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Abstract The reports after major earthquakes indicate that the earthquake-induced
pounding between insufficiently separated buildings may lead to significant damage or
even total collapse of structures. An intensive study has recently been carried out on
mitigation of pounding hazards so as to minimize the structural damages or prevent col-
lisions at all. The aim of this paper is to investigate the effectiveness of the method when
two adjacent three-storey buildings with different (substantially different) dynamic prop-
erties are connected at each storey level by link elements (springs, dashpots or viscoelastic
elements). The results of the study indicate that connecting the structures by additional link
elements can be very beneficial for the lighter and more flexible building. The largest
decrease in the response of the structure has been obtained for links with large stiffness or
damping values, which stands for the case when two buildings are fully connected and
vibrate in-phase. Moreover, by comparing the effectiveness of different types of link
elements, it has been confirmed that the use of viscoelastic elements reduces the peak
displacement of the structure at lower stiffness and damping values comparing to the case
when spring and dashpot elements are applied alone. On the other hand, the results of the
study demonstrate that applying the additional link elements does not really change the
response of the heavier and stiffer building. The final conclusion of the study indicates that
linking two buildings allows us to reduce the in-between gap size substantially while
structural pounding can be still prevented.
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1 Introduction

It has been observed during earthquakes that adjacent buildings might come into contact if
the separation distance between them is not sufficient so as to accommodate their relative
movements. This phenomenon, known as the earthquake-induced structural pounding, may
result in local damage at the contact locations during moderate ground motions or may lead
to substantial damage or even total collapse of structures during severe seismic excitations
(see, for example, Rosenblueth and Meli 1986; Kasai and Maison 1997). The most com-
mon reason of structural pounding between neighbouring buildings is the difference in
their natural periods (Anagnostopoulos 1988; Anagnostopoulos and Spiliopoulos 1992;
Maison and Kasai 1990, 1992; Karayannis and Favvata 2005a, b; Jankowski
2005, 2007a, b; Komodromos 2008; Mahmoud and Jankowski 2009, 2011; Polycarpou and
Komodromos 2010a, b). The difference in mass or stiffness makes the structures to vibrate
out-of-phase during the ground motion increasing the probability of structural collisions.

An intensive study has been carried out on mitigation of pounding hazards in order to
minimize structural damages during seismic excitations. One of the objectives is to
develop procedures for evaluating the appropriate separation gap between buildings so as
to prevent structural interactions (see Jeng et al. 1992; Penzien 1997; Lin and Weng
2001a, b; Lopez-Garcia 2004; Mahmoud et al. 2013; Sottysik and Jankowski 2013; Abdel
Raheem 2014; Naderpour et al. 2016). The minimum separation distance is specified in the
recent earthquake-resistant design codes (ECS 1998; IS 2002; NBC 2003; IBC 2009).
However, due to the land shortage and high land prices in many places, making the
separation gap between buildings large is not an easy solution to be accepted by the land
owners. The use of isolation devices (see, for example, Kelly 1993; Naeim and Kelly 1999;
Salomén et al. 1999; Komodromos 2000, 2008; Mahmoud et al. 2012; Falborski et al.
2012; Falborski and Jankowski 2013; Jankowski 2015), which is considered to be a very
effective method, makes this problem even worse since it results in substantial increase in
the structural displacements (Maison and Ventura 1992; Malhotra 1997; Polycarpou and
Komodromos 2010a, b; Mahmoud and Gutub 2013). Moreover, there are many examples
of old buildings, which have been constructed nearly in contact with each other (see Jeng
and Tzeng 2000; Wasti and Ozcebe 2003), as it was not prohibited according to the old
earthquake-resistant design codes.

Another approach to mitigate pounding effects under seismic excitations is to consider
some pounding reduction methods in order to enhance the performance of structures
without sufficient in-between gap size. One of the techniques is linking buildings which
allow the forces to be transmitted between structures and thus eliminate interactions. Stiff
links as well as some viscoelastic elements have been tested for such purposes. For
example, Westermo (1989) suggested to connect buildings by additional stiff beams. The
links between neighbouring structures can also have some energy dissipating properties
and impacts can be partly absorbed (Kobori et al. 1988). In order to control and eliminate
the structural collisions between two adjacent structures, a coupling element was used by
Zhu and Iemura (2000). Kasai et al. (1992) applied viscoelastic dampers for the purpose of
connecting the neighbouring buildings and mitigate pounding effects. Similar studies
concerning structures linked by damping devices were also conducted by other researchers
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(see, for example, Xu et al. 1999; Zhang and Xu 1999; Ni et al. 2001). The optimal values
for the distribution of viscous dampers connecting the buildings of different heights were
determined by Luco and De Barros (1998). Investigations on the dynamic characteristics
and seismic response of adjacent structures connected by fluid dampers were conducted by
Zhang and Xu (2000), Yang et al. (2003) and Zhu and Xu (2005). Another technique
concerns installation of bumpers, shock absorbers or collision shear walls which can help
in preventing sudden shocks due to collisions (Anagnostopoulos and Spiliopoulos 1992;
Anagnostopoulos 1996; Anagnostopoulos and Karamaneas 2008; Polycarpou et al. 2013;
Abdel Raheem 2014).

The aim of the present paper is to investigate the effects of connecting two adjacent
equal height three-storey buildings with different (substantially different) dynamic prop-
erties by link elements, as a strategy for mitigation of earthquake-induced pounding
between insufficiently separated structures. Using the discrete three-degree-of-freedom
numerical models of buildings, three cases have been studied. In the first one, spring
elements have been applied as links at all the storey levels, link elements in the form of
dashpots have been considered in the second one, whereas the third case deals with the
application of viscoelastic elements combining both springs and dashpots. The effective-
ness of link elements has been tested for different values of spring stiffness and dashpot
damping and the optimum values required to obtain the largest reduction in the structural
response have been analyzed.

2 Buildings separated by large gap size preventing pounding

For the purposes of the study, let us consider two adjacent three-storey buildings with
different dynamic properties, which are separated by the gap size, d. The simplified model
of the structures can be defined by using the discrete three-degree-of-freedom structural
models with mass of each storey lumped at the floor level (see Fig. 1). The dynamic
equation of motion of both structures for the case when the gap size is large enough to
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Fig. 1 Model of adjacent three-storey buildings with different dynamic properties
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prevent pounding, considering nonlinear (elastic-perfectly plastic) material behaviour, can

be written as:

MX(1) + CX(1) + Fs(1) + F(r) = M1, (1)
mb 0 0 0 0 0 k(1) (1)
0 mbt o 0 0 0 0] x5(1)
o 0o mt o 0o o0 _ | BEO | B0
M=10 0 o m o o |® XO0= 1% X0
0 0 0 0 mf o (1) (1)
0 0 0 0 0 mk & (1) (1)
Ct+ct —Ck 0 0 0 0
-ct  ch+cy -ck oo 0 0
c 0 7C§ C§ 0 0 0
= lo 0 0 Ck+ck -k 0
0 0 0 —Ck R+ ck -k
0 0 0 0 —Ck s
L L -1_
Fh(1) - Fh(0) :
Fiz(t) — Fg(t) |
Fg(1)
F(t) = S3 ; 1=
0= | -0 1
F%(t) — Fg(t) 1
Fg(1) 1

where (1), £ (1), £(1), £ (1), x-(0), (1) (i = 1,...,

1 1

(1a)

(1b)

(1d)

3) is the acceleration, velocity and

displacement of a single storey of the left (upper index L) and the right (upper index R)

building, respectively; m¥, m¥ stand for the storey masses; F§ (1), F

xi (1), F§i(t) =

elastic range till the storey yield strength F L., FR is reached and FL (1) =

shear forces equal to: FL( 1) =

K} (xi (1)

KR(xR()

R () are inelastic storey
xf (1)) for the
P FR (1) =

+FR for the plastic range; KX, CF, KR, CR are elastic structural stiffness and damping
coefficients and X,(r) is the acceleration of input ground motion.

As the example, two three-storey buildings with the following structural properties have
been considered in the study (see Jankowski 2008):

e left building:
mk = ms =mk =25 x 10%kg
Kl =Kt =
Ck = CL = C} =6.609 x 10*kg/s
FL =FL = FL, =1369 x 10°N

e right building:

= 1000 x 10> kg

R _ R _
my =m, =m
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KR = KR =KE=2215x10°N/m (T®=0.3ys)
CR=CE=CE=1058x10"kg/s (& =0.05)

FR =Ff =FR, =1442x10'N

where TE, TR, &8, &R is the natural period and damping ratio of the left (upper index L) and
the right (upper index R) building, respectively. In order to solve the equation of motion (1)
numerically, the time-stepping Newmark method (1959), with the standard parameters:
yy = 0.5, By =0.25 and constant time step Ar = 0.002 s, has been used. Different
earthquake records (see Table 1 for details) have been considered in the analysis. Gen-
erally speaking, the results for all of them show similar tendencies. Therefore, due to the
space limitations, the examples of the representative results of the study obtained for the El
Centro earthquake are presented in this paper. In particular, Fig. 2 shows the displacement
time histories for all storeys of both buildings. The peak displacement values have been
calculated as equal to: 0.0600, 0.1120 and 0.1429 m for the first, second and third storey of
the left building (lighter and more flexible one), respectively. On the other hand, the peak
displacement values of the right building (heavier and stiffer one) are equal to: 0.0088,
0.0153 and 0.0187 m for the first, second and third storey, respectively. Moreover, the gap
size of d = 0.14 m has to be assured so as to prevent pounding between analyzed structures
under the ground motion.

3 Buildings linked by spring elements

Let us now consider the case when two three-storey buildings are linked at each storey
level by spring elements (see Fig. 3). The dynamic equation of motion under earthquake
excitation for the model shown in Fig. 3 can be written as (see Cimellaro and Lopez-
Garcia 2011 and compare Eq. 1):

Mx(r) + Cx(1) + (K+ Kp)x(r) = —M1%,(7) (2a)

mi 0 0 0 0 0 ik (1) i (1)
I . .
0 mh 0 ) 0 0 0 jcCLé(z) ﬁ(r)
0 0 my 0O 0 O . 5 (¢ X5 (¢
M= 5 0 K= @0 e [RY e)
0 0 0 mf o o &6 &)
R =R "R
0 0 0 0 m 0 . 5(1) x5 (1)
0 0 0 0 0 nmf (1) (1)
Table 1 Earthquake records used in the analysis
Earthquake Date Magnitude Station Component PGA (cm/s?)
El Centro 18.05.1940 6.9 El Centro NS 340.20
Kobe (Hyogo-ken Nanbu) 17.01.1995 7.2 JMA Kobe NS 817.82
Kocaeli (Izmit) 17.08.1999 7.4 Sakarya EW 369.28
Kushiro 15.01.1993 7.8 JMA Kushiro EW 919.13
Loma Prieta 17.10.1989 6.9 Corralitos NS 631.51
Northridge 17.01.1994 6.7 Rinaldi Receiving St. EW 821.69
PGA peak ground acceleration
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Fig. 2 Displacement time histories for buildings separated by large gap size preventing pounding: a first
storeys, b second storeys, ¢ third storeys
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Fig. 3 Model of adjacent three-storey buildings linked by spring elements

KF+K; —K% 0 0 0 0
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_lo —Kk% Kt 0 0 0
K=1o 0 0 KR+ KE —K% 0 (2d)
0 0 0 —KR} KR+ k¥ —KE
0 0 0 0 K& K¥
Kp 0 0 —Kg O 0 xll‘(l) 1
0 Kp 0 0 —Kp 0 x%(t) 1
o 0 0 Kp 0 0 —Kp _ | X3 (t) o 1
Ke=1lk, 0 0 &k o o [|@ 0= kel 1=
0 —Kp 0 0 Kp 0 xg(t) 1
0 0 —Kp 0 0 Kp xg(t) 1
(2e)

where 5 (t), ¥R (1), 2L (r), 2R(1), xE (1), xR(¢) (i =1,...,3) is the acceleration, velocity and
displacement of a single storey of the left (upper index L) and the right (upper index R)
building, respectively; m¥, mf stand for the storey masses; K", C-, KX, CF are the
structural stiffness and damping coefficients; Kp denotes stiffness coefficient of spring
elements and X, (7) is the acceleration of input ground motion. It should be underlined that
the above equation of motion is only valid for such values of stiffness coefficient of spring
elements which are large enough to prevent structural pounding for the specified gap size
between buildings.

In the analysis, the stiffness coefficient of spring elements, K, has been changed from 0
to 8 x 107 N/m. The time-stepping Newmark method with constant time step Az = 0.002 s
has been used in order to solve the equation of motion (2) numerically. Different earth-
quake records (see Table 1 for details) have been considered in the analysis. The repre-
sentative examples of the results of the study are presented in Figs. 4, 5 and 6. Figure 4
shows the peak displacements of the third storeys of both buildings with respect to stiffness
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of spring elements for different earthquake records, as the results of parametric study.
Additionally, the displacement time histories for all storeys of both buildings for two
chosen values of Kz =5 x 10°N/m (moderate stiffness) and Kz = 8 x 10’ N/m (large
stiffness inducing in-phase vibrations) for the El Centro earthquake are presented in Figs. 5
and 6, respectively.
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Fig. 4 Peak displacements of the third storeys of buildings with respect to stiffness of linking spring
elements for different earthquake records
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Fig. 4 continued

It can be seen from Fig. 4 that the increase in stiffness value of spring elements is,
generally speaking, beneficial for the response of the left building. In the case when
stiffness is equal to zero (buildings are not connected and move out-of-phase with the
response shown in Fig. 2), the obtained peak displacements of the left building under the
El Centro earthquake are equal to: 0.0600, 0.1120 and 0.1429 m for the first, second and
third storey, respectively. For stiff linking with high stiffness value (buildings are fully
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Fig. 5 Displacement time histories for buildings linked by spring elements with Kz = 5 x 10° N/m: a first
storeys, b second storeys, ¢ third storeys

connected and move in-phase with the response shown in Fig. 6), the obtained peak
displacements of the structure are as small as: 0.0112, 0.0182 and 0.0213 m for the first,
second and third storey, respectively. The obtained values for the left building under the El
Centro earthquake, in the case of independent vibrations and stiff linking, show significant
reductions in the peak displacements, equal to 81, 84 and 85 %, respectively. On the other
hand, it can also be seen from Fig. 4 that applying the additional spring elements does not
really change the response of the right building, apart from the ground motion analyzed.
For the El Centro earthquake, the differences between the case of independent vibrations
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Fig. 6 Displacement time histories for buildings linked by spring elements with Kz = 8 x 107 N/m: a first
storeys, b second storeys, ¢ third storeys

shown in Fig. 2 (spring stiffness is equal to zero) and stiff linking with the response shown
in Fig. 6 (high value of spring stiffness) is relatively small and is equal to: 3.4, 2.6 and
2.7 % for the first, second and third storey of the building, respectively. It can also be seen
from Figs. 5 and 6 that linking two buildings by spring elements results in substantial
reduction in gap size value required to prevent pounding. By the application of spring
elements with moderate stiffness of Kz = 5 x 10°N/m, the gap size of d = 0.1 m should
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be ensured (see Fig.5). In the case of spring elements with large stiffness of
Kp = 8 x 107 N/m, the in-between gap size can be reduced to nearly zero.

4 Buildings linked by dashpot elements

In this section, let us consider the case when two three-storey buildings are linked at each
storey level by dashpot elements (see Fig. 7). The dynamic equation of motion under
earthquake excitation for the model shown in Fig. 7 can be written as (compare Cimellaro
and Lopez-Garcia 2011 as well as Egs. 1 and 2):

MX(1) 4 (C + Cp)xX(t) + Kx(r) = —M1iy(1) (3a)
mt 0 0 0 0 0 #(1) xkE (1)
0 m5 0 0 0 O (1) x5(1)
|0 0o mk o 0 o0 N0 x4 (1)
M=1o0 0 o mt o o |F XO= 1%, X0 x) (3)
0 0 0 0 m¥ o E0) x&(1)
0 0 0 0 0 mk A& (1) X&)
ch+cy -Ck 0 0 0 0
-cy Ch+cy -c oo 0 0
o —Ct c 0 0 0
C=1o 0 0 Chyck —ck 0 (3¢)
0 0 0 —Ck ¥+ —c%
0 0 0 0 —CRk ck
KE+K: —KE 0 0 0 0
-Ky  Ki+K: —KY O 0 0
|0 —Kk Kf 0 0 0
K=1o 0 0 KRiKE —KE 0 (3d)
0 0 0 —K% K¥ + K¥  —K%
0 0 0 0 —K% KX
L _1-
Cg O 0 -Cp 0 0 k(1) |
0 Cg O 0 —Cp 0O xé(tg |
o 0 Cg O 0 —Cp N E N
G=1_c, 0o o ¢ o o [|@X0=|&kpnl 171,
0 ~Cp 0 0 Cpg O X(1) |
0 0 ~Cp 0O 0 Cp (1) |
(3e)

where x5 (t), ¥R (1), 2L (r), 2R(1), xE (1), xR(¢) (i=1,...,3) is the acceleration, velocity and
displacement of a single storey of the left (upper index L) and the right (upper index R)
building, respectively; mF, mf stand for the storey masses; KX, CF, KX, CR are structural
stiffness and damping coefficients; Cp denotes damping coefficient of dashpot elements
and X,() is the acceleration of input ground motion. It should be underlined that the above

equation of motion is only valid for such values of damping coefficient of dashpot elements
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Fig. 7 Model of adjacent three-storey buildings linked by dashpot elements
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Fig. 8 Peak displacements of the third storeys of buildings with respect to damping of linking dashpot
elements

which are large enough to prevent structural pounding for the specified gap size between
buildings.

Similarly as previously, the earthquake-induced response of two three-storey buildings
with different (substantially different) dynamic properties has been analyzed. The damping
coefficient of dashpot elements, Cg, has been considered to vary from 0 to 8 x 10° kg/s.
The time-stepping Newmark method with constant time step Ar = 0.002 s has been used in
order to solve the equation of motion (3) numerically. Different earthquake records (see
Table 1 for details) have been considered in the analysis. The representative examples of
the results for the El Centro earthquake are presented in Figs. 8, 9 and 10. Figure 8 shows
the peak displacements of the third storeys of both buildings with respect to damping of
dashpot elements, as the results of parametric study. Additionally, the displacement time
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Fig. 9 Displacement time histories for buildings linked by dashpot elements with Cz = 5 x 10* kg/s: a first
storeys, b second storeys, ¢ third storeys

histories for all storeys of both buildings for two chosen values of Cz =5 x 10* kg/s
(moderate damping) and Cz = 8 x 10° kg/s (large damping inducing in-phase vibrations)
are presented in Figs. 9 and 10, respectively.

It can be seen from Fig. 8a that with the initial increase in the damping coefficient
value, a significant reduction in the peak displacements of the left building (lighter and
more flexible one) has been obtained. However, after passing some threshold value, with
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Fig. 10 Displacement time histories for buildings linked by dashpot elements with Cp = 8 x 10° kg/s:
a first storeys, b second storeys, ¢ third storeys

further increase in damping coefficient, the response of the structure is nearly unchanged.
In the case when damping of link elements is equal to zero, buildings are not connected and
move out-of-phase with the response shown in Fig. 2 (peak displacement values for all
stories have been given in the previous section). For high damping values of dashpot
elements (buildings are fully connected and move in-phase with the response shown in
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Fig. 10), the obtained peak displacements of the structure are as small as: 0.0089, 0.0155
and 0.0190 m for the first, second and third storey, respectively. The above values for the
left building show significant reductions in the peak displacements, equal to 85, 86 and
87 % respectively, in the case when two cases are compared. On the other hand, it can be
seen from Fig. 8b that applying the additional dashpot elements between structures does
not really change the response of the right building (heavier and stiffer one). The differ-
ences between the case of independent vibrations (dashpot damping is equal to zero) and
stiff linking (high value of dashpot damping) in the case of this building is as small as: 2.3,
2.0 and 2.1 % for the first, second and third storey, respectively. It can also be seen from
Figs. 9 and 10 that linking two buildings by dashpot elements leads to the significant
reduction in gap size value required to prevent pounding, similarly as in the case when
spring elements are applied. By the use of dashpot elements with moderate damping of
Cp =5 x 10* kg/s, the gap size of d = 0.08 m should be ensured (see Fig. 9). In the case
of dashpot elements with large damping of Cz = 8 x 10° kg/s, the in-between gap size can
be reduced to nearly zero.

5 Buildings linked by viscoelastic elements

A reasonable solution is to combine spring as well as dashpot link elements together. The
dynamic equation of motion under earthquake excitation for the model of two three-storey
buildings linked by such viscoelastic elements can be written as (compare Eqs. 2 and 3):

MX (1) + (C + Cp)x(1) + (K + Kp)x(r) = —M1i,(2) (4)

where all vectors and matrices of the above equation are defined in Egs. (2) and (3). The
parametric analysis has been conducted so as to verify the effectiveness of viscoelastic link
elements in mitigation of pounding effects and reduction of structural vibrations. The
investigation has been conducted for different values of spring stiffness and dashpot
damping coefficients. When one parameter has been changed, the value of the second one
has been kept constant. The following basic values have been considered in the analysis:
Kz =5 x 10 N/m, Cp =5 x 10* kg/s. Different earthquake records (see Table 1 for
details) have been considered in the analysis. The representative examples of the results of
the study for the El Centro earthquake are presented Figs. 11, 12, 13, 14 and 15. In
particular, Fig. 11 shows the peak displacements of the third storeys of both buildings with
respect to stiffness of viscoelastic elements, while Fig. 12 presents the peak displacements
of the third storeys of both buildings with respect to damping of viscoelastic elements.
Additionally, the displacement time histories for all storeys of both buildings for the
following pairs of stiffness and damping of link elements: Kz =35 x 10° N/m and
Cp =5 x10* kg/s, Kg =5 x 10° N/m and Cp = 8 x 10° kg/s, Kz = 8 x 10’ N/m and
Cp =5 x 10* kg/s are shown in Figs. 13, 14 and 15, respectively.

The results shown in Figs. 11a and 12a indicate that with the initial increase in stiffness
(damping) values, a decrease trend in the obtained top storey displacements of the left
building has been observed. Then, with further increase in the analyzed parameter, the
peak storey displacements remain nearly unchanged showing significant reduction. Such
results could be expected based on previous findings described in Sects. 2 and 3. It should
be underlined, however, that the application of viscoelastic elements reduces the peak
displacements of the lighter and more flexible structure at lower stiffness and damping
values comparing to the case of spring and dashpot elements applied alone (compare
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Fig. 11 Peak displacements of the third storeys of buildings with respect to stiffness of linking viscoelastic
elements with Cy = 5 x 10*kg/s
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Fig. 12 Peak displacements of the third storeys of buildings with respect to damping of linking viscoelastic
elements with Kz = 5 x 10° N/m

especially Figs. 4a with 11a). On the other hand, the results from Figs. 11b and 12b show
insignificant changes in the behaviour of the right building. Moreover, the peak dis-
placements for this heavier and stiffer building show quite similar results as those obtained
for spring and dashpot elements applied alone (compare Figs. 4b with 11b as well as
Figs. 8b with 12b). It can also be seen from Figs. 13, 14 and 15 that linking two buildings
with viscoelastic elements results in significant reduction in gap size value required to
prevent pounding, similarly as in the case when spring as well as dashpot elements are
applied. By the use of viscoelastic elements with moderate stiffness of Kz = 5 x 10® N/m
and moderate damping of Cpz =5 x 10* kg/s, the gap size of d = 0.07 m should be
ensured (see Fig. 13). In the case of viscoelastic elements with large stiffness of Kp =
8 x 107 N/m or large damping of Cz = 8 x 10° kg/s, the in-between gap size can be
reduced to nearly zero.
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Fig. 13 Displacement time histories for buildings linked by viscoelastic elements with Kz = 5 x 10°N/m
and Cp = 5 x 10% kg/s: a first storeys, b second storeys, ¢ third storeys

6 Conclusions

The investigation on the effectiveness of connecting two adjacent three-storey buildings by
link elements, as a strategy for mitigation of earthquake-induced structural pounding, has
been presented in this paper. Applying the discrete three-degree-of-freedom numerical
models of buildings with different (substantially different) dynamic properties, three cases
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Fig. 14 Displacement time histories for buildings linked by viscoelastic elements with Kz = 5 x 10°N/m
and Cp = 8 x 10°kg/s: a first storeys, b second storeys, ¢ third storeys

have been studied. In the first one, spring elements have been applied as links at all the
storey levels, link elements in the form of dashpots have been considered in the second
one, whereas the third case deals with the application of viscoelastic elements combining
both springs and dashpots.

The results of the study clearly indicate that connecting the structures by additional link
elements can be very beneficial for the left building (lighter and more flexible one), for
which its behaviour can be substantially improved. The largest decrease in the response of
the structure has been obtained for link elements with large stiffness or damping values,
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Fig. 15 Displacement time histories for buildings linked by viscoelastic elements with Kz = 8 x 107 N/m
and Cp = 5 x 10*kg/s: a first storeys, b second storeys, ¢ third storeys

which stands for the case when two buildings are fully connected and vibrate in-phase.
Moreover, by comparing the effectiveness of different types of link elements, it has been
confirmed that the use of viscoelastic elements reduces the peak displacement of the lighter
and more flexible structure at lower stiffness and damping values comparing to the case
when spring or dashpot elements are applied alone. On the other hand, the results of the
study demonstrate that applying the additional link elements does not really change the
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response of the right building (heavier and stiffer one). In the case of this structure, the
differences in the responses without and with link elements (even those with large stiffness
or damping values) are negligible. The final conclusion of the study indicates that con-
necting two buildings by additional link elements allows us to reduce the in-between gap
size substantially while structural pounding can be still prevented.

The numerical simulations help the engineers to select the appropriate parameters in
terms of stiffness and damping coefficients that fulfil the desired mitigation strategy in the
case of practical application of link devices. The installation process of the devices requires
fixing some supporting tools in both structures at specified locations (see the example
described by Pratesi et al. 2014). These tools may include steel plates and flanges in which
the link elements are fastened. Anchor bolts for fixing the steel plates in the reinforced
concrete portions might be required. These anchor bolts have to be designed so as to be
capable of withstanding the exerted forces during the earthquake. Then, the additional link
elements can be connected to the steel plates through bars. These bars should be screwed to
both ends of the steel plates. It is worth noting that the link elements can be used to connect
newly constructed buildings as well as to retrofit old structures (Pratesi et al. 2014).

In the study described in this paper, an example concerning two adjacent equal height
buildings with different (substantially different) dynamic properties has been considered.
Therefore, further investigations are required, which should be focused on different con-
figurations of structures, i.e. with different number of storeys and dynamic properties. The
analysis should also include the case of adjacent buildings which have unequal floor levels
and the slabs of one structure hit the columns of the other. This situation may result in the
development of critical shear state in columns, since the demands of flexural ductility can
more safely be satisfied (Karayannis and Favvata 2005a, b). Therefore, the application of
link elements for buildings with unequal floor levels is possible under the condition of
achieving the requirements of avoiding shear failure in columns likely to undergo contact.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 Inter-
national License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if changes were made.
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