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A B S T R A C T   

This work investigates the efficiency of tuned inerter dampers (TIDs) in controlling seismic 
response of two adjacent buildings and the pounding distance between them. Pervious research 
on this subject has shown that installing TIDs in every floor of one of the buildings and coupling 
each floor of the two buildings with additional inerters (CS1) provides the best control perfor-
mance. Some potential drawbacks of this solution are the large number of control devices used 
and practical difficulties associated with sharing inerters between adjacent buildings. To over-
come these drawbacks, we propose a new configuration of TMDIs, called here as CS2. The pro-
posed configuration makes use of much fewer control devices than CS1 and does not require 
coupling between the two buildings. Contrary to the findings of the published literature, we show 
that uncoupled control systems can be configured and tuned to be more effective than coupled 
systems. This superior performance of the proposed system is primarily due to the different 
arrangement of inerter devices in CS2 compared to that in CS1. In CS2, the inerters are connected 
to TMD masses rather than to the adjacent floors as is done in CS1. Performance assessment of the 
proposed solution and its comparison with CS1 is carried out through two numerical examples 
and several ground motions covering a large range of amplitude and frequency content. In the 
first numerical example, the adjacent buildings are of different heights but similar fundamental 
periods of vibration. In the second one, the buildings are of the same height but different 
fundamental periods of vibrations. These two examples cover cases of adjacent buildings facing 
lower and higher risk of pounding, respectively. The proposed solution is found to be effective 
and better than existing TID configuration in both the numerical examples studied here.   

1. Introduction 

Seismic pounding, which refers to collision of adjacent structures during earthquake-induced vibrations, has been documented to 
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cause damage to the affected structures and discomfort to the occupants (see, for example [1–3]). Pounding can be avoided, at least in 
theory, with adequate separation between adjacent structures. In practice, however, architectural, and financial factors as well as lack 
and high cost of land in large metropolitan cities result in closely spaced buildings. Mitigation of pounding risk between closely spaced 
buildings is therefore important for seismic risk reduction. While consequences of pounding can be mitigated to some degree by 
engineering solutions such as collision shear walls (see, for example [4]) and elastic gap devices (see, for example [5]), reducing the 
probabilities of pounding is another promising risk mitigation strategy. 

Strategies on reducing pounding probabilities rely, in their most general form, on the idea of coupling adjacent buildings with 
different mechanical systems. Different passive coupling solutions such as springs and dashpots (see, for example [6–10]), friction and 
viscous fluid dampers (see, for example [11,12]) have been proposed in the literature. In addition, active, semi-active, and fuzzy 
control using magneto-rheological dampers have also been proposed for seismic pounding mitigation (see, for example [13,14]). 

Passive tuned mass damper (TMD) are one of the most promising and practical solutions for vibration control of structures (see, for 
example [15,16]). Coupling of adjacent buildings with TMDs for mitigation of seismic pounding was first investigated by Abdullah 
et al. [17], who reported that sharing a TMD between adjacent buildings is more beneficial than installing independent TMDs on the 
buildings. It was later found and reported in Rupakhety and Elias [18] that the solution proposed in Ref. [17] is too stiff to be 
considered a TMD, but equivalent to viscous coupling. For properly tuned TMDs, it was reported by Ref. [18] that shared TMDs and a 
single TMD in one of the adjacent building shows similar performance in reduction of pounding distance, which is the minimum 
separation required to avoid pounding. Nigdeli et al. [19], reported optimization of shared TMD in rigid and flexible structures using 
harmony search algorithm (HSA). They reported independent TMDs are more effective than shared TMDs in controlling response of 
both flexible and rigid single degree of freedom structures. Guenidi et al. [20], introduced a hybrid system of shared TMD and 
magnetorheological (MR) damper to reduce pounding distance between adjacent buildings. They found that shared TMDs with MR 
dampers are more effective than independent TMDs. 

In terms of passive systems, it was reported by Ref. [18] that the advantage of sharing a TMD over independent TMDs is only 
significant when the TMD mass is large, and that with large TMD mass, large reduction in pounding distance can be achieved with 
shared TMDs. 

Although theoretically appealing, heavy TMDs pose practical problems such as space limitations, excessive additional weight on 
the structural system, etc. (see, for example [21]). The problem of heavy mass requirement can be alleviated to some degree by the use 
of the so-called inerter devices, first introduced by Smith et al. [22]. The ideal inerter is a two-terminal device capable of returning a 
force proportional to the acceleration between its nodes [23]. This device has been used in many applications such as railway vehicle 
suspension, passive walking for bipedal robots, motorcycle steering oscillations, vibration control in cables, shimmy in aircraft landing 
gear, and automotive suspensions [24]. Practical constructions of different types of inerters are discussed in Ref. [24]. These devices 
have very small physical mass compared to the forces they can generate and are suitable in applications where heavy TMDs are 
required. 

Giaralis and Marian [25] proposed a tuned mass damper inerter (TMDI) configuration consisting of a classical TMD and an inerter 
element. An alternative configuration called tuned inerter damper (TID) is where the TMD mass is absent. Application of TMDIs and 
TIDs in vibration control of adjacent buildings is reported in Palacios-Quiñonero et al. [26]. They used simplified models of adjacent 
multi-storey buildings coupled with passive TMDIs and TIDs to optimize the parameters of the control devices. The effectiveness of 
different configurations of control devices in controlling structural response to a pre-selected ground motion was reported by Ref. [26]. 
Palacios-Quiñonero et al. [27] tested three different configurations of TMDs and TIDs, namely, (1) TMDs in each floor of both the 
buildings, called as AS1 (2) TIDs in each floor of both the buildings, called as AS2, and (3) TIDs connecting every floor of the two 
buildings, called as AS3. They concluded that TIDs provide better response reduction than TMDs, and that AS3 is the most favorable 
solution. Their conclusions are based on results obtained from only two ground motions. Since ground motions vary in frequency 
content and amplitude, robustness of control schemes need to be tested with a large set of ground motions with different characteristics 
because a control scheme that reduces structural response during one ground motion might amplify it when subjected to a different 
ground motion (see, for example [18,28,29]). De Domenico et al. [30] investigated the efficacy of multiple TMDI in controlling 
displacement, inter-storey drift and floor acceleration of two adjacent buildings linked by a sky bridge. Zhiwen et al. [31] investigated 
the performance of a single-TMDI in reducing displacement and acceleration demands in high-rise adjacent buildings subjected to 
strong wind. Their results show that a single-TMDI is superior to single TMD. 

There is a lack of study investigating effectiveness of TMDI or TID in controlling seismic pounding and the impact of ground motion 
variability. In lack of detailed investigation with a large set of ground motion data, the generality of results that shared TMDI or TID are 
more effective than independently controlled adjacent buildings (see, for example [27]) is questionable. It is also interesting to 
investigate if certain configurations of independent control devices can be optimized to be more effective than devices shared between 
adjacent buildings. This is because sharing a control device between adjacent buildings presents practical difficulties in construction, 
especially when the adjacent buildings are owned and maintained by different parties. This study aims to fill these gaps in the 
literature. A new configuration of TMDIs, called hereafter as CS2, is presented and optimized using the Particle Swarm Optimization 
(PSO). The novelty in this configuration is that unlike in previous works (see, for example [27]) where the two terminals of the inerters 
are connected to the floors of the same (or adjacent) building(s), one of the terminals of the inerters in the proposed configuration is 
connected to the TMDI mass. The effectiveness of the proposed device is tested against the best configuration reported so far in the 
literature, which is the AS3 configuration proposed by Palacios- Quiñonero et al. [27], and called CS1 in the rest of this paper. The 
robustness of the proposed configuration is tested and compared with CS1 against a large set (462) of ground motions recorded from 
earthquakes in Europe and the Middle East. 

The rest of the paper is organized as follows: in section 2, the mathematical modelling and general methodology is described. This is 
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followed by optimization procedure and discussion of optimal models in section 3. The performance of the proposed control scheme 
CS2 is presented and discussed in Section 4 using 462 real earthquake ground motions. Furthermore, the performance of this scheme is 
critically compared to CS1. Finally, the main findings of this study are summarized. 

2. Mathematical modelling 

2.1. Uncontrolled (NC) adjacent buildings 

A schematic representation of two adjacent buildings is shown in Fig. 1. The buildings are modelled as shear frames. They are of 
different heights, 4 and 5 floors. These buildings models have been used by Palacios- Quiñonero et al. [27] to study the performance of 
different types of passive devices such as TMDs and TIDs. 

The equation of motion of the two buildings subjected to ground acceleration üg(t) is 

[M]{ẍ(t)}+ [C]{ẋ(t)}+ [K]{x(t)}= − [M]{Γ}
{

üg(t)
}

(1)  

where [M], [C], and [K] are the mass, structural damping, and stiffness matrix of the two-building system. Similarly, {ẍ(t)}, {ẋ(t)} and 
{x(t)} are respectively the acceleration, velocity, and displacement vectors at the degrees of freedom (one in each floor) of the two 
buildings, {Γ} is the influence coefficient vector populated by 1s, and t represents time. The mass, structural damping, and stiffness 
matrices are assembled from those of the individual buildings as shown in Equation (2). 

Fig. 1. Graphical representation of two adjacent buildings with TIDs (left) and TMDIs (right).  
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[M]n×n =

⎡

⎣
[M]n1×n1

(1)
[O]n1×n2

[O]n2×n1
[M]n2×n2

(2)

⎤

⎦, [C]n×n =

⎡

⎣
[C]n1×n1

(1)
[O]n1×n2

[O]n2×n1
[C]n2×n2

(2)

⎤

⎦,

[K]n×n =

⎡

⎣
[K]n1×n1

(1)
[O]n1×n2

[O]n2×n1
[K]n2×n2

(2)

⎤

⎦,

(2) 

In Equation (2), [M]
(1) and [M]

(2); [C](1) and [C](2); [K](1) and [K](2) are respectively the mass, damping, and stiffness matrices of 
buildings 1 and 2 with n1 and n2 representing the number of floors of the two buildings, and n = n1 + n2. In this study, n1 and n2 are 
taken as 4 and 5, respectively. Similarly, [O] represents a null matrix of appropriate size as indicated in the equation. 

The mass, damping, and stiffness matrices of the two buildings are 

[M]
(z)

= diag(mz,1, … ,mz,nz ),

[C](z) =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

cz,1 + cz,2 − cz,2

cz,2 + cz,3 − cz,3

⋱ ⋱ ⋱

cz,nz − 1 + cz,nz − cz,nz

SYM cz,nz

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

,

[K]
(z)

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

kz,1 + kz,2 − kz,2

kz,2 + kz,3 − kz,3

⋱ ⋱ ⋱

kz,nz − 1 + kz,nz − kz,nz

SYM kz,nz

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

,

(3)  

where z = 1, 2 denotes the building and nz is the number of floors in building z . In this formulation, the degrees of freedom are ar-
ranged as shown in Fig. 1 and the corresponding acceleration, velocity, and displacement vectors are 

{ẍ(t)} =

{

ẍz,nz (t)
}T

=
{

ẍ1,n1 (t), ẍ2,n2 (t)
}T

,

{ẋ(t)} =
{

ẋz,nz (t)
}T

= { ẋ1,n1 (t), ẋ2,n2 (t) }
T
,

{x(t)} =
{

xz,nz (t)
}T

= { x1,n1 (t), x2,n2 (t) }
T
,

(4)  

where T denotes matrix transposition. 

2.2. Controlled adjacent buildings 

Two configurations of control schemes are presented. The first one is the best among several configurations tested by Ref. [27] and 
is hereafter denoted as CS1. The second is a novel configuration proposed in this study, and hereafter denoted as CS2. These con-
figurations are schematically shown in Fig. 1. The main difference is that while CS1 is a coupled system, CS2 is not. While the inerters 
in CS1 couples the floors of the adjacent buildings, in CS2 they connect the buildings to the secondary TMD masses. Connecting inerters 
to secondary masses rather than floors of a building has been shown to be more effective in Ref. [28]. The CS1 system relies on 
controlling the response of building 1 and coupling building 2 to it. On the other hand, CS2 controls both buildings independently. 
Whereas CS1 makes use of TID in each floor of the first building and an additional coupling TID to connect to building 2, CS2 makes use 
of much fewer devices. The number of devices, their locations, and connections in CS2 are also optimized as described later. The 
mathematical formulation for CS1 is available in Ref. [27] and is not repeated here. The equation of motion of the structures in CS2 
configuration is as follows 

[M]{ẍ(t)}+ [C]{ẋ(t)}+ [K]{x(t)}= −
[
Mf

]
{Γ}

{

üg(t)
}

(5)  

where [M], C and [K  ] are the mass, damping and stiffness matrices respectively of the two buildings and the control devices. It is noted 
that the matrix [Mf ] which contributes to inertia forces generated by ground motion is different from the matrix [M] in that it contains 
only the physical masses. In equation (5), {ẍ(t)}, {ẋ(t)} and {x(t)} are the acceleration, velocities, and displacement responses vectors, 
respectively. The mass, damping, and stiffness matrices are as given in Equation (6). In Equation (7), [M̃], [C̃], [K̃] and [B̃] represents the 
mass, damping, stiffness, and fictive mass matrices of the passive tuned mass damper inerter (TMDIs). Similarly, ñ1 and ñ2 represent 
the number of passive control devices (TMDIs) used in buildings 1 and 2 respectively and nz = nz + ñz is the total number of degrees of 
freedom in the system. In this formulation, the degrees of freedom are arranged as indicated in Fig. 1 and the corresponding 
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displacement vector is as given in Equation (8). In Equation (8), {yz,̃nz
(t)} is the displacement vector corresponding to the degrees of 

freedom of TMD masses in building z. The equation of motion (Equation (5)) in frequency domain can be written as given in Equation 
(9). In Equation (9), Ω is the angular frequency, j is imaginary unit, {X(s)} and [Üg(s)] are the Laplace transforms of displacement 
response and ground motion, respectively. Similarly, [Hdisp(s)], [Hvel(s)] and [Hacc(s)] are known as displacement, velocity, and ac-
celeration transfer function matrices, respectively. 

[M]n×n =

⎡

⎢
⎢
⎢
⎢
⎣

[M]n1×n1

(1)
[O]n1×n2

[M̃]̃n1×̃n1

(1)
+ [B̃]̃n2×̃n2

(2)
− [B̃]̃n1×̃n1

(1)

[M]n2×n2

(2)

[O]n2×n1
− [B̃]̃n2×̃n2

(2)
[M̃]̃n2×̃n2

(2)
+ [B̃]̃n1×̃n1

(1)

⎤

⎥
⎥
⎥
⎥
⎦
,

[C]n×n =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

[C]n1×n1

(1)
+ [C̃]̃n1×̃n1

(1)
− [C̃]̃n1×̃n1

(1)
[O]n1×n2

− [C̃]̃n1×̃n1

(1)
[C̃]̃n1×̃n1

(1)

[C]n2×n2

(2)
+ [C̃]̃n2×̃n2

(2)
− [C̃]̃n2×̃n2

(2)

[O]n2×n1
− [C̃]̃n2×̃n2

(2)
[C̃]̃n2×̃n2

(2)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

,

[K]n×n =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

[K]n1×n1

(1)
+ [K̃]̃n1×̃n1

(1)
− [K̃]̃n1×̃n1

(1)
[O]n1×n2

− [K̃]̃n1×̃n1

(1)
[K̃]̃n1×̃n1

(1)

[K]n2×n2

(2)
+ [K̃]̃n2×̃n2

(2)
− [K̃]̃n2×̃n2

(2)

[O]n2×n1
− [K̃]̃n2×̃n2

(2)
[K̃]̃n2×̃n2

(2)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

,

[
Mf

]
= diag

(

[M]n1×n1

(1)
, [M̃]̃n1×̃n1

(1)
, [M]n2×n2

(2)
, [M̃]̃n2×̃n2

(2)
)
,

(6)  

[M̃]̃nz×̃nz

(z)
=

⎡

⎢
⎢
⎣

m̃z,1 − bz,̃nj

⋱

− bz,1 m̃z,̃nj

⎤

⎥
⎥
⎦,

[C̃]̃nz×̃nz

(z)
= diag

( c̃z,1 … c̃z,̃nj

)
,

[K̃]̃nz×̃nz

(z)
= diag

(
k̃z,1 … k̃z,̃nj

)
,

[B̃]̃nz×̃nz

(z)
= diag

( bz,1 … bz,̃nj

)
,

(7)  

{x(t)}=
{{

x1,n1 (t)
}
,

{
y1,̃n1

(t)
}
,

{
x2,n2 (t)

}
,

{
y2,̃n2

(t)
}}T (8)  

[
s2[M] + s  [C] + [K]

]
{X(s)} = −

[
Mf

]
{Γ}

{
Üg(s)

}
,

 s = jΩ  ,
[
Hdisp(s)

]
=

[
s2[M] + s  [C] + [K]

]− 1(
− Mf

)
,

[Hvel(s)] = − Ω
[
Hdisp(s)

]
,

[Hacc(s)] = − Ω[Hvel(s)] = − Ω2[Hdisp(s)
]
,

(9)  

2.3. State-space representation 

The dynamic response of the system subjected to ground motions is computed using the state-space formulation in discrete time 
(see, for example, Cheng et al. [32]). The Runge Kutta 4th order (Dormand-Prince) solver in MATLAB® is used for numerical inte-
gration of the state-space equation. The state-space representation of the system used in this study can be written as [23,33]: 
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∇l :

⎧
⎨

⎩

{θ̇(t)} = [A]{θ(t)} + [B]
{

üg(t)
}

{ψ(t)} = [E]{θ(t)} + [D]

{

üg(t)
} (10) 

In Equation (10), the subscript ˝l˝ denotes the vector of parameters that contain optimal design parameters such as inertance, 
stiffness, and damping of TMDIs. The state system matrix and the vector can be defined as: 

[A] =

[
[O] [I]

− [M]
− 1
[K] − [M]

− 1
[C]

]

, {θ(t)}={ {x(t)} {ẋ(t)} }T
, (11) 

Herein, [I] and [O] are the identity and null matrices respectively. The input matrix, and the output vector in Equation (10) are given 
as 

[B] =
[

{0}
− [M]

− 1[Mf
]
{Γ}

]

, {θ̇(t)}={ {ẋ(t)} {ẍ(t)} }T
, (12) 

The output matrices in Equation (10) are given as 

[E] = [I], [D] = [O], (13) 

The pounding distance between the two buildings is defined here as the minimum separation required to prevent pounding and is 
denoted by Υ hereafter. 

3. Optimization 

A Particle Swarm Optimization (PSO) approach is used to evaluate optimum design parameters of passive control devices in CS1 
and CS2 configurations. The optimal parameters in CS1 are reported in Ref. [27]. More details about the PSO can be found, for 
example, in Refs. [34–36]. Optimization of CS2 configuration is performed by using the PSO algorithm in MATLAB®. Different 
response parameters such a peak floor displacement, peak floor acceleration, peak inter-storey drift, minimum pounding distance, etc., 
can be used as objective function in the optimization process. It is reported in Ref. [27] that peak inter-storey drift is a suitable 
objective function to control both the displacements of the individual buildings and the pounding distance between them. To make a 
valid comparison between CS1 and CS2, we use the same objective function as used by Ref. [27]. 

Inter-storey drift, defined as the relative displacement between two consecutive floor levels, can be expressed in a vector form as 
follow. 

{Θ}(z,i)(t)=
{

x(z,i)(t)
}
−
{

x(z,i− 1)(t)
}

⇒ (1< i≤ nz), (14) 

The overall vectors of inter-storey drift can be defined as follows: 

{Θ(t)}= [ {Θ1(t)}, {Θ2(t)} ]T, (15) 

{Θz(t)} is the inter-storey drift vector corresponding to building z. The vector is related to the state vector as 

{Θ(t)}= [E]{θ(t)}, (16)  

where the output matrix is 

[E] =
[
[E](1) [O]

[O] [E](2)

]

, (17)  

with 

[E](1) =

⎡

⎢
⎢
⎢
⎢
⎣

1
− 1 1

− 1 ⋱
⋱ 1

− 1 1

⎤

⎥
⎥
⎥
⎥
⎦

n1×n1

, [E](2) =

⎡

⎢
⎢
⎢
⎢
⎣

1
− 1 1

− 1 ⋱
⋱ 1

− 1 1

⎤

⎥
⎥
⎥
⎥
⎦

n2×n2

, (18) 

A set of optimal parameters of the control devices can be denoted as 

Table 1 
Bounds of design parameters.  

Parameter Unit Max and Min values 

Inertance (× 105  Kg) 10− 1 ≤ b ≤ 101  

Stiffness (× 107  N /m) 5.10− 2 ≤ k̃ ≤ 5.100  

Damping (× 105  N.s /m) 10− 1 ≤ c̃ ≤ 101   
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lz =
{

m̃z,1 ,…, m̃z,̃nz
, bz,1, …, bz,̃nz

, c̃z,1, …, c̃z,̃nj
, k̃z,1, …, k̃z,̃nj

}
(19) 

To make the CS1 and CS2 configurations comparable, the TMD masses in CS2 are set to very small values (<1 kg). Inerters also 
possess some physical mass. For example, a rack-and-pinion inerter with 700 kg inertance has a physical mass of 3.5 kg [37,38]. The 
physical mass corresponding to inerters were ignored in the CS1 configuration proposed in Ref. [27], and for a fair comparison, we 
follow a similar approach in CS2. The formulation of the CS2 system is, however, kept general so that the physical mass of the inerter 
can be easily lumped on to the TMD mass. The parameters to be optimized are the stiffness, damping coefficients and inertance of the 
control devices. The bounds of these parameters are summarized in Table 1. Interested readers are referred to Ref. [27] for more details 
on the reasoning behind the selection of these bounds. 

The H∞- norm of the system ∇l can be written as follows (see, for example, Doyle et al. [39]). 

H(s)∞ = sup
s
{σ̃[Q(s)]} ⇒ Q(s)=E[sI − A]

− 1B (20)  

with σ and sup
s 

are the highest singular value of the transfer function matrix and the lowest upper bound of σ̃ for a specified range of 

frequencies. The H2- norm of the system ∇l is given by 

H(s)2 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

tr

⎡

⎣ 1
2π

∫+∞

− ∞

(H∗(s)H(s))dω

⎤

⎦

√
√
√
√
√ , (21)  

where tr and ∗ represent the trace and the complex conjugate transposition, respectively. 
Both the H2 and H∞ -norms of different response parameters have been used for designing optimal control systems in the literature 

(see, for example [40–42]). To make CS1 and CS2 comparable, we minimize the H∞ -norm of the transfer function corresponding to 
inter-storey drift. The cost function is therefore taken as the maximum value of the H∞-norm. The optimal solution corresponds to the 
minimal cost function. 

4. Numerical example 1 (two adjacent low-rise buildings of different heights) 

A case study with two adjacent low-rise buildings is presented here. Detailed parameters of these buildings are given in Appendix A. 
These adjacent buildings were previously introduced by Palacios- Quiñonero et al. [27]. The parameters of control devices in CS1 (see 
Table 2) are taken from Ref. [11], while those in CS2 (see Table 3) are optimized using the methods described previously. The cost 
functions for the uncontrolled buildings and CS1 are 0.3632 and 0.0490, respectively, as also reported by Ref. [27]. The cost function 
corresponding to CS2 is 0.0294, which is lower than that of CS1. The sum of inertance, rigidity, and damping of the control devices 
used in CS1 and CS2 are compared graphically in Fig. 2, which clearly shows that the latter makes use of less resources providing better 
performance in terms of cost function. 

The maximum singular values of the frequency response functions (FRF) of the NC, CS1, and CS2 are compared in Fig. 3. The 
comparison shows superior performance of CS2 in reducing the first resonant peak. While CS1 seems to slightly outperform CS2 in 
reducing the higher resonant peaks, the relative amplitudes of these peaks are much lower than the first peak. It can therefore be 
reduced that an uncoupled configuration like CS2 can be designed to make it more effective than a shared configuration like CS1. 
Although [27] concluded for these two buildings that of all possible configurations, the shared configuration CS1 is the best, the novel 
configurations of inerters proposed in this study makes it possible to devise a better uncoupled control scheme. 

4.1. Seismic response 

4.1.1. Comparison of CS1 and CS2 with two specific ground motions 
Palacios-Quiñonero et al. [27] tested the efficiency of various configurations of TMDs and TIDs and found that CS1 is the most 

effective. Their conclusions were derived from results corresponding to two earthquake ground motions. The ground motions were (1) 
El Centro record of the 1940 Imperial Valley Earthquake, and (2) Sylmar County Hospital record of the 1994 Northridge Earthquake. 
Further details about the ground motions and their frequency content can be found in Ref. [27]. Maximum inter-storey drifts at 
different floors of the two buildings with and without control devices are shown in Fig. 4a–d. The results show that both the con-
figurations CS1 and CS2 are very effective in reducing maximum inter-storey drifts of the two buildings. In both buildings and both 
ground motions, CS2 provides much larger reduction in largest inter-storey drift (among all floors) than CS1. In a few cases (4a and 4c), 
CS1 results in lower drift at the roof of the shorter building than CS2, but in these cases, the maximum inter-storey drift does not occur 

Table 2 
Optimal parameters of CS1 with an associated optimal cost function of 0.0490 from [27].  

TID/ (i) 1,1 1,2 1,3 1,4 2,1 2,2 2,3 2,4 

b[ × 105Kg] 9.617 9.995 9.395 9.861 9.082 4.315 2.436 3.302 

k̃[ × 107N /m] 3.015 2.507 2.950 2.923 0.258 1.024 5.0 0.708 

c̃[ × 105N.s /m] 9.966 9.232 9.973 9.287 8.827 0.717 2.349 9.956  
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at the roof, but at lower floors. It is also interesting to note that the CS1 configuration is more effective in controlling roof drift of 
building 1 than that of building 2. Similar conclusions can be made about reduction in pounding distance (minimum separation 
required to avoid pounding) shown in Fig. 4e and f. In both the ground motions, displacement at the roof controls the pounding 
distance. Pounding distance corresponding to the proposed scheme CS2 is almost half of that corresponding to CS1. 

4.1.2. Comparison of CS1 and CS2 under a large set of ground motions 
Generally, it is easy to find one or two ground motions where control devices are effective. Since ground motions vary in amplitude, 

duration, and frequency content, robustness of control schemes should be tested against a large set of ground motions covering the 
range of expected variability. This is achieved in this study by taking ground motion records from the European Strong Motion 
Database [43]. The database contains 462 ground motions records from 110 earthquakes recorded in Europe and the Middle East. 

The ground motions cover earthquakes with a moment magnitude 4.2–7.6. The range of epicentral distance (R) is 1–558 km, and 
that of peak ground acceleration (PGA) is 0.9–91% of acceleration due to gravity. The strong motion duration, known as the interval 
covering (5%–95%) of arias intensity (AI) is in the range 1.2s–139s. Salient features about the duration and elastic response spectra of 

Table 3 
Optimal parameters of CS2 with an associated optimal cost function of 0.0294.  

TMDI/ (i) 1,1 1,2 2,1 2,2 

b[ × 105Kg] 10 5.952 10 10 

k̃[ × 107N /m] 0.711 0.628 1.005 0.050 

c̃[ × 105N.s /m] 10− 1 10  10 10   

Fig. 2. Total inertance, stiffness, and damping used in CS1 and CS2.  

Fig. 3. Maximum singular values of FRFs of the NC, CS1, and CS2 systems. The cost function values are denoted by J in the legend.  
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these ground motions is presented in Rupakhety and Sigbjörnsson [44,45]. Further details about these ground motion records can be 
founded in Ambraseys et al. [46]. Of the 462 ground motions, only those with PGA larger than 0.2 g are considered for further analysis. 
Ground motions weaker than these were found to impose very low risk of pounding and therefore not significant, as also reported in 
Ref. [18]. 

The effectiveness of control scheme is quantified by response ratio, which is defined here as the ratio between the peak response of 
the controlled and uncontrolled structures. The lower this ratio is the better the control performance. Response ratios for maximum 
inter-storey drift of the two buildings and pounding distance corresponding to CS2 is presented in Fig. 5. The results show great 
variability in response reduction. The range of response ratios is approximately 0.35–1.00, 0.20–0.9, and 0.08–1.20 respectively for 
inter-storey drift of building 1, that of building 2, and the separation distance. In general, the control performance is better when 
demand on the uncontrolled structure is higher, which is desirable. For example, for building 1, the largest (of all ground motions) 
inter-storey drift of about 10 cm is reduced by the control system to about 3.8 cm. In terms of pounding distance, the control scheme is 
very effective. For almost all cases, when a minimum separation of 5 cm or more is required between the two buildings, the control 
system reduces the separation requirement by almost 90% on the average. The control scheme is not very effective when the pounding 

Fig. 4. Maximum inter-storey drifts (a, b, c, and d) and pounding distance (c, d) corresponding to the ground motions from Imperial Valley and Northridge 
earthquakes. 
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distance between the uncontrolled buildings is less than about 5 cm, but these cases are few and not critical, because 5 cm is already a 
rather small separation distance between adjacent buildings. 

A comparison between CS1 and CS2 is presented in Fig. 6. The comparison is made in terms of the ratio of the response parameters 
(inter-storey drift or pounding distance) of the CS2 and CS1 configurations. Values of this ratio larger than 1 indicate that CS1 is 
superior and vice versa. 

The results show that when the demand on the uncontrolled structure is relatively low, CS1 is superior to CS2 in controlling the 
maximum inter-storey drift of building 1. As the demand on uncontrolled structure increases the two control schemes are similar in 
terms of controlling response of building 1. On the other hand, CS2 is superior to CS1 in all except 2 ground motions in controlling 
inter-storey drift of building 2. As the demand on the uncontrolled structure increases, performance of CS2 over CS1 seems to get better 
in general. The results indicate that while CS1 is more effective in controlling response of building 1 than that of building 2, CS2 finds a 
good balance in controlling both the buildings. This is because while CS1 shares control devices installed in building 1 with building 2, 
CS2 controls the two buildings with independent control devices. In terms of reducing the pounding risk, CS2 is consistently superior to 
CS1, except in one ground motion where the pounding risk is already rather low. It is also interesting to note that the higher the risk of 
pounding between the uncontrolled structures, the better is the performance of CS2 over CS1 with a few exceptions. Averaging over all 
the ground motions used in this study, CS2 reduces inter-storey drift of building 1, that of building 2, and pounding distance, 
respectively, by 41, 47, and 81%. The corresponding reductions due to CS1 are 45, 29, and 69%, respectively. 

5. Numerical example 2 (two adjacent buildings of same height) 

The risk of pounding between adjacent buildings is higher if they move out of phase. For a single degree of freedom systems, if two 
adjacent models have the same vibration frequency, and are excited by the same ground motion, they move in phase and pounding 
does not occur. This observation can be generalized to some degree to real buildings where the first vibration mode is dominant. This 
means that pounding risk is lower if the fundamental vibration periods of the adjacent buildings are close to each other. The two 
buildings introduced by Ref. [27] and used in Section 4 above have relatively similar fundamental periods: ~0.8s and 1.0s for building 
1 and 2, respectively. While vibration frequencies of buildings are controlled to a large degree by their heights, several other factors 

Fig. 5. Response ratios of (a) inter-storey drift of building 1, (b) that of building 2, and (c) pounding distance between the two buildings, when subjected to a large set 
of ground motions. These results correspond to CS2 configuration. 

Fig. 6. Ratios of response of CS2 to that of CS1 in terms of (a) inter-storey drift of building 1 (a), inter-storey drift of building 2, and (c) pounding distance.  
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such as construction materials, load bearing systems, construction quality etc., play a role, and introduce significant variability. Based 
on a detailed analysis of several existing buildings in the USA, Chopra and Goel [47] present a discussion on the variance of vibration 
periods with building heights. For buildings of different heights, they present mean, upper bound, and lower bound of fundamental 
vibration frequencies. Many studies in the past have acknowledged such variation in building dynamic properties and used results from 
Chopra and Goel [47] in analyzing seismic response of structures to earthquake ground motions (see, for example, Chopra and 
Chintanapakdee [48], Rupakhety and Sigbjörnsson [49]. Chopra and Chintanapakdee [48] present generic models of moment resisting 
frame buildings of different heights (3–18 floors). For each height, two different models are presented to represent the stiffer and more 
flexible structures. In this section, we use the stiff and flexible versions of the 6-storey building model provided by Ref. [48]. The 
fundamental periods of the two buildings are 0.85 and 1.3s. The models given in Ref. [48] are those of plane frames, which have been 
condensed to one translational degree of freedom at each floor in this study as shown in Fig. 7. 

The condensed mass, stiffness, and damping matrices of the two 6-storey (one flexible and the other stiff) are given in Appendix A 
(Equations A-7 to A-11). The search bounds and optimal parameters (CS1 and CS2) are given in Table 4, 5 and 6, respectively. The cost 
functions of the uncontrolled, CS1, and CS2 configurations are respectively 0.2694, 0.0808, and 0.1135. 

5.1. Seismic response 

5.1.1. Comparison of CS1 and CS2 with two specific ground motions 
Maximum inter-storey drifts of the two buildings and pounding distance corresponding to the 1940 Imperial Valley and 1994 

Fig. 7. The structural configuration two adjacent 6-storey buildings with control systems, CS1 (left) and CS2 (right).  
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Northridge earthquake ground motions are shown in Fig. 8. The inter-storey drift demand on building 1 (stiffer) is lower than that on 
building 2 in both ground motions. In case of Imperial Valley ground motion, CS1 is slightly better than CS2 in controlling the largest 
inter-storey drift of building 1 (Fig. 8a), but CS2 is much better than CS1 in reducing inter-storey drift of building 2 (Fig. 8b). In case of 
Northridge ground motion, CS1 and CS2 result in similar inter-storey drift at the roof of building 1, but CS1 amplifies inter-storey drift 
at the ground floor (Fig. 8c). CS2 is much superior to CS1 in reducing inter-storey drift of building 2 under both the ground motions. 
CS2 is also superior to CS1 in reducing pounding distance between the two buildings (Fig. 8e and f). Percentage reduction in pounding 
distance is shown in Fig. 8e and f. Comparison of Figs. 8f and 4f makes it clear that the buildings in this example are at much higher risk 
of pounding than those in example 1 when subjected to the Northridge ground motion. 

5.1.2. Comparison of CS1 and CS2 under a large set of ground motions 
We next compare the CS1 and CS2 configurations against a large set of ground motions as in 4.1.2 above. Fig. 9 shows the response 

ratio of inter-storey drift and pounding distance corresponding to the CS2 configuration. Fig. 9a and b shows that the control per-
formance varies with ground motion, but is in general, good for those ground motions that make the largest demands on the un-
controlled structure. The CS2 configuration amplifies the maximum inter-storey drift of building 1 in some ground motions but is very 
effective in controlling the response of building 2. Unlike in example 1, there is no clear trend in increasing performance with increased 
demand on the uncontrolled structure. This shows that control performance is affected by the frequencies of the adjacent structure 
relative to each other, which is the main motivation for presenting the second example in this study. The performance of CS2 in 
controlling pounding distance is good as shown in Fig. 9c. Unlike in example 1 where most of the ground motions required separation 
distance of 5 cm or less to prevent pounding, the buildings in this example require more separation distance when subjected to the 
same set of ground motion. This further illustrates that the buildings in this example are more prone to pounding than those in example 
1. In the most demanding scenario, the pounding distance of uncontrolled buildings is ~65 cm, which is reduced to its ~60% by the 
CS2 control system. In those ground motions which require 10 cm or more pounding distance in the uncontrolled case, the average 
reduction in pounding distance is around 50%. 

Fig. 10 presents the ratio of response parameters between CS2 and CS1 (i.e., CS2/CS1) in terms of maximum inter-storey drift and 
pounding distance. Fig. 10a shows that the two schemes are comparable in controlling building 1 when subjected to the most 
demanding ground motions. However, CS1 is superior to CS2 in a few ground motions that produce low to intermediate demand on the 
uncontrolled building 1. 

Fig. 10b shows that CS2 is consistently superior to CS1 in controlling the inter-storey drift of building 2. It is worth noting that 
building 2 is more flexible than building 1 and the set of ground motions induce more drifts on building 2 than building 1 in the 

Table 4 
Bounds of design parameters.  

Parameter Unit Max and Min values 

Inertance (× 105  Kg) 6.04× 10− 2 ≤ b ≤ 6.064× 100  

Stiffness (× 107  N /m) 2.67× 10− 2 ≤ k̃ ≤ 14.745× 100  

Damping (× 105  N.s /m) 5.69× 10− 2 ≤ c̃ ≤ 31.360× 100   

Table 5 
Optimal parameters of CS1 with associated cost function of 0.0807.  

TID/ (i) 2,1 2,2 2,3 2,4 2,5 2,6 

b[ × 105Kg] 0.060 2.901 0.060 0.060 0.060 0.060 

k̃[ × 107N /m] 0.029 0.492 0.017 0.052 0.014 0.018 

c̃[ × 105N. /m] 0.100 3.778 0.082 0.177 0.060 0.072  

TID/ (i) 1,1 1,2 1,3 1,4 1,5 1,6 

b[ × 105Kg] 6.065 0.060 0.060 0.060 0.944 0.060 

k̃[ × 107N /m] 13.260 0.134 0.134 0.026 0.996 0.111 

c̃[ × 105N. /m] 12.627 0.284 0.126 0.109 1.837 0.116  

Table 6 
Optimal parameters of CS2 with associated cost function of 0.1135.  

TID/ (i) 1,1 1,2 1,3 2,1 2,2 2,3 

b[ × 105Kg] 6.065 2.827 3.477 1.287 5.437 1.297 

k̃[ × 107N /m] 2.657 6.249 7.689 1.102 2.151 0.298 

c̃[ × 105N. /m] 5.652 5.918 16.352 3.766 10.815 1.966  
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uncontrolled case. The average inter-storey drift demands on the two buildings are 1.9 cm and 2.9 cm. Although CS2 amplifies 
response of building 1 in some cases, it is much more superior to CS1 in controlling building 2, which experiences larger demand than 
building 1. 

Fig. 10c shows that CS2 is superior to CS1 in all ground motions except 4, where the two systems are almost similar. These ob-
servations together with the facts that CS2 makes use of much fewer resources than CS1 and does not require coupling between the two 
buildings show that CS2 is superior to CS1. 

On the average over all ground motions used in this study the reductions in inter-storey drift of building 1, that of building 2, and 
pounding distance obtained by using CS2 are respectively, 30, 43, and 52%. The corresponding reduction due to CS1 are 22, 14, and 

Fig. 8. Maximum inter-storey drifts and pounding distance between the two buildings when subjected to the ground motions from 1940 Imperial Valley and 1994 
Northridge earthquakes. 
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31%. 

6. Conclusions and future research 

A novel configuration of TMDIs is presented in this study to mitigate seismic pounding between adjacent buildings. The config-
uration, denoted as CS2, is optimized, and compared to the best TID configuration reported in the literature using a large set of 
earthquake ground motions. Two sets of adjacent buildings, corresponding to different risks of pounding, are used for numerical 
simulations and evaluation of the proposed configuration CS2. Based on an examination of control performance of CS1 and CS2 to a 
large set of earthquake ground motions, the following conclusions can be drawn. The CS1 configuration, which is proposed as the best 
alternative in the literature [27], is only effective in controlling the response of the building where the control devices are located, and 
much less effective in controlling the response of the coupled adjacent building. This observation was found to be valid in both the 
numerical examples.  

- The proposed solution, CS2, despite lack of coupling, finds a good balance in controlling the response of both buildings. The 
proposed solution CS2 is found to be much superior to CS1 in controlling inter-storey drift of the more flexible building when 
subjected to the most demanding ground motion. In some ground motions, which are not as demanding on the uncontrolled 
structures, CS1 provides better control in inter-storey drift of the stiffer building.  

- CS2 is found to be much superior to CS1 in controlling the response of the building which experiences larger demand from the set of 
ground motions used in this study. In the average sense, CS2 is superior to CS1 in controlling inter-storey drift demands of both the 
buildings. 

- In both the sets of adjacent buildings studied here, the proposed control scheme CS2 is almost twice as effective as CS1 in con-
trolling pounding distance when subjected to the most demanding ground motions. The proposed solution CS1 is superior to CS1 in 
all but 4 and 1 ground motions in controlling pounding distance in example 2 and 1, respectively. 

Fig. 9. Maximum inter-storey drifts and pounding distance response under various structural configurations under those ground motions whose PGA is larger than 
20% of acceleration due to gravity. The results correspond to (a) building (1), (b), and building (2). 

Fig. 10. Ratio of inter-storey drift of shorter building (a), inter-storey drift of taller building (b) and inter-building distance of the two adjacent buildings (c) with 
controlled with AS2 configuration to that of controlled with AS1 configuration. 
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- Based on the comparison of their control performance, it can be concluded that the proposed system CS2 is better than the best 
available TID configuration in controlling seismic pounding. It has additional benefits such as requiring much fewer devices (re-
sources) and does suffer from difficulties associated with coupling adjacent buildings. The latter is relevant in situations where the 
adjacent buildings are owned and maintained by different parties. Furthermore, physical connection of two buildings with inerter 
presents additional problems such as aesthetics, restrictions on use of parts of the connected buildings, and more importantly, 
proper maintenance/care of the control devices.  

- A limitation of the presented study is that it does not consider potential inelastic deformations in the structures [50–53]. Such 
deformations can cause detuning of the control devices and reduce their effectiveness. Optimization and performance evaluation of 
the proposed solution CS2 in structures loaded beyond their elastic limits will shed more light in its practical value. 
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Appendix A 

The mass stiffness and damping matrices for the two adjacent benchmark buildings 

[M]
(1)

=

⎡

⎢
⎢
⎣

21.52
20.92

20.7
26.61

⎤

⎥
⎥
⎦

(
×104Kg

)
(A.1)  

[M]
(2)

=

⎡

⎢
⎢
⎢
⎢
⎣

21.52
20.92

20.7
20.48
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⎥
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×104Kg

)
(A.2)  

[K]
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=

⎡

⎢
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26 − 11.3 0 0
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18.3 − 8.4
SYM 8.4
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(
×107N

/
m
)

(A.3)  

[K]
(2)

=

⎡

⎢
⎢
⎢
⎢
⎣

26 − 11.3 0 0 0
21.2 − 9.9 0 0
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17.3 − 8.4

SYM 8.4

⎤

⎥
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⎥
⎥
⎦

(
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/
m
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(A.4)  

[C](1) =

⎡

⎢
⎢
⎣

2.645 − 0.9034 0 0
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[C](2) =

⎡

⎢
⎢
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⎣

2.6017 − 0.9244 0 0 0
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1.9946 − 0.7281 0
1.867 − 0.6872

SYM 1.2741

⎤

⎥
⎥
⎥
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⎦

(
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/
m
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(A.6) 

The frequency and circular frequency and natural period respectively for both two benchmark buildings are listed in Tables A.1- 
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A.6.  

Table A.1 
The frequency and circular frequency and period for first buildings (4-storey) considering in this study  

f(1)(Hz) 1.240 3.416 5.316 6.722 

ωn
(1)(rad /s) 7.793 21.464 33.401 42.239 

Tn
(1)(s) 0.806 0.292 0.188 0.148   

Table A.2 
The frequency and circular frequency and period for second buildings (5-storey) considering in this study.  

f(2)(Hz) 1.008 2.824 4.492 5.797 6.773 

ωn
(2)(rad /s) 6.334 17.747 28.229 36.426 42.559 

Tn
(2)(s) 0.991 0.354 0.222 0.172 0.147   

Table A.3 
The frequency ratio and circular frequency ratio, and period ratio for adjacent buildings considering in this study  

f(1)/ f(2) Frequency ratio 1.230 1.209 1.183 1.159 

ωn
(1)/

ωn
(2)

Circular frequency ratio 1.230 1.209 1.183 1.159 

Tn
(1)/

Tn
(2)

Period ratio 0.813 0.824 0.846 0.860  

The mass stiffness and damping matrices for the two adjacent benchmark buildings which have a similar number of stories (6- 
storey) 

[M]
(1)

= [M]
(2)

=

⎡

⎢
⎢
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⎢
⎢
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90.718
90.718
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)
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5.967 − 4.121 0.964 − 0.169 0.021 0.002
5.968 − 3.669 0.956 − 0.123 0.011

5.312 − 3.051 0.623 − 0.056
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1.452 − 0.964 0.225 − 0.039 0.005 − 4.593 × 10− 4

1.452 − 0.859 0.224 − 0.028 0.002
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0.550 − 0.168

SYM 0.170

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(
×106N.s

/
m
)

(A.10)  

[C](2) =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

0.877 − 0.586 0.139 − 0.024 0.003 − 2.945 × 10− 4

0.891 − 0.553 0.140 − 0.018 0.001
0.812 − 0.451 0.093 − 0.008

0.613 − 0.288 0.041
0.355 − 0.110

SYM 0.109

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(
×106N.s

/
m
)

(A.11)   
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Table A.4 
The frequency and circular frequency and period for the first buildings (6-storey) considering in this study.  

f(1)(Hz) 1.166 3.098 5.632 9.180 13.649 18.700 

ωn
(1)(rad /s) 7.331 19.470 35.390 57.685 85.761 117.498 

Tn
(1)(s) 0.857 0.322 0.177 0.108 0.073 0.053   

Table A.5 
The frequency and circular frequency and period for second buildings (6-storey) considering in this study.  

f(1)(Hz) 0.726 1.952 3.547 5.778 8.543 11.646 

ωn
(1)(rad /s) 4.561 12.269 22.288 36.304 53.680 73.178 

Tn
(1)(s) 1.377 0.512 0.281 0.173 0.117 0.085   

Table A.6 
The frequency ratio and circular frequency ratio, and period ratio for adjacent buildings considering in this study.  

f(1)/ f(2) Frequency ratio 1.606 1.587 1.588 1.589 1.598 1.606 

ωn
(1)/

ωn
(2)

Circular frequency ratio 1.607 1.587 1.588 1.589 1.598 1.606 

Tn
(1)/

Tn
(2)

Period ratio 0.622 0.629 0.630 0.624 0.624 0.624  
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