinear dampers leads to the significant reduction in 
the response of adjacent buildings in series. Moreover, the substantial improvement of the performance of buildings has 
been observed for almost all stories. From the design point of view, it is concluded that dampers implemented in adjacent 
buildings should be designed to resist maximum force of 6.20 or 1.90 times the design independent force in the case of using 
linear or nonlinear fluid viscous dampers, respectively. Also, designers should pay attention to the design of the structural 
elements surrounding dampers, because considerable forces due to pounding may occur in the dampers at the maximum 
displaced position of the structure.

Keywords  Series of structures · Structural pounding · Linear fluid viscous dampers · Nonlinear fluid viscous dampers · 
Earthquakes · Contact surfaces

1  Introduction

Many cases of damage due to structural pounding between 
adjacent buildings have been observed under the influence of 
earthquakes. For example, collisions that occurred between 
parts of the school buildings during the Athens earthquake 
led to considerable damage and the collapse of the roof 
parapet [1]. It was also observed after the Mexico City 
earthquake that about 40% of the damaged buildings suf-
fered some poundings, and in the case of 15% of them, col-
lisions caused their collapse [2]. During the San Fernando 

earthquake, collisions between the Olive View Hospital and 
the independently standing stair towers caused damage to 
the towers resulting in their permanent inclination [3]. Over 
200 evidences of collisions, involving more than 500 build-
ings, were detected after the Loma Prieta earthquake within 
the distance of 90 km from the epicenter [4]. Pounding may 
especially take place in the case of old RC existing struc-
tures where, as known, slippages of smooth reinforcing bars 
significantly decrease the lateral stiffness of the structures 
[5–10].

Lessons learned from previous earthquakes show that 
adjacent structures with small seismic gaps can suffer major 
damage or even complete collapse resulting from structural 
pounding [11]. Many efforts were devoted by the engineer-
ing community to overcome this problem. Research works 
were conducted either numerically or experimentally. In 
the case of numerical simulations of the pounding problem, 
researchers used different modeling approaches. For exam-
ple, Jankowski [12] studied the efficiency of impact force 
response spectrum concept on the prediction of damage due 
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to collisions between two adjacent structures modeled as 
single-degree-of-freedom systems and using nonlinear vis-
coelastic model of pounding force. The results indicated that 
the natural properties of structures influenced the behavior 
of colliding structures significantly. The effect of pounding 
between adjacent buildings with different base conditions 
was discussed in [13]. Anagnostopoulos and Spiliopoulos 
[14] studied the effect of mutual pounding on the response 
of multi-story buildings. The structures were modeled as 
multi-degree-of-freedom (MDOF) systems with the mass of 
each story lumped at the slab level. The study indicated that 
pounding could cause high overstresses for unequal-height 
buildings. The study focused on pounding between two adja-
cent 15-story and 8-story buildings was performed by Mai-
son and Kasai [15]. The investigation concerned both for-
mulation and solution of MDOF equations for the analyzed 
structures. The effect of earthquake-induced pounding on 
the seismic response and ductility requirements of reinforced 
concrete structures with unequal heights was studied in [16]. 
Columns were modeled by special elements with distributed 
plasticity. The study revealed that the ductility demand of 
the columns of the taller building increased significantly 
for the stories above the floor at which collisions occurred. 
Mahmoud and Jankowski [17] investigated the effect of 
pounding on elastic and inelastic responses of buildings. The 
results indicated that the nonlinear modeling of colliding 
structures is essential to obtain accurate seismic response. 
Moreover, Raheem [18] used the contact force-based method 
utilizing linear or nonlinear springs. Papadrakakis et al. [19] 
applied finite-element method to investigate the response 
of colliding buildings where single four-node plane stress 
elements were used to model the floors and four linear beam-
column elements were used to model the walls.

While considerable research work to understand the seis-
mic pounding phenomena was based on numerical simula-
tions, only limited number of experimental studies was car-
ried out on pounding between two or more structures. Chau 
et al. [20] experimentally studied the effect of both harmonic 
waves and earthquake excitation on the response of two adja-
cent steel towers. The study concluded that the stiffer struc-
ture was more susceptible to collisions, whereas pounding 
suppressed the response of the flexible structure. Jankowski 
et al. [21] conducted the shaking table experimental study 
on series of models of adjacent buildings under the effect of 
different earthquake excitations. The study confirmed that 
collisions affected rigid structures more than flexible ones. 
El-Khoriby et al. [22] conducted both experimental and 
numerical investigation focused on the seismic response on 
series of colliding buildings. The results revealed that a zero 
in-between gap size, as well as the distance large enough to 
prevent pounding, might be an appropriate selection. The 
effect of pounding between two-story steel frames with 
concrete slabs was experimentally investigated in [23]. The 

results showed the amplification and the unfamiliar shape of 
the response spectra of the impacting slabs which was also 
observed in previous studies.

Some research efforts were devoted to improve the struc-
tural behavior using seismic energy dissipation systems 
[24]. They mainly rely on specially designed devices which 
are able to dissipate large amount of energy [25]. There 
are many types of energy dissipation systems, including 
viscoelastic, electro-inductive, friction damping, and vis-
cous dampers. Viscous dampers are particularly preferred, 
because they do not affect stiffness of buildings and thus do 
not affect their dynamic properties. Among their advantages, 
high ability to dissipate energy, relatively low maintenance 
requirements, possibility of installation in any building with-
out affecting its geometry can also be mentioned [25].

Adding damping devices to mitigate pounding between 
adjacent buildings was widely investigated. For example, 
Kasai et al. [26] found that adding dampers to adjacent 
buildings had the ability to significantly reduce the effect 
of collisions. Moreover, Xu et al. [27] presented a formula-
tion for MDOF equations of motion for adjacent multi-story 
structures connected with fluid dampers. The results showed 
that the appropriate selection of properties of dampers con-
necting different adjacent buildings was essential to sup-
press the structural response during earthquakes. Developed 
method for analyzing the seismic response of two adjacent 
buildings connected with nonlinear hysteretic dampers was 
presented by Ni et al. [28]. Coupling buildings with stiff 
beams was suggested in [29]. Bhaskararao and Jangid [30] 
investigated the effect of connecting two adjacent multi-
story symmetric plane structures with viscous, viscoelastic, 
and friction dampers so as to reduce the structural response. 
It was found that linking two adjacent structures by damp-
ers improved the seismic behavior of the coupled system. 
Moreover, the appropriate locations of dampers may con-
cern the places with the maximum relative displacement 
of adjacent floors. Uz and Hadi [31] studied the effect of 
connecting two multi-story adjacent buildings with fluid 
viscous dampers. The fluid viscous dampers were modeled 
using linear link elements in SAP 2000 software. The study 
concluded that dampers efficiently controlled the seismic 
response of the adjacent structures with different characteris-
tics and height. Moreover, fluid viscous dampers were more 
successful in the shorter structures than in the taller ones. 
Investigation of coupling between two adjacent three-story 
buildings using link elements was carried out by Jankowski 
and Mahmoud [32]. Different types of links were considered 
in the analysis, including springs, dashpots, and viscoelastic 
elements installed at all stories. Various values of stiffness 
and damping were used for both springs and dashpots. The 
conclusions revealed that the response of the more flexible 
building was improved, whereas it did not change the stiffer 
building behavior. Moreover, using the viscoelastic element 
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was found to be more effective than other elements in reduc-
ing the peak displacement of the lower structure.

Evaluation of the structural response during earthquakes 
may be carried out using the transfer function analysis. This 
type of analysis is very useful in studying the variation in 
the natural frequencies of buildings due to coupling. The 
detrimental effect may be observed on the seismic retrofit-
ted structures due to changing its initial dynamic properties 
[33]. Gattulli et al. [34] reported failures observed in some 
portions of a building after 2009 L’Aquila earthquake. High 
stiffness of rigid links used to connect the facade and the 
frame was the reason for the observed damages. Connecting 
the structures changed their dynamic properties, forming a 
new stiffer system, substantially different comparing to the 
independent structural behavior. This new system attracted 
higher seismic forces, and the retrofitted buildings were not 
designed to withstand these forces.

According to the authors’ knowledge, almost all studies 
focused on linking the adjacent buildings, so as to prevent 
their pounding during earthquakes, were conducted between 
two adjacent structures only. However, when the response of 
series of adjacent buildings is studied, it may be more realis-
tic to implement dampers in each building rather than con-
necting series of adjacent buildings. This is due to the fact 
that different buildings might have different owners. Moreo-
ver, it might be difficult to adjust the dynamic properties of 
each building to be connected in series with other structures.

The present paper aims to study the effect of implement-
ing both linear fluid viscous dampers (LFVD) and nonlin-
ear fluid viscous dampers (NFVD) so as to mitigate seismic 
pounding between series of adjacent buildings. Three dif-
ferent adjacent structures with equal story height (slab-to-
slab pounding) were investigated (see Fig. 1). The analyzed 
buildings simulate actual existing cases. The single-bay 
multi-story structural systems, with modified masses and 
stiffness, such that they mimic the dynamic properties of 
the actual structures, were considered in the study, see [35]. 
The buildings were designed according to AISC [36]. The 
current study provides a clear picture on the effect of using 
LFVD and NFVD on the earthquake-induced pounding 
between adjacent structures in series. It also provides an 
assessment of the efficiency of designing dampers utilizing 

traditional ways in the case of pounding force affecting each 
structure.

2 � Finite‑element analysis

Each analyzed building is composed of four steel columns 
and four steel beams. The moment of inertia of each member 
is equal to 392.9 cm4. The beams carry a 15 cm-thick con-
crete slab with 0.35 t/m2 weight for each story (see [35] for 
more details). The height of each story is 3.0 m. The left and 
right buildings have three stories with total height of 9.0 m, 
while the middle building has two stories with total height 
of 6.0 m (see Fig. 1). Seismic gap of 30 mm is specified 
between structures. The constant inherent damping of 2% 
of critical damping is considered for all modes of vibration. 
Three cases of investigation were conducted. The first case 
concerned the bare frame buildings without dampers. On the 
other hand, LFVD and NFVD were used in the second and 
the third case, respectively. The natural frequencies of the 
structures were obtained using the consistent mass matrix, 
see Table 1.

The nonlinear finite-element analysis software ADINA 
[37] was used in the study. Two-dimensional analysis was 
carried out using the direct integration method with time 
step of 0.005 s. Moreover, the second order P–Δ effect 
was also considered in the analysis. Three different ground 
motions were taken into consideration (see Table 2). No con-
nectors between the adjacent buildings were used. Instead, 
the contact surface model with the contactor and target sur-
face was considered in the analysis. These contact surfaces 
were identified as the areas at which collisions are expected 
to occur. These areas were divided into two parts, i.e., the 
contactor surface and the target one. Such an approach 
allows us to transfer the friction forces and pressure during 
impact (see [38, 39] for more details).

Fig. 1   Buildings under study

Table 1   Natural frequencies of adjacent bare frames (Hz)

Left building Middle building Right building

1.126 1.576 0.943
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The material of the steel frames was considered to have 
the elastic–plastic behavior, as shown in Fig. 2, with yield 
stress Fy = 235 MPa (compare with [40]). Moreover, a 1% 
linear strain hardening and a Poisson’s ratio of 0.30 were 
assumed according to [41].

3 � Viscous dampers

Monteiro [25] described full details of the fluid viscous 
dampers consisting of a cylinder containing compressible 
silicone fluid. The process of dissipating energy during an 
earthquake occurs by transferring the force resulting from 
the imposed acceleration to the damper, which regulates the 
passage of the compressed silicon oil through small holes. 
Actually, this process depends on how fast the liquid passes 
through the holes. Both linear and nonlinear fluid viscous 
dampers were implemented in the analysis. Total damping 
ratios (inherent damping plus added damping using fluid 
viscous dampers) of 10, 15, and 20% for the dominant modes 
were considered. The force in the dampers were obtained 
according to the following equation [42]:

where C is the damping coefficient, V is the velocity between 
the two ends of the damper, and α is the velocity exponent. 

(1)F = CVa,

It should be added that stiffness of damper is disregarded in 
Eq. (1), since it is relatively low and does not affect stiffness 
of the whole building [42].

3.1 � Calculation of coefficients for fluid viscous 
dampers

FEMA P-1051 [43] presents simple method to obtain the 
preliminary design and sizing of dampers:

1.	 The primary mode of vibration Tm should be determined 
using the modal analysis.

2.	 The targeted amount of the added damping for each pri-
mary mode should be selected.

3.	 Determine the pseudo-braced building primary periods 
Tps,m, as shown in Eq. (2).

4.	 The area of the pseudo-braces that must be added to 
the mathematical model is calculated to obtain the same 
pseudo-braced period obtained from the previous step.

3.1.1 � LFVD coefficient

The coefficient of LFVD was first calculated using the fol-
lowing equation [43]:

where Tps,m is the pseudo-braced building primary period of 
vibration, Tm is the natural structural vibration period, and 
ξm is the damping ratio. Moreover

where Ttrial is the trial period of structural vibration, Khor,i 
is the pseudo-horizontal stiffness at each story, and CL,hor,i 
is the horizontal LFVD constant for each story, i. For the 
diagonally oriented LFVD, the diagonal constant CL,diag,i 
is estimated as

(2)Tps,m = Tm∕
√�

2�m + 1
�

,

(3)
Khor,i =

Ktrial,i
[

T2
m
− T

2
trial

T2
m
− T2

ps,m

]

[

T2
ps,m

T
2
trial

]

(4)CL,hor,i =
Khor,iTm

2π
,

Table 2   Ground motions used 
in the study

a Values obtained using FFT analysis

Ground motion Station Frequency rangea

(Hz)
Largest amplitude 
frequencya

(Hz)

Peak ground 
acceleration 
(m/s2)

El Centro 1940, NS Imperial Valley 0.10–10.0 1.17 3.070
Taft 1952, S69E Lincoln School 0.10–8.0 2.27 1.76
Kocaeli 1999, EW Izmit 0.20–13.0 3.30 2.26

E

TE

Strain

Stress

E

E
TE

yF
2= 235N/mmyF

2N/mmE=210000 
2N/mm=2100 TE

Fig. 2   Stress–strain relationship of steel (according to [41])
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where Ni is the number of braced bays in the direction 
of interest and θ is the angle of inclination of the damper 
measured from the horizontal direction.

3.1.2 � NFVD coefficient

The analysis was carried out utilizing NFVD with the veloc-
ity exponent α = 0.50. The coefficient of NFVD was calcu-
lated in this way that approximately a similar amount of 
energy per cycle as LFVD could be dissipated. The follow-
ing equation was used (see [43] for more details):

where CL is the damping LFVD coefficient, ω is the fun-
damental frequency of the structure, and X0 is the damper 
displacement corresponding to the required performance 
drift level.

4 � Results and discussion

4.1 � Comparison between independent 
and pounding‑involved cases for buildings 
with LFVD and NFVD

Two comparisons were conducted during the investigation. 
The first one shows the effect of different damping ratios on 
the maximum damper forces under the El Centro earthquake. 
Whereas, the second one presents the effect of different 
earthquakes on the maximum damper forces with damping 
ratio of ξ = 15%.

4.2 � Effect of different damping ratios on maximum 
damper forces

To get an insight into the change in maximum damper forces 
due to pounding, all cases were solved for the case of inde-
pendent vibrations (i.e., no pounding occurs) under the El 
Centro earthquake (see Table 2) and the results are listed in 
Tables 3 and 4. Table 3 shows maximum forces in the LFVD 
dampers for both cases. The results indicate that pounding 
increased forces in the dampers up to 103%, 146%, and 
240% at the top of the left, middle, and right building with 
ξ = 10%, respectively. Moreover, it reached 91.50, 122.43, 
and 219% at the top of the three buildings with ξ = 15%. 
Furthermore, it reached 68, 88.93 and 186.14% at the top 
of the three buildings when ξ = 20%. Table 3 shows that, in 
the case of NFVD, pounding increased forces in dampers 

(5)CL,diag,i =
CL,hor,i

Ni cos
2 θ

,

(6)CNL ≈ CL

√

π

2

�

�X0

�1−�
,
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up to 50, 62.50, and 87.39% at the top of the left, middle, 
and right building with ξ = 10%, respectively. Moreover, it 
reached 44.59, 55.63, and 82.27% for the left, middle, and 
right building with ξ = 15%, respectively. Finally, it reached 
37.63, 46.03, and 74.16% for the three successive buildings 
when ξ = 20%.

Figure 3 shows a sample of loops of the damper force ver-
sus its axial displacement for the independent and pounding-
involved vibrations for different stories of the right building. 
The figure is plotted for the case of ξ = 10% for LFVD and 
NFVD cases. It can be observed for the figure that, generally 
speaking, the loops at the first floor for both cases look to 
be regular. This might be attributed to small pounding force 
caused by minor touch in the case of pounding-involved 
vibrations. For the second floor where a significant pounding 
occurred and the floor just above it (third floor), pounding 
significantly affected the behavior of dampers. Very irregu-
lar loops were observed especially for linear dampers. This 
observation is very important from the design point of view. 
This is due to the fact that, for the case without pounding, 
the forces in the dampers, and consequently the forces trans-
mitted to the structural system, reach their minimum values 
at the maximum displacement. However, such situation does 
not take place in the case of pounding-involved vibrations. 
Instead, impact occurred at the time of maximum displace-
ment and the force in the dampers reached significantly high 
values.

The results also show that the force in dampers of the 
right building was the most affected one due to pounding, as 
compared to the case of independent vibrations. For LFVD, 
pounding increased the maximum forces by 22.40, 113.66, 
and 240.16% for the first, second, and third floor with 
ξ = 10%, respectively. Moreover, for NFVD with ξ = 10%, 
the maximum force increased by 22.39, 59.42, and 87.39% 
for the first, second, and third floor, respectively.

Generally, the results indicate that increasing the damp-
ing ratio decreases the percentage of difference in maxi-
mum damper forces between the pounding-involved and the 
independent vibration cases for both LFVD and NFVD (see 
Tables 3, 4).

4.3 � Effect of different seismic excitations 
on the maximum damper forces

The effect of different earthquakes on the maximum damper 
forces for both LFVD and NFVD with damping ratio of 
ξ = 15% was studied in more details. Table 5 shows the 
comparison between maximum forces in LFVD for inde-
pendent vibration and pounding cases for the three differ-
ent ground motions (see Table 2). The results show that the 
occurrence of collisions led to an increase in the maximum 
forces in dampers by about 219% for both the El Centro and 
Taft earthquakes and 518.60% for the Kocaeli earthquake, Ta
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as compared to the independent vibration. This increase 
occurred on the third floor, which is the floor just above 
the collision level. Whereas, for NFVD, the increase in the 
maximum forces reached 82.27, 51.89, and 65.42% for the 

El Centro, Taft, and Kocaeli earthquake, respectively, as 
compared to the independent vibration case (see Table 6).

Therefore, dampers for adjacent buildings, where pound-
ing is expected to occur, should be designed to resist force 
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Fig. 3   Force–displacement behavior for independent and pounding-involved responses with LFVD and NFVD for the first (D6), second (D7), 
and third (D8) floor of the right building with ξ = 10%
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which is 1.20-to-6.20 times the force assessed for independ-
ent structural vibrations in the case of LFVD, and 1.20-to-
1.90 times force assessed for independent structural vibra-
tions in the case of NFVD. The exact value depends on the 
nature of the earthquake and the impact force. It is clear that 
using NFVD is preferable as the force output increments are 
smaller than those obtained when LFVD are applied. Hence, 
no special design consideration is required for the structures.

4.4 � Comparison between pounding‑involved cases 
for LFVD, NFVD, and bare frame buildings

Figure 4 shows the peak recorded accelerations for the 
three buildings when subjected to the El Centro earthquake. 
It is clear that using both LFVD and NFVD significantly 
decreases the accelerations of all floors. In particular, using 
the LFVD decreased the acceleration by 34.60% at the third 
floor of the right building with ξ = 10%, and up to 97.93% 
at the first floor of the right building with ξ = 20%.The same 
effect is observed with the NFVD as the acceleration was 
reduced by 31.5% at the third floor of the right building 
with ξ = 10%, and up to 97.50% at the first floor of the right 
building with ξ = 20%. This minor change in the percentage 
of reduction between the LFVD and NFVD is due to the 
fact that both of them were initially designed to dissipate the 
same amount of energy.

Figure 5 shows also that using the NFVD in the adjacent 
building significantly reduced the peak displacements, and 
the maximum reduction reached 37.78 and 48.32% at the 
second floor of the left and right structure with ξ = 10%, 
respectively. On the other hand, the reduction reached 
17.81% at the first floor of the middle building for the same 
damping ratio. Moreover, increasing the damping ratio to 
15% decreased the peak displacement of the second floor 
of the left, middle, and right structure with maximum per-
centage of 39.65, 18.46, and 51.30%, respectively. Moreo-
ver, increasing the damping ratio to 20% decreased the 
peak displacement at the second floor of the left, middle, 
and right building with maximum percentage of 43.76, 
28.43, and 55.49%, respectively. The results also show that 
using the LFVD in the adjacent buildings led to significant 
reduction in the peak displacements reaching its maximum 
at the second floor of the left, middle, and right building 
with ξ = 10% by 40.70, 19.00, and 50.90%, respectively 
(see Fig. 5). Moreover, increasing the damping ratio to 15 
and 20% decreased the peak displacement and reaching 
its maximum at the second floor of the left, middle, and 
right structure with ξ = 15% by 43.00, 28.00 and 53.91% 
respectively. Also, the reduction of 39.30 and 58.64% was 
observed for the middle and right building with ξ = 20%. On 
the other hand, the reduction reached 49.75% at the first floor 
of the left structure with ξ = 20%. Generally speaking, it is Ta
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observed that using linear or nonlinear dampers leads to the 
significant decrease in the peak displacements of all three 
buildings (see Table 7). 

It should also be underlined that using dampers in the 
buildings significantly changed the pattern of pounding. 
For example, the left building without dampers suffered 
five impacts at the first floor and about fifteen at the second 
floor (see Fig. 6). For LFVD with ξ = 10%, no pounding was 
observed at the first floor, while only four collisions took 
place at the second floor and they occurred at the end of the 
earthquake (see Fig. 6). Moreover, the maximum pound-
ing force was reduced by 45.20% in the case of structures 
with ξ = 10%, as compared to buildings without dampers 
(see Table 7). On the other hand, for NFVD installed at 
buildings with ξ = 10%, only one impact of 32.58 kN was 
observed at the first floor with reduction of 38.67%, as com-
pared to buildings without dampers. Also, four collisions 

were observed at the second floor within the first 5 s of the 
earthquake and the maximum pounding force decreased 
by 30.40%, as compared to the bare frame case (see Fig. 6; 
Table 7). It is also observed that increasing the damping 
ratio to 15% decreased the impact force at the second floor 
by 56.08 and 48.78% for LFVD and NFVD, respectively. 
Moreover, increasing the damping ratio to 20% decreased 
the impact force at the second floor by 59.20% for LFVD, 
while no significant change was observed for the case of 
NFVD installed at the structures with ξ = 15%. Moreover, 
no pounding was also observed at the first floor for both lin-
ear and nonlinear dampers with ξ = 15 and 20% (see Fig. 6; 
Table 7).

Regarding the right building, it is noticed that, in the 
case of buildings without dampers, eight collisions were 
observed at the first floor up to 20th second of the earth-
quake. Moreover, 11 impacts occurred at the second floor 

Table 6   Comparison between maximum forces (kN) in NFVD with ξ = 15% for independent vibration and pounding cases for different ground 
motions

Structure Story El Centro Taft Kocaeli

Independent Pounding % Difference Independent Pounding % Difference Independent Pounding % Difference

Left building 1 1.61 1.85 14.91 1.10 1.29 17.27 1.47 1.59 8.16
2 1.77 1.88 6.21 1.06 1.61 51.89 1.29 1.45 12.4
3 1.57 2.27 44.59 0.921 1.33 44.41 1.07 1.77 65.42

Middle building 1 1.78 1.94 8.99 1.15 1.15 0 1.37 1.37 0
2 1.51 2.35 55.63 1.00 1.16 16 1.30 1.69 30

Right building 1 1.7 1.93 13.53 1.29 1.41 9.30 1.36 1.55 13.97
2 1.62 2.51 54.94 1.24 1.43 15.32 1.43 1.44 0.7
3 1.41 2.57 82.27 1.10 1.41 28.18 1.33 1.88 41.35
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Fig. 4   Peak acceleration for bare frame buildings as well as for LFVD and NFVD
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up to the 16th second of the earthquake (see Fig. 6). Sig-
nificant change in the behavior of the right building was 
observed after adding dampers to the building. For LFVD 
with ξ = 10%, no pounding was observed at the first floor 
and only five collisions took place at the second floor up 

to almost the end of the earthquake, and the pounding 
force slightly decreased by 6%. Moreover, no pounding 
was observed at the first floor for both ξ = 15 and 20%. 
On the other hand, minor increase in the pounding force, 
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Fig. 5   Peak displacement for bare frame buildings as well as for LFVD and NFVD

Table 7   Ratio of displacements, 
accelerations and pounding 
forces for cases under study 
with LFVD and NFVD as 
compared to bare frames

 + Increase in the percentage as compared to bare frames; − reduction in the percentage as compared to 
bare frames; * fluid viscous dampers prevented pounding (no pounding occurred)

Structure Story % Difference

ξ = 10% ξ = 15% ξ = 20%

LFVD NFVD LFVD NFVD LFVD NFVD

Acceleration Left building 1 − 93.49 - 81.14 - 94.72 - 92.86 - 95.77 - 94.0
2 - 77.94 - 74.78 - 76.78 - 78.28 - 81.41 - 81.93
3 - 48.0 - 40.31 - 54.19 - 47.59 - 58.43 - 53.23

Middle building 1 - 95.14 - 81.20 - 95.64 - 93.80 - 96.26 - 95.33
2 - 59.61 - 50.76 - 58.06 - 66.24 - 67.57 - 70.62

Right building 1 - 97.17 - 88.87 - 97.29 - 97.09 - 97.93 - 97.50
2 - 72.13 - 66 - 71.25 - 76.59 - 77.79 - 79.48
3 - 34.60 - 31.50 - 39.83 - 34.50 - 47.90 - 40.99

Displacement Left building 1 - 35.89 - 28.59 - 41.34 - 33.66 - 49.75 - 41.21
2 - 40.70 - 37.78 - 43.00 - 39.65 - 47.29 - 43.76
3 - 36.31 - 32.50 - 39.46 - 35.12 - 42.0 - 39.46

Middle building 1 - 16.83 - 17.81 - 24.95 - 16.05 - 35.62 - 24.66
2 - 19.00 - 13.70 - 28.00 - 18.46 - 39.30 - 28.43

Right building 1 - 48.69 - 42.47 - 52.18 - 48.69 - 57.31 - 53.65
2 - 50.90 - 48.32 - 53.91 - 51.30 - 58.64 - 55.49
3 - 41.64 - 38.80 - 45.15 - 42.14 - 51.04 - 47.13

Pounding forces Left building 1 - 100* - 38.67 - 100* - 100* - 100* - 100*
2 - 45.20 - 30.40 - 56.08 - 48.78 - 59.20 - 47.99

Right building 1 - 100* - 95.20 - 100* - 98.0 - 100* - 100*
2 - 6.00  + 24.17 5.60 +  - 4.90  + 10.80  + 4.22
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Fig. 6   Pounding force at the first and second floor for bare, LFVD, and NFVD with different damping ratios
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i.e., by 5.60% and 10.8%, occurred at the second floor for 
ξ = 15 and 20%, respectively.

For NFVD with damping ratio ξ = 10%, only light touch 
with 8.34 kN at the first floor of the right building was 
observed with reduction of the pounding force by 95.20%, as 
compared to the bare frame case. Also, a moderate increase 
(equal to 24.17%) in the pounding force took place at the 
second story of the right building. This is because, at the 
moment of contact, the right structure was moving out of 
phase directly towards the middle building which acted as 
a stopper for the right structure causing an increase in the 
acceleration by 23%, as compared to the linear damper. 
Increasing the damping ratio to 15%, slightly decreased the 
pounding force by 4.90%, as compared to the bare frames. 
On the other hand, only light touch of 3.44 kN was observed 
at the first floor with ξ = 15%. Moreover, slight increase in 
the pounding force by only 4.22% occurred at the second 
floor with ξ = 20%. On the other hand, no pounding was 
observed at the first floor with ξ = 20%.

Table 8 shows the ductility demand ratios, the interstory 
drift and the maximum story shearing force of the buildings 
studied. The results show that, for buildings without damp-
ers, the ductility demand resulting in all stories exceeded 
the available ductility by 3–134%. These two extreme values 
occurred at the first floor of the middle building and third 
floor of the left building, respectively.

It is also observed that pounding increased the interstory 
drift for all buildings, so that it exceeded the allowable limits 
of the UBC 1997 standard for almost all cases. The only 
exception concerned the first floor of the middle structure 
where the interstory drift ratio reached 1.70% and it did not 
exceed the allowable limit. Moreover, for buildings without 
dampers, the story shearing forces reached the yield strength 
in all stories.

On the other hand, buildings equipped with LFVD 
behaved elastically for almost all cases. Plastic behavior 
was observed only at the first floor of the left building 

where μ reached value of 0.92 and 0.84 for ξ = 10% and 
ξ = 15%, respectively. For the case of ξ = 20%, no plas-
tic behavior was observed in all stories. It can also be 
observed that increasing the damping ratio decreased the 
interstory drift ratio for all cases.

Moreover, buildings equipped with NFVD behaved 
elastically for almost all stories except for the specific 
locations, i.e., the first floor of the left building with 
ξ = 10, 15, and 20%, as well as the first floor of the right 
structure with ξ = 10%. For these plastic cases, the ductil-
ity demand was smaller than the available value, except 
for the left building with ξ = 10% where minor increase 
by only 2% at the first floor was observed. Even for these 
plastic cases, the increase in the damping ratio decreased μ 
by 28%, 33%, and 41% for ξ = 10%, 15%, and 20%, respec-
tively, as compared to bare frame buildings. Moreover, 
for all cases, the interstory drift was lower than the UBC 
1997 allowable limits of 0.025 and 0.02 times the story 
height for buildings having natural time period less/equal 
or greater than 0.70 s, respectively. It was also observed 
that, for almost all cases, the increase in the damping ratio 
decreased the ductility demand, the interstory drift and 
the story shear.

Figure 7 shows the displacement time histories for the 
first floor of the left building with ξ = 2, 10, 15, and 20% as 
well as for the first floor of the right building with ξ = 2% 
and 10%. It can be clearly seen from the figure that pound-
ing affected the response of the bare frame buildings with 
ξ = 2% as it behaved plastically with permanent displace-
ment. On the other hand, using either LFVD or NFVD main-
tained the elastic behavior for almost all floors of the three 
buildings, except for the first floor of the left structure with 
ξ = 10, 15, and 20% as well as, for the first floor of the right 
building with ξ = 10%. Moreover, pounding increased the 
interstory drifts as well as the peak story shear beyond the 
yield strength for these four cases. Moreover, using linear 
or nonlinear dampers decreased the ductility demand and 
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the interstory drift for the four cases, as previously shown 
in Table 8.

Table 9 presents the maximum damper forces for all stud-
ied cases. It is clear that while linear and nonlinear damp-
ers were initially designed to dissipate the same amount of 
energy, the maximum forces in the NFVD are smaller than 
those in the LFVD by 29—52%. Accordingly, using NFVD 
is preferable as no special design consideration is required 
for the structures.

5 � Conclusions

In the current paper, the effectiveness of using both LFVD 
and NFVD in mitigation of the mutual earthquake-induced 
pounding between series of adjacent buildings has been 
investigated. Both types of dampers were initially designed 
to dissipate the same amount of energy. Nonlinear finite-
element analyses were conducted using numerical models 
of three buildings with different dynamic properties. The 
following conclusions were obtained:

1.	 Using LFVD or NFVD significantly reduced the struc-
tural response of series of adjacent buildings exposed to 
earthquake-induced pounding. Also, they significantly 
changed the pattern of pounding with smaller number of 
impacts, as compared to the bare frame case. Moreover, 
significant decrease in the maximum pounding force was 
observed for almost all cases.

2.	 For bare frame buildings, pounding increased the inter-
story drift, so that it exceeded the allowable limits of 
the UBC 1997 standard for almost all cases. Moreover, 
the story shearing force reached the yield strength for 
all stories. Also, the ductility demand for all stories 
exceeded the available value by 3–134%. On the other 
hand, using LFVD or NFVD significantly improved the 
performance of adjacent buildings as the elastic struc-
tural behavior was observed for almost all stories.

3.	 Based on the results obtained in this study, damp-
ers installed in adjacent buildings prone to pounding 
should be designed to resist the force of 1.20-to-6.20 
times larger than the design independent force for linear 
dampers, and 1.20-to-1.90 times larger than the design 
independent force for nonlinear dampers. The exact 
value depends on the nature of the earthquake and the 
impact force. It is clear that using NFVD is preferable 
as the force output increments are smaller than those 
obtained when LFVD are applied. Hence, no special 
design consideration is required for the structures.

4.	 Pounding affected the shape of the dampers’ force–dis-
placement loops at the second floor where collisions 
occurred, and at the floor just above the level of colli-
sions (third floor). This is different from the no-pound-Ta
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ing cases where the force approaches its minimum value 
at the maximum structural displacement. Accordingly, 
designers should pay special attention to the irregularity 
of the damper forces at maximum displacement due to 
pounding and its effect on surrounding structural ele-
ments.

5.	 Generally, the results indicate that increasing the damp-
ing ratio (10, 15, and 20%) decreases the percentage of 
the difference in maximum damper forces between the 

pounding-involved and the independent vibration cases 
for both LFVD and NFVD.
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 Availability of data and materials  Paper contains all data used in the 
study.
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Fig. 7   Displacement time histories for the first floor of the left building with ξ = 10, 15, and 20% and the first floor of the right building with 
ξ = 10%

Table 9   Comparison between maximum forces (kN) in LFVD and NFVD for pounding cases

Structure Story ξ = 10%—pounding ξ = 15%—pounding ξ = 20%—pounding

LFVD NFVD % Difference LFVD NFVD % Difference LFVD NFVD % Difference

Left building 1 2.45 1.6 − 34.69 2.92 1.85 − 36.64 3.34 2.24 − 32.93
2 2.88 1.76 − 38.89 3.39 1.88 − 44.54 4.03 2.22 − 44.91
3 3.65 2.01 − 44.93 4.04 2.27 − 43.81 4.29 2.67 − 37.76

Middle building 1 2.71 1.7 − 37.27 3.13 1.94 − 38.02 3.8 2.33 − 38.68
2 4.33 2.08 − 51.96 4.76 2.35 − 50.63 5.12 2.76 − 46.09

Right building 1 2.35 1.64 − 30.21 2.72 1.93 − 29.04 3.61 2.34 − 35.18
2 3.91 2.09 − 46.55 4.33 2.51 − 42.03 4.89 2.96 − 39.47
3 4.32 2.08 − 51.85 4.95 2.57 − 48.08 5.78 3.1 − 46.37
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