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Abstract
During an earthquake, adjacent buildings with insufficient separations often collide into each imposing unexpected impact 
loading on buildings causing severe damage and even collapse of many buildings. In the present study, the passive control of 
closely spaced fixed base structures is investigated under the effects of earthquakes and blast-induced vibrations. The study 
analyzes two closely spaced dynamically dissimilar fixed base buildings connected using linear and nonlinear fluid viscous 
dampers when subjected to blast and seismic excitations.  A parametric study on the damping coefficient of fluid dampers 
is conducted to obtain an optimum damping coefficient for linear and nonlinear fluid viscous dampers. The present study 
investigates the comparative performance behavior of the linear and nonlinear dampers in response reduction of adjacent 
buildings under blast and earthquake motions. The placement of dampers in the response mitigation due to the selected 
excitations is also reviewed. Results exhibit the efficiency of viscous dampers in reducing the structural responses of flex-
ible buildings. It is also concluded that the placement of dampers at the top floor alone yields significant reduction in the 
structural responses when compared with the placement of dampers at all floors.

Keywords Adjacent buildings · Fluid viscous dampers · Nonlinear analysis · Optimum damper parameters · Seismic 
responses

Introduction

Earthquakes damages in the last few decades have illus-
trated several instances of structural damage in buildings 
and bridges due to inadequate availability of space between 
them. Countries like India where availability of land required 
for the construction of houses has become a challenge for 
the fast-growing population of the country resulting in 
closely spaced buildings. This creates a problem in structural 
engineering called as mutual pounding of adjacent build-
ings during the natural tremors like earthquakes. The Bhuj 
earthquake (2001) in India caused major damages of the 
structures due to the pounding phenomenon. Based on the 
surveys and investigations by Agarwal et al. [1], Jain et al. 

[2] and Patil [3], it was reported that there were mostly infill 
wall damages, column shear failures and possible collapse 
due to pounding in many of closely spaced buildings. Pound-
ing in bridges also lead to local crushing and spalling of pier 
bents, abutments, shear keys, bearing pads and restrainer, 
possibly contributing to the collapse of decks. It was also 
reported that the Anand building and old Surajbari bridge of 
Ahmadabad (Gujarat) were severely damaged and collapsed 
due to pounding action. In Bhuj earthquake, over 10,000 
schools were destroyed or damaged. The inspection results 
have shown that many school buildings had moderate dam-
age and about 4–5% school buildings were heavily damaged. 
The damages and deficiencies observed in the schools were 
reported due to various structural action failures, and among 
them pounding was one of the significant factors. It was also 
reported that after Bhuj earthquake in Gujarat (India), there 
was a failure of girder ends and bearing damage of bridge 
due to pounding of adjacent simply supported spans.

In addition, the surveys conducted by Rosenblueth and 
Meli [4] after the Mexico City earthquake in 1985 revealed 
that earthquake induced pounding was present in over 3 to 
4.5% of the 330 collapsed or severely damaged buildings 
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surveyed, and in 15% of all cases that suffered major dam-
ages. This earthquake illustrated the significant seismic haz-
ard of pounding, with the largest number of buildings dam-
aged by this effect during a single earthquake. During the 
1989, Loma Prieta earthquake in the San Francisco Bay area 
widespread pounding incidents were reported. Unlike the 
damage to buildings in earthquake-affected regions, where 
a large number of injuries or deaths were caused directly by 
building collapse, bridge damage isolated the affected area 
by preventing the transport of lifeline supplies and deny-
ing access to rescuers. This generated an even more severe 
problem with huge burden on society. During Alaska earth-
quake (1964), it was reported that the tower of Anchorage 
Westward hotel was damaged by pounding action against 
the three storey ballroom portion of the hotel (NAS, 1964). 
In the severe intensity San Fernando earthquake (1971), it 
has observed that the second storey of Olive View hospital 
struck against the stair-tower block, in addition the first floor 
of the hospital hit against adjacent warehouse. Hence, there 
was an emerging need of structural vibration control devices 
which can reduce the severe responses of structure without 
altering the dynamic characteristics of structures, known as 
supplemental damping devices. The passive energy dissi-
pation devices have been classified into metallic, friction, 
viscoelastic, viscous fluid, tuned mass and tuned liquid 
dampers. The use of such dampers may also be extended 
to control the seismic and blast response of two closely 
spaced buildings. Researchers in the last few decades have 
developed suitable mechanisms with the help of various 
control techniques by coupling the two adjacent buildings. 
The concept is to exert control forces upon one another to 
reduce the overall responses of the system. The free space 
between two adjacent buildings may be utilized in order to 
dissipate the unwanted energy due to earthquakes or blast 
induced ground vibrations. Such type of arrangement also 
prevents pounding (collision between two adjacent buildings 
due to heavy impact) of two structures, which occurred in 
past catastrophic earthquakes. The detailed investigation of 
the pounding phenomenon has been carried out by Anag-
nostopoulos [5] and showed that a soft viscoelastic mate-
rial filling gap between two adjacent structures can reduce 
the effects of pounding significantly. Maison and Kasai [6] 
investigated the pounding response of two flexible, high rise 
buildings using the contact element approach. The buildings 
(15 storey and 8 storey steel moment resisting frames) were 
modeled as linear elastic, with three degrees of freedom at 
each level. Pounding was assumed to occur only at the floor 
level between the roof of the shorter building and level 8 
of the taller building. Recently, Raheem et al. [7] carried 
a numerical study to estimate the pounding effects on the 
seismic response demands of three adjacent buildings in 
series with different alignment configurations. The studies 
by Raheem [8] also illustrated the benefits of using rubber 

shock absorbers as mitigation technique to reduce the impact 
forces experienced by adjacent structures due to structural 
pounding. Researchers in the field of earthquake engineer-
ing have also reviewed and developed methods to prevent 
the pounding phenomenon in bridge construction. Li et al. 
[9] proposed the removal of abutment expansion joints for 
the seismic design in a multiple continuous girder curved 
ramp bridge with expansion joints. Raheem and Hayashi-
kawa [10] proposed to install the shock absorbing devices in 
form of lead rubber bearings as it significantly reduces the 
force between the decks generated at expansion joint due 
to seismic action. Raheem [11] also investigated the seis-
mic performance of the base isolated bridge with the help 
of bidirectional hysteric model. Lua et al. [12] presented a 
review article on bridge concerning projects subjected to 
blast loadings. In the present study the focus is to mitigate 
the responses of close spaced buildings with the help of pas-
sive control techniques. The passive control dampers such 
as fluid viscous dampers, friction dampers and viscoelastic 
dampers to mitigate the phenomenon of pounding between 
closely spaced buildings were investigated by Xu et al. [13], 
Bhaskararao and Jangid [14, 15], Patel and Jangid [16, 17]. 
The connection technique for dissimilar and similar build-
ings subjected to seismic excitations as earlier proved by 
Patel and Jangid [18] has been recently reviewed by Kangda 
and Bakre [19] in the field of blast-induced vibrations. The 
implementation of active and semi active control devices 
was studied by Seto and Matsumoto [20], Bharti et al. [21], 
Fisco and Adeli [22], Sandoval et al. [23] and a combination 
of both was studied by Pérez [24] and Palacios-Quinonero 
[25] to closely constructed buildings in mitigating the struc-
tural responses under seismic excitations. The performance 
of base isolated structures connected with passive and hybrid 
damper techniques in improving the performance of adja-
cent buildings was adopted by Matsagar and Jangid [26], 
Shrimali et al. [27], Murase et al. [28], Makita et al. [29] 
and Kasagi et al. [30], respectively. Based on these stud-
ies, the following buildings, namely the Kajima Building 
complex (Akasaka, Tokyo, Japan), the Triton Square office 
in Tokyo, Japan and the Konoike Headquarter Buildings in 
Osaka, Japan have been equipped with dynamic tuned con-
nector, active control actuators and viscoelastic dampers to 
improve the structural performance, respectively. The above-
mentioned studies are restricted to closely spaced buildings 
subjected to earthquake excitations and improving the struc-
tural performance of the building by avoiding the pounding 
phenomenon.

Recently, Mahmoud [31] studied the phenomenon of 
pounding in adjacent buildings when subjected to air and 
underground blast loading, respectively. Thus, an extensive 
research has been conducted to mitigate the damaging effects 
of pounding incurred to closely spaced buildings subjected 
primarily to earthquake excitations. The prime objective of the 
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present study is to assess the blast effects on the closely spaced 
buildings and mitigate the same using fluid viscous dampers. 
The other objectives of the present study are as follows:

1. To evaluate the performance of linear and nonlinear fluid 
viscous dampers in controlling the structural responses 
of closely spaced buildings when subjected to both 
earthquakes and blast-induced vibrations has been inves-
tigated.

2. The earthquake ground histories are made compatible to 
the Indian soil conditions and the responses are evalu-
ated for the same.

3. A parametric study on damping coefficient of fluid 
dampers is conducted to obtain an optimum damping 
coefficient for linear and nonlinear fluid viscous damp-
ers. Newmark’s step by step integration method is 
adopted to analyze the connected fixed base buildings 
using finite element software, SAP 2000.

4. The optimum placement of dampers in mitigating the 
maximum reduction of responses is also investigated.

5. The efficiency of the dampers is evaluated for closely 
spaced low rise structures having significant variation 
in structural properties such that the fundamental time 
period of left building is 1.2 s and right building is 0.3 s.

Numerical study

The performance of two adjacent three storey fixed base build-
ings, has been investigated with the help of SAP 2000. The 
two three storey buildings have following structural properties 
[mass (m), stiffness (k), damping (c) and the fundamental time 
period (T)] illustrated in the study by Jankowski and Mahmoud 
[32] on pounding as listed below is selected to investigate the 
efficiency of viscous dampers in mitigating the structural 
responses in form of top-storey peak displacement, top-storey 
peak absolute acceleration and base shear.

Left building:

Right building:

m1L = m2L = m3L = 25 × 103 kg

k1L = k2L = k3L = 3.46 × 106 N∕m (T = 1.2 s)

c1L = c2L = c3L = 6.609 × 104 kg∕s (�L = 0.05)

m1R = m2R = m3R = 1000 × 103 kg

k1R = k2R = k3R = 2.215 × 109 N∕m (T = 0.3 s)

The nomenclature used in assigning the mass of the first, 
second and third floor of the left building is represented 
by m1L, m2L and m3L, respectively. Similar nomenclature is 
used to define the mass of right building wherein mR rep-
resents mass of right building. The stiffness of first storey, 
second storey and third storey left building is represented 
by k1L, k2L and k3L, respectively. The suffix R represents 
right building. The damping of the left building at first sto-
rey, second storey and third storey is denoted by c1L, c2L 
and c3L, respectively. The configurations of the connected 
structures are shown in Fig. 1 to investigate the performance 
of the closely spaced buildings. Instead of installing damp-
ers within building, an attempt has been made to connect 
two adjacent buildings with the help of linear and nonlinear 
viscous dampers. The studies by Takewadi [33] and Kasagi 
et al. [34] have also been referred for the modeling and con-
necting the rigid and flexible structure. In the present study, 
the damping properties of the connected dampers are kept 
same throughout the connecting floors and the linear and 
nonlinear viscous damper properties are calculated based 
on the mathematical equations as discussed in “Results” 
section. The closely spaced buildings are modeled with an 
assumption that the selected buildings are linear flexible 
shear type structure with lateral degrees of freedom at each 
floor level and both the connected structures are subjected to 
same ground excitations. The selected connected buildings 
have different dynamic and geometric properties. The study 
also neglects the effects of soil structure interaction. Ini-
tially, all the floors of adjacent buildings are connected with 
dampers and the comprehensive assessment of two adjacent 
structures with and without dampers is done by applying 
earthquakes and blast loadings in the form of time history 
using Newmark’s step-by-step time integration method. 
The optimum placement of dampers is also studied by plac-
ing the dampers at individual floors as shown in Fig. 1b–d. 
The selected earthquakes include Loma Prieta Earthquake 
(Oakland Outer Harbor Wharf), 1989 having peak ground 
acceleration (PGA) of 0.28 g, Northridge Earthquake (Syl-
mar County Hospital), 1994 (PGA = 0.6 g), Parkfield Earth-
quake (Cholame, Shandon), 1966 (PGA = 0.16 g) and San 
Fernando Earthquake (Pacoima Dam), 1971 (PGA = 1.1 g).

The earthquake data have been obtained from the COS-
MOS strong motion database (https:// www. stron gmoti oncen 
ter. org/ vdc/ scrip ts/ defau lt. plx). The earthquakes are made 
compatible according to the Indian site conditions with the 
help of application developed by Mukherjee and Gupta [35] 
known as Wavelet based generation of spectrum-compatible 
ground motion (WAVGEN). The study assumes that the two 
adjacent buildings are situated on medium soil conditions 

c1R = c2R = c3R = 1.058 × 107 kg∕s (�R = 0.05)

https://www.strongmotioncenter.org/vdc/scripts/default.plx
https://www.strongmotioncenter.org/vdc/scripts/default.plx
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and located in the seismic zone V as per the Indian Stand-
ards, IS 1893 (Part-1):2002 [36]. The characteristic and 
response spectra of the compatible earthquakes are shown 
in Fig. 2. The adjacent buildings are further subjected to 
four blast induced ground acceleration time histories based 
on the previous studies by Kangda and Bakre [37] as shown 
in Fig. 3. The blast induced ground vibration in terms of 
ground acceleration; ẍg(t) is modeled as an exponential 
decaying function given by Eq. 1:

In the above equation, v (m/s) is the peak particle velocity 
(PPV) obtained from the empirical equation proposed by 
Kumar et al. [38] given by Eq. 2 using digitization software 
for various rock characteristics. The arrival time, td is evalu-
ated using the expression td = R/c where R is the distance 

(1)ẍg(t) = −
1

td
ve

−t

td

from charge point and assumed to be 100 m and c is wave 
propagation velocity (m/s) in soil obtained as the square 
root ratio of Young’s modulus, E = 73.9 GPa and average 
mass density, γd = 26.50 kN/m3. The other material constants 
for granite uniaxial compressive strength, fc = 70 MPa. The 
scaled distance, SD (m/kg1/2) is determined as the ratio 
of distance from charge point, R (m) to the square root of 
charge mass (Q). The responses of interest in the nonlin-
ear time history analysis are the top-storey displacement, 
top-storey absolute acceleration and base shear. From the 
free vibration analysis of two adjacent buildings, time peri-
ods have been validated. Left building is found to be more 
flexible having T = 1.2 s and right building is stiffer, having 
T = 0.3 s.

(2)v =
f 0.642
c

SD−1.463

�D

Fig. 1  Structural models of adjacent buildings connected with linear and nonlinear viscous dampers a all floors connected, b top floor con-
nected, c middle floor connected, d bottom floor connected
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Fig. 2  Compatible earthquake ground motion with response spectra plots

Fig. 3  Blast induced ground acceleration time histories
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Results

Two different types of closely spaced connected buildings, 
namely flexible (left building) and rigid (right building) are 
analyzed to evaluate the structural responses as shown in 
Fig. 1a. The soil structure interaction effects are not taken 
into consideration. For both the buildings, the mass and stiff-
ness at all the floor levels are kept constant to achieve the 
desired fundamental time periods at the fixed base condition. 
The distance between the two buildings is assumed to be 1 m 
and the linear and nonlinear dampers are installed within 
the available space and mitigate the structural responses of 
the selected buildings. In order to get the optimal damp-
ing coefficient of the damper, thorough study has been con-
ducted on two MDOF system subjected to the selected base 
excitations. The non-dimensional damping of the damper is 
obtained by Eq. 3.

The fluid viscous damper is characterized by resistance 
force F. It depends upon the relative velocity of the move-
ment, fluid viscosity and the orifice size of the piston. Equa-
tion 4 shows the relation between damping force developed 
and the relative velocity between the ends of dampers.

where F is damper force, Cd is a damping constant, u̇ is 
the relative velocity between the two ends of damper and 
α is the exponent ranging between 0 and 1 and depends on 
the viscosity properties of the fluid and the piston orifices. 
In Eq. 3, M and ω are the mass and natural frequency of 
the flexible building. At first study, all the floor in between 
two buildings are equipped with linear and nonlinear fluid 

(3)�d =
Cd

2M

(4)F = Cdu̇
𝛼

Fig. 4  Top-storey displacement responses of adjacent buildings subjected to blast-induced vibrations
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viscous dampers and the most efficient damper in mitigating 
the responses is reported in the present study. The damaging 
measures such as top-storey displacement, top-storey abso-
lute acceleration and base shear have been chosen in order to 
get the optimum damping. The main objective is to control 
the responses of the flexible building due to its vulnerability 
to cause more damaging effect to the adjacent closely spaced 
rigid building during seismic and blast action. The com-
parative performance behavior of the linear and nonlinear 
dampers in response reduction of adjacent buildings under 
blast and earthquake is also reported. These measures are 
checked for different value of damping ranging from 0 to 
1. The primary objective is to control the responses of the 
flexible building, since it may create more damaging effect 
during seismic and blast action. There is an insignificant 
reduction in the response of right building, since it is already 
stiffer in nature.

In the present study, damper exponential element is 
selected from the SAP 2000 directory to connect the selected 
left and right lumped mass models. The dampers are mod-
eled as two jointed elements based on the recommenda-
tions mentioned in the help guide of SAP 2000 and solved 
example to connect the adjacent floors. The damper proper-
ties assigned to the damper element include the damping 

coefficient of dampers is represented by Cd and the damper 
nonlinearity parameter (α) which controls the shape of 
the damper force hysteresis loop and the relative velocity 
between the two ends of damper. For linear fluid viscous 
damper, the value of α is equal to 1 whereas for nonlinear 
FVDs (α = 0.35, 0.5 and 0.7) the value of α is taken as less 
than unity (α < 1) to mitigate the high velocity shocks in 
dampers as studied by Narkhede and Sinha [39]. The study 
also investigates the optimal locations of the selected damp-
ers with the use of only one damper to obtain desired reduc-
tions as obtained from all floors connected state. Figure 1b–d 
show placements of dampers at top, middle and bottom sto-
rey, respectively. In order to get the optimal damping coef-
ficient of the damper, thorough study has been conducted 
on two MDOF system subjected to ground excitations. The 
floors in between two buildings are equipped with linear and 
nonlinear fluid viscous dampers. The selected time histories 
of blast and earthquake excitations are defined in SAP 2000 
using time history function. The time step for all selected 
earthquake motion is kept 0.02 s whereas to model the blast 
excitations a time step of 0.0005 s is selected. A nonlinear 
time history analysis is performed using the software and 
effectiveness of linear and nonlinear dampers in mitigat-
ing the structural responses is investigated. The output time 

Fig. 5  Top-storey displacement responses of adjacent buildings subjected to seismic excitations
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Fig. 6  Top-storey velocity responses of adjacent buildings subjected to blast-induced vibrations

Fig. 7  Top-storey absolute acceleration responses of adjacent buildings subjected to blast-induced vibrations
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steps are also kept same to compare the results in uncon-
nected and connected state.

Dissimilar connected buildings

The top-storey displacement responses obtained from the 
time history analysis of the closely spaced connected build-
ings subjected to selected blast and earthquake loadings are 
plotted in Figs. 4 and 5, respectively. The results are plotted 
by connecting the adjacent buildings with nonlinear damp-
ers having α = 0.35 and ξd = 30%. The unconnected results 
obtained from the blast results suggest that the maximum 
available spacing required between the adjacent buildings as 
calculated from IS 1893:2002 (Part-1) clause 7.11.3 using 

Eq. 5 is equal to 1.73 m to avoid pounding. However, the 
present study assumes that the available space between the 
adjacent buildings is 1 m and hence pounding will occur and 
cause detrimental effects to the structure which needs to be 
prevented with the help of linear and nonlinear dampers.

In Eq. 5, R is the response reduction factor which is 
assumed to be 5 for the selected left and right building. Δ1 
and Δ2 are the peak storey displacements of left and right 
building and observed to be 564.6 mm and 130 mm, respec-
tively. It is observed that connecting the selected flexible 
building with nonlinear and linear viscous damper leads 
to significant reduction in storey displacement responses. 

(5)Separation distance (D) = 0.5R (D1 + D2)

Fig. 8  Top-storey absolute acceleration responses of adjacent buildings subjected to seismic excitations
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The blast load acts as impact load on the structure which 
produces initial velocity for subsequent free vibration of 
structure. Therefore, present study also evaluates the veloc-
ity time profile of structures for blast induced ground motion 
(BIGM) and is plotted in Fig. 6. It is also observed that con-
necting the adjacent structures with nonlinear fluid viscous 
dampers (α = 0.35) mitigates the velocity responses of the 
buildings.

The top-storey acceleration responses are plotted in 
Figs. 7 and 8 with respect to time show remarkable reduc-
tion in responses due to the installation of viscous dampers 
(α = 0.35 and ξd = 30%.). Figures 9 and 10 show base shear 
variation with respect to time for different blast and earth-
quake induced vibrations, respectively. The plotted responses 
demonstrate that the flexible building experience substantial 
reduction in responses with negligible reduction in responses 

to the rigid buildings placed to the right of flexible building. 
The variation of structural responses against damping ratio 
(ξd) of nonlinear FVDs are plotted in Figs. 11 and 12 for 
blast and seismic ground motions. The adjacent structures 
are connected with same damping in all the installed damp-
ers. It is also observed that the peak top-storey displacement 
and base shear responses show maximum reduction at high 
damping ratio for the selected nonlinear damper (α = 0.35) 
when subjected to blast induced and earthquake vibrations. 
The characteristics of earthquake such as PGA, frequency 
content, near fields affects the optimum damping of viscous 
dampers. At very high damping, structure behaves as if they 
are rigidly connected. As a result, relative displacements and 
relative velocity becomes very less and hence damper loses 
its effectiveness. On the other end, if damping reduces to 
zero, two structures return to unconnected condition. The 

Fig. 9  Base shear time history responses of adjacent buildings subjected to blast-induced vibrations
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peak absolute accelerations show that an optimum damping 
of 30%, 20%, 25% and 20% have been observed for Loma 
Prieta, Northridge, Parkfield and San Fernando Earthquake 
when connected with nonlinear fluid viscous dampers 
(α = 0.35). The blast analysis results report that an optimum 
damping of 15%, 15%, 25% and 30% have been observed 
for blast weights of 10 tons, 25 tons, 50 tons and 75 tons, 
respectively, when connected with nonlinear fluid viscous 
dampers (α = 0.35). The time history responses of top-storey 
displacement and base shear under selected earthquake load-
ings show maximum reduction in responses at high damping 
values. Thus, in the present study, the optimum damping of 
nonlinear viscous damper is found out to be different under 
blast and earthquake vibrations, respectively, and the time 
history responses of top-storey displacement, absolute accel-
erations and base shear are reported at the optimum damping 

of dampers. Thus, to obtain maximum reduction in structural 
responses under blast and earthquake excitations, the damp-
ing ratio must be selected in the range of 15–30%.

The present study also compares the performance of the 
closely spaced buildings connected with linear (α = 1) and 
nonlinear (α = 0.7, 0.5 and 0.35) fluid viscous dampers sub-
jected to blast and earthquake loadings. The optimum damp-
ing results are reported corresponding to the peak absolute 
acceleration reduction responses and are tabulated as shown 
in Table 1 as observed for different selected ground excita-
tions. The present study assumes that the flexible building 
is a steel building and assumed that the localized deforma-
tion to the structure elements will not happen. The localized 
deformation to the structural elements is beyond the scope 
of present study.

Fig. 10  Base shear time history responses of adjacent buildings subjected to seismic excitations



 Innovative Infrastructure Solutions (2021) 6:130

1 3

130 Page 12 of 19

Thus, it is observed from Table 1 that the maximum 
reduction in the absolute acceleration responses is obtained 
at different damper damping depending on the linear and 
nonlinear fluid viscous damper. The linear dampers yield 
maximum reduction in responses at higher damping as 
compared to nonlinear dampers. It is also observed that 
the optimum damping corresponding to nonlinear dampers 
results in maximum reduction in responses as compared 
to linear dampers. The responses of the selected build-
ings subjected to Northridge Earthquake show that at an 
optimum damping of 20% the peak absolute acceleration 
responses are reduced by 52% for the nonlinear damper 
having α = 0.35. The results corresponding to α = 0.7, 0.5 
and 1 show reductions of 49%, 46% and 41%, respectively. 
Thus, the results obtained for the nonlinear damper having 

α = 0.35 results in the maximum reduction in responses 
when compared with the responses obtained at α = 1, 0.7 
and 0.5, respectively. However, it is interesting to note 
that the overall reduction in responses for linear damper is 
quite high as compared to the responses obtained for non-
linear dampers. The linear dampers result in 56% reduction 
in peak absolute acceleration responses at 40% damping 
coefficient (ξd) as compared to the responses obtained 
in the unconnected state when subjected to Northridge 
Earthquake. The results obtained from nonlinear dampers 
show reduction of 52% at 20% damping coefficient. Simi-
lar observations are also observed for all selected ground 
excitations. Thus, the results obtained from the blast and 
earthquake analysis of connected adjacent buildings show 
that the overall performance of the adjacent buildings are 

Fig. 11  Peak responses of adjacent buildings against normalized damping of nonlinear fluid viscous dampers subjected to blast loading (α = 0.35)
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improved by the selection of linear dampers at higher 
damping coefficient with comparable results obtained at 
a lower damping coefficient for nonlinear dampers. The 
above made observations have been supported with the 

results shown in Figs. 13, 14 and 15, respectively, for blast 
and earthquake loadings. The top-storey displacement 
and base shear results obtained from the blast and earth-
quake analysis show that that the maximum reductions are 

Fig. 12  Peak responses of adjacent buildings against normalized damping of nonlinear fluid viscous dampers subjected to earthquake loading 
(α = 0.35)

Table 1  Optimum damping for 
linear and nonlinear dampers

Ground excitation Optimum damping 
(α = 1) (%)

Optimum damping 
(α = 0.7) (%)

Optimum damping 
(α = 0.5) (%)

Optimum damp-
ing (α = 0.35) 
(%)

Q = 10 tons 15 15 15 15
Q = 25 tons 15 15 15 15
Q = 50 tons 15 20 20 25
Q = 75 tons 15 20 25 30
Loma Prieta 45 45 30 30
Northridge 40 30 25 20
Parkfield 45 35 30 25
San Fernando 40 30 25 20
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obtained at higher damping ratio using nonlinear damp-
ers. Thus, the present study concludes that the maximum 
reduction in absolute acceleration responses is achieved 
with linear fluid viscous dampers whereas significant 
reduction in displacement and base shear responses are 
obtained using nonlinear fluid viscous dampers for all 
selected ground motions. The linear viscous damper yields 
maximum reduction in absolute acceleration at high damp-
ing ratio. However, at low damping ratio, the nonlinear 
dampers prove advantageous in reducing the absolute 
acceleration.

The force–displacement relationship of the top con-
nected linear and nonlinear fluid viscous damper under 
different blast and earthquake loadings is also plotted in 
Fig. 16. In case of blast charge equal to 10 tons and 25 
tons, the force output of linear damper is more than that 
achieved by nonlinear damper at same damper displace-
ment values. At high charge weights, namely Q = 50 tons 
and 75 tons, the nonlinear dampers yield more damper 

displacement at low force output values in comparison 
with linear dampers. Thus, the energy dissipation of the 
selected dampers increases and is different under selected 
blast loadings. The performance of the nonlinear damp-
ers under different earthquake excitations yields more 
force output at a low damper displacement in comparison 
with linear dampers leading to more energy dissipation 
under nonlinear dampers. Thus, in the present study, it 
has been observed that the installation of nonlinear damp-
ers in between two adjacent buildings are more effective 
in mitigating the structural responses in comparison with 
linear dampers.

To minimize the number of dampers installed in between 
two adjacent buildings to reduce the cost of dampers, the 
study is extended further, investigating an optimum damper 
placement of nonlinear viscous damper. As a result, the 
selected dampers are placed at different locations as 
shown in Fig. 1b–d, respectively, to obtain an optimum 
damper placement which results in maximum reductions in 
responses as obtained for all connected state. The conditions 

Fig. 13  Comparison of peak top 
floor displacement responses 
between linear and nonlinear 
viscous damper connected 
buildings under selected ground 
vibrations



Innovative Infrastructure Solutions (2021) 6:130 

1 3

Page 15 of 19 130

evaluated in the analysis include unconnected state, nonlin-
ear dampers connected (α = 0.35) at all floor levels (case (i)) 
nonlinear damper connecting only the top floor of adjacent 
buildings (case (ii)) nonlinear damper connecting only the 
middle floor of adjacent buildings (case (iii)) and lastly non-
linear damper connecting only the bottom floor of adjacent 
buildings (case (iv)). The results are compared at an opti-
mum damping coefficient and tabulated in Tables 2 and 3, 
respectively, for adjacent buildings subjected to blast and 
seismic tremors.

The values reported in the brackets denote the percent-
age reduction in the responses due to the placement of 
dampers between adjacent floors. It has been observed 
that connecting the two dynamically dissimilar buildings 
at all floor levels, the responses of left flexible building 
(T = 1.2 s) results in maximum reductions of 82%, 34% 
and 78% in top-storey displacement, absolute accelera-
tion and base shear under different earthquake motions 
when compared with unconnected state. Reductions in the 

structural responses at an optimum damping ratio obtained 
from the blast analysis are in the range of 14–25% when 
all floor levels are connected with same damping ratio. 
To optimize the number of dampers connecting the two 
adjacent dynamically dissimilar buildings, it is observed 
that installing the dampers at the top floor yields signifi-
cant reductions in responses when compared with all floors 
connected state under blast influence. It is also observed 
that the absolute acceleration responses are enhanced 
due to the presence of single damper placed at top sto-
rey when compared with the all floors connected state. 
Under the influence of earthquakes, comparable reduc-
tions in the top displacement and base shear are observed 
when the dampers are connected to the top storey of the 
selected buildings. However, it is recommended to place 
a single damper in the middle storey of adjacent buildings 
subjected to earthquakes as the percentage reduction in 
absolute acceleration responses are increased in compari-
son with case (i) and case (ii). The placement of single 

Fig. 14  Comparison of peak 
top floor absolute acceleration 
responses between linear and 
nonlinear viscous damper con-
nected buildings under selected 
ground vibrations
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damper at top storey is not effective when subjected to 
Loma Prieta Earthquake and San Fernando Earthquake 
as the acceleration responses are increased in compari-
son with unconnected case leading to further damage to 
adjacent rigid structures. Thus, the optimum placement 
of dampers is reported at middle storey for earthquake 
prone zones. The study reports insignificant reduction 
in the responses of rigid building (T = 0.3 s). It is thus 
recommended in the present study to place a nonlinear 
fluid viscous damper having optimum damping coefficient 
in the range of 15–30% connected at top story for blast-
induced vibrations whereas middle story connection under 
earthquake ground motion to obtain maximum reduction 
in responses and prevent the damaging effects incurred 
due to pounding. The optimum placement study reduces 

the three number of dampers installed at all floor levels to 
only one damper to be installed at the critical floor level 
to yield the maximum reduction in responses.

Conclusions

Blast and seismic analysis of two dynamically dissimilar 
adjacent fixed base buildings is carried out using linear and 
nonlinear FVD’s. Left building is flexible (T = 1.2 s) and 
right building is stiffer (T = 0.3 s), intrusion of dampers 
between the space available within two buildings is found to 
be a suitable means of mitigating the structural responses of 

Fig. 15  Comparison of peak 
base shear responses between 
linear and nonlinear viscous 
damper connected buildings 
under selected ground vibra-
tions
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structures subjected to transient loading. Some of the inter-
esting observations from the study are listed below.

1. The installation of viscous damper is found to be a 
very effective technique to control the seismic and blast 
responses of dynamically dissimilar connected build-
ings. There is significant reduction in the response of the 
flexible building, and no reduction has been observed in 
rigid building under the selected excitations.

2. The comparison of structural responses obtained from 
the nonlinear analysis of linear and nonlinear damper 
connected structures show the effectiveness of nonlinear 
fluid viscous dampers (α = 0.35) in harvesting the maxi-
mum reduction in responses.

3. There exist an optimum damping for which earthquake 
and blast responses are found to be least for coupled 
structures. The optimum damping ratio evaluated from 
blast and earthquake analysis are found to be in the 
range of 10–30% for the selected nonlinear damper 
(α = 0.35).

4. The linear viscous damper yields maximum reduction in 
absolute acceleration at high damping ratio. However, at 
low damping ratio, the nonlinear dampers prove advan-
tageous in reducing the absolute acceleration.

5. The optimal placement of nonlinear FVDs between 
adjacent buildings recommend top-storey connection for 
blast-induced vibrations whereas middle storey connec-
tion under earthquake motions.

Fig. 16  Force–displacement behavior of top floor connected linear and nonlinear fluid viscous damper under blast and seismic excitations
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