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Effect of soil on the capacity of viscous dampers between adjacent buildings

This study investigated the seismic pounding of two adjacent buildings considering soil–
structure interaction (SSI). A comprehensive parametric study of buildings with different 
heights was performed to reveal the pounding-involved behaviour considering the soil 
effect. Wavelet transform has been conducted to gain insight into the differences in 
the frequency contents of the impact forces between fixed- and flexible-base adjacent 
structures. Linear viscous dampers (LVDs) between adjacent floors were used as 
pounding protection measures. The required supplemental damping ratio of the LVDs 
was determined through optimisation analysis under different soil types to verify the 
effect of the SSI on structural damping. Comparative results with and without SSI showed 
that incorporating the SSI worsens the pounding-involved responses during earthquakes.
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Izvorni znanstveni rad

Elif Cagda Kandemir, Robert Jankowski

Učinak tla na kapacitet viskoznih prigušivača između susjednih zgrada

U istraživanju se ispitivao seizmički sudar dviju susjednih zgrada uzimajući u obzir 
interakciju tla i konstrukcije (engl. soil-structure interaction - SSI). Provedena je sveobuhvatna 
parametarska analiza zgrada različitih visina kako bi se ispitalo ponašanje uzrokovano 
sudarima, uzimajući u obzir učinak tla. Provedena je valićna transformacija (engl. wavelet 
transform) kako bi se dobio uvid u razlike u učestalosti udarnih sila između susjednih 
konstrukcija s nepomičnom i s fleksibilnom bazom. Linearni viskozni prigušivači (LVD) 
između susjednih katova upotrijebljeni su kao mjere zaštite od sudara. Potreban dodatni 
omjer prigušenja LVD-ova određen je optimizacijskom analizom pri različitim vrstama 
tla kako bi se potvrdio učinak SSI-ja na konstrucijsko prigušenje. Usporedni rezultati 
s SSI-jem i bez njega pokazali su da uključivanje SSI-ja pogoršava odzive uzrokovane 
sudarima tijekom potresa.

Ključne riječi:
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1. Introduction 

During severe earthquakes, adjacent structures are prone to 
major damage or even collapse owing to their asynchronous 
oscillations, as experienced in many recent earthquakes, such as 
the 2011 Christchurch Earthquake [1], 2011 Van Earthquake [2], 
and 2015 Gorkha Earthquake [3]. For more than three decades, 
researchers have investigated seismic pounding and they have 
published the results of the studies in several papers [4-12]. The 
different structural configurations, impact models, analyses, and 
assumptions considered in these studies have indicated that 
structural pounding amplifies structural responses. Another 
exaggerating factor is the soil effect, which involves the sliding, 
rotation, and settlement of foundations during earthquakes 
[13-21]. The assumption of a fixed base that neglects the soil 
effect is sufficient for structures with low structural rigidity, 
in which the displacement of the superstructure is more 
important than that of the foundation. Nevertheless, the soil 
effect must be considered because in more rigid structures, 
foundation moments may contribute excessively to the overall 
response and stiffness [22]. Mahmoud et al. [23] analysed 
adjacent 3-storey buildings with a flexible base. According to 
the results, in terms of the weight and stiffness of neighbouring 
structures, the response of lighter structures increased when 
the soil effect was considered. Ghandil and Aldaikh [24] 
investigated the separation distance and damage distribution 
along building heights of flexible-base adjacent structures. 
They stated that the separation distance must be three times 
the minimum distance stipulated in the 1997 International 
Building Code. Madani et al. [25] also demonstrated ascending 
pounding forces between two adjacent buildings under flexible-
base conditions with varying separation gaps and structural 
heights. Naserkhaki et al. [26] investigated both pounding and 
soil–structure interaction (SSI) effect on multi-storey buildings 
during ground motions modelled using sine waves and applied 
actual earthquake records. They remarked that the increase in 
seismic responses was too large to ignore the soil effects.
Both pounding and soil effects can cause destructive damage 
to structures and should be controlled and mitigated. The 
efficiency of viscous dampers to suppress the aggravated 
structural vibration of adjacent structures due to SSI have been 
studied by Kazemi et al. [10], Elwardany et al. [12], Kermani 
et al. [27], and Miari and Jankowski [28]. Sarcheshmehpour et 
al. [29] implemented viscous dampers in flexible-base steel 
frames using genetic algorithm optimisation. They concluded 
that damping decreased when the soil effect was considered. 
Kazemi et al. [11] used linear and nonlinear viscous dampers 
between adjacent moment-resisting structures considering the 
soil effect. They showed that the probability of collapse during 
pounding decreases after the viscous damper linkage. 
This study investigated the pounding behaviour of two adjacent 
buildings and the required viscous damper capacity to prevent 
impact by considering the SSI. In a previous study [30], fixed-
base adjacent structures and their links using linear viscous 

dampers (LVDs) were investigated. For comparison, analyses 
were performed using the same structural models. Three 
cases associated with two buildings with different masses, 
stiffness parameters, and heights were investigated. In case 
1, the mass and stiffness parameters of each floor of both 
structures were the same, whereas they varied in cases 2 and 
3. The number of floors in one of the buildings was changed 
from one to 15, whereas the other was a 15-storey building. 
The buildings were assumed to be shear-beam-type structures 
and were modelled as lumped mass–stiffness systems with 
one translational degree of freedom per mass and linear force–
deformation characteristics. Although most structures exhibit 
nonlinear behaviour under seismic loads, the assumption of 
linear elastic behaviour is adequate for structures with seismic 
energy dissipation devices, particularly in the preliminary design 
step [31-35]. The Rayleigh damping matrices were constructed 
at a damping ratio of 5 %. Earthquake-induced pounding was 
assumed to occur only between adjacent floor levels and 
floor elevations of 3.6 m in all buildings. The impact between 
the floors was modelled using a linear spring and dashpot 
in parallel, i.e. the Kelvin–Voigt model. Pounding forces of 
fixed and flexible-base structures were also evaluated using 
continuous wavelet transform (CWT) to derive the frequency 
components of a collision on a time scale. LVDs were used as 
pounding-protection measures between adjacent storeys. 
The supplemental damping ratios and LVD capacities were 
optimised to determine the minimum total damper capacity 
which prevents pounding between adjacent floors. The damper 
capacities were compared with those obtained for fixed-base 
buildings. This paper aims to contribute to the recent literature 
by considering the results of additional damping ratios required 
when SSI is considered. All analyses and the model setup were 
conducted using MATLAB software [36]. 

2. Numerical models

2.1. Impact model

Impact models, such as the linear viscoelastic model by 
Anagnostopoulos [37], nonlinear elastic model by Davis [38], 
and nonlinear viscoelastic model by Jankowski [39], have been 
developed and used in many structural systems [40-43]. In this 
study, the linear viscoelastic model, also known as the Kelvin–
Voigt model, was used. The model parameters, consisting of a 
linear spring and dashpot in parallel, are expressed as follow [37]:

 (1)

 (2)

 (3)
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where Fp(t) is the pounding force as a function of time (t), kp is 
stiffness, and cp is the damping coefficient of the impact model. 
δ(t) and  are the relative displacement and relative velocity 
between two colliding structural members, respectively. ξp is 
the impact damping ratio, and e is the coefficient of restitution. 
The masses of the colliding members are denoted by m1 and m2. 
In this study, kp was set to be 20 times the storey stiffness 
coefficient of the stiffer structure, as considered by 
Anagnostopoulos [37]. Moreover, ξp qual to 0.14 (e = 0.65), was 
used for concrete surfaces, as suggested by Azevedo and Bento 
[44]. A linear spring and dashpot were activated when the gap 
between the structures was closed, thereby generating a 
pounding force. 

2.2. Soil–structure interaction mechanism

The sway-rocking model, which idealises the soil beneath a 
structure using springs and dashpots for translational and 
rotational movements, was used in this study. The soil is 
considered a homogeneous, linearly elastic, and isotropic 
half-space, described by its shear modulus G, Poisson”s 
ratio n, mass density n, and shear wave velocity Vs. For the 
structures considered herein, a 17 m ×17 m mat foundation 
was assumed, as discussed by Sarcheshmehpour et al. [29] 
for three-, seven- and 14- storey buildings. According to 
Wolf”s equation [45], the equivalent radius (r) of the 
foundation was obtained using  as 10 m, where A is 
the area of the foundation. The Turkish Building Earthquake 
Code 2018 (TBEC 2018) [46] classifies soil into six types, 
from hard soil (ZA) to soil with special treatment 
requirements (ZF), which is similar to ASCE 7-16 [47]. Five 
of them, ZA (hard rock), ZB (rock), ZC (very dense soil and 
soft rock), ZD (stiff soil), and ZE (loose sand) were considered 
in this research. The soil characteristics are presented in 
Table 1. 

Table 1. Soil types and their properties

The equations for the stiffness and damping coefficients of the soil 
provided in the study by Veletsos and Ventura [51] are expressed 
as follows:

Kh = 8Gr/(2-n) (4a)

Ch = 4,6ρVsr
2/(2-n) (4b)

Kθ = 8Gr3/(3-3n) (5a)

Cθ = 0,46ρVsr
4/(1-n) (5b)

where Kh and Kθ are static translational and rotational stiffness 
coefficients, and Ch and Cθ are damping coefficients along the 
sliding and rocking directions, respectively. The soil shear 
modulus is calculated using G = ρVs

2.

2.3. Equation of motion and optimization procedure

Two adjacent multi-storey buildings, which were assumed to 
be shear-beam systems, were modelled using lumped mass–
stiffness models. The height of each storey was the same at 3.6 
m. A uniform distribution of stiffness and mass was adopted. The 
mass of each storey (1 × 105 kg) was lumped at the slab level. The 
storey stiffness of building 1 was 6.8 × 107 N/m, whereas those of 
the other buildings were 6.8 × 107 N/m (case 1), 10 × 108 N/m (case 
2), and 7.2 × 106 N/m (case 3). The structural properties and cases 
considered are listed in Table 2. Hereafter, building 2 in cases 2 and 
3 is referred to as a stiffer and more flexible structure, respectively.
The number of storeys of building 2 was varied from 1 to 15 
to simulate construction steps and/or neighbouring buildings 
of different heights. The seismic gap between buildings was 
computed based on the building height, as regulated in TBEC 2018 
[46], which states that for buildings with a total height of up to 6 
m, the separation distance is 30 mm, and an additional 10 mm 
is added for every subsequent 3 m of height. The configurations 
of the multi-storey buildings are shown in Figure 1. For adjacent 
buildings with l and r storeys connected by LVDs, the coupled 
equation of motion is expressed as

 (6)

where the size of each matrix (M, K, C), including soil features, is 
l+r+4 (the sum of lumped mass translations and four degrees of 
freedom for rocking and swaying of the foundation). The superscript 

Soil types Poisson”s ratio (n) Mass density (ρ) 
[kNs/m4]

ZA (hard rock) 0.20 [39] 2.40 [41]

ZB (rock) 0.25 [39] 2.25 [41]

ZC (soft rock) 0.33 [40] 2.00 [41]

ZD (stiff soil) 0.40 [40] 1.80

ZE (loose sand) 0.50 [40] 1.50

Cases m [kg]
Building 1 Building 2

k [N/m] Storey number Storey height [m] k [N/m] Storey number Storey height [m]

Case 1

1 · 105 6.8 · 107 15 3.6

6.8 · 107

1-15 3.6Case 2 10 · 108 

Case 3 7.2 · 106 

Table 2. Building properties and considered cases
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s in Equation (6) denotes the building number (1 for building 1 and 2 
for building 2). In Figure 1, each structural parameter m, k and c has 
subscripts indicating the storey number and building number after 
the comma. The number of attached viscous dampers was equal 
to the number of storeys of the shorter building.

Figure 1. Configuration of adjacent buildings

The matrices are expressed as

Matrice su izražene na sljedeći način:

 (7a)

 (7b)

 (7c)

 (7d)

where the mass matrices of the buildings are[M(1)] = diag(mi,1) 
and [M(2)] = diag(mi,2). The subscript i is the storey number of the 
corresponding building 1 or 2. h is the storey height calculated 
from the base. Matrix dimensions are given in parentheses. Cd 
is the damping coefficient matrix of LVDs attached between 
adjacent floors. In Cd, [A] = diag(cd) i [-A] = diag(-cd).
The number of dampers is equal to the number of storeys in 
building 2 (storeys changing from 1 to 15); therefore, the 
damper coefficient vector has r rows, cd = {cd1, …, cdj, …, cdr}.
The supplemental damping ratio for adjacent structures of 
flexible-base adjacent structures is given as [30]:

 (8)

where the superscript f denotes the parameters of flexible-base 
structures,  are the natural periods, and ,  are the 
mode shapes of buildings 1 and 2, respectively, calculated 
through eigenvalue analysis. In the optimisation procedure 
addressed herein, the objective function is the minimisation of 
the total damper capacity with a uniform distribution among 
adjacent floors. This study aimed to prevent pounding by 
adjusting the supplemental damping ratio. The minimum total 
damper capacity was obtained through a constrained 
optimisation study performed using the fmincon function in 
MATLAB [30, 36]. This function requires the lower and upper 
constraints assigned as zero to represent the no-damper case 
and an arbitrary value for the predefined maximum damper 
capacity, respectively. The equality constraint (Aeq(j)) based on 
Equation (8) is derived as follows:

 (9)

 (10)

 (11)

The product of the equality constraint and the damper coefficient 
vector provides the supplemental damping ratio . This ratio is 
gradually increased, and the damper coefficient vector cd is 
searched until the pounding forces at all floors are zero. 
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3. Ground motions

In this paper, examples of the results achieved for selected 
ground motions with different magnitudes, peak ground 
accelerations (PGAs), and peak ground velocities (PGVs) 
are introduced (see Table 4). Note that the Duzce and Kobe 
earthquakes are examples of strong near-fault earthquakes, 
and the Samos earthquake is the latest strong earthquake 
which occurred in Turkey. The acceleration records of the 1995 
Kobe and 1999 Duzce earthquakes were derived from the PEER 
ground motion database [52], and the 2020 Samos earthquake 
acceleration record was obtained from the AFAD database [53]. 

4. Results

The comparative results of the fixed- and flexible-base 
structures are presented in this section to clarify the effect of 
SSI on the pounding-involved seismic responses.

4.1.  Pounding forces and evaluation using wavelet 
transform

The pounding forces is depicted based on the nondimensional 
frequency parameter ratio between adjacent structures. This 
parameter is defined as the normalised quantity for various 
storey numbers [30]. For each building, it was calculated using 

, where i (i = 1, 2) is the building number, ωi and 
si are the natural angular frequency and storey number, 

respectively, whereas mi and ki are the mass and stiffness 
parameters of one storey of the corresponding building, 
respectively. The ratio representing the normalised value 
between adjacent buildings was computed using Ωr = Ω2 /Ω1.This 
ratio provides a nondimensional scale for comparison of the 
results presented in this section instead of using the frequency 
ratio, which depends on the structural properties.
The cumulative impact forces based on the nondimensional 
frequency parameter ratio are presented in Figures 2 to 4 for 
fixed- and flexible-base structures founded on ZC-type soil 
and exposed to the Duzce, Kobe, and Samos earthquakes. 
The impact forces obtained in case 3 (indicated in yellow) 
appeared to be larger in each graph, regardless of whether 
the structure had a fixed or flexible base. Thus, we can 
conclude that a more flexible neighbouring building (case 3) 
worsens the pounding responses as the number of storeys 
increases. The trends in the cumulative pounding forces 
of both the fixed- and flexible-base structures during the 
Duzce earthquake (Figure 2) were similar, revealing that 
greater forces were obtained as the heights of the structures 
approached each other. In case 1, the largest pounding 
force of approximately 2×108 N occurred for the 11-storey 
building; however, an impact force of 45×108 N was obtained 
for the 3-storey building with SSI. Nevertheless, for case 2, 
the largest pounding force was approximately 2×108 N for the 
structure with a fixed base and 10×108 N for the structure 
with SSI when both pounded a 14-storey building. The 
importance of considering the SSI during the building analysis 

Earthquake Station PGA [g] PGV [m/s] PGA/PGV Magnitude (Mw)

Duzce, 1999 Bolu 0.739 0.583 1.268 7.2

Kobe, 1995 JMA 0.834 0.902 0.925 6.9

Samos, 2020 Kusadasi 0.183 0.225 0.813 6.6

Table 3. Selected ground motions

Figure 2.  Impact forces based on nondimensional frequency parameter ratio, Ωr: a) fixed-base; b) flexible-base structures founded on ZC-type 
soil under the Duzce earthquak
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became clear for case 3, in which the pounding forces were 
5.5×108 N for the fixed base and 200×108 N for the SSI in the 
15-storey building. Regarding the Kobe earthquake (Figure 
3), the cumulative pounding behaviour was very similar to 
that of the Duzce earthquake. 

Figure 4.  Impact forces based on nondimensional frequency 
parameter ratio, Ωr: flexible-base structures founded on ZC-
type soil under the Samos earthquake 

In case 1, a pounding force of 2.5×108 N was computed for a 
10-storey building, whereas 60×108 N occurred for 5- and 
11-storey buildings with SSI. Pounding forces were almost 
same in case 2, 4.5×108 N for a 15-storey building with a fixed 
base, and 4×108 N for a 10-storey building with SSI. In case 3, 
a pounding force of 2.25×108 N was obtained for a 12-storey 
building and 100×108 N was obtained for a 10-storey building 
with SSI. Therefore, these numerical results show that the 
SSI should be considered in the event of a collision with a 
more flexible building. The relatively lower PGA of the Samos 
earthquake resulted in no collision between fixed-base 
buildings; in contrast, for flexible-base buildings, large pounding 

forces were observed for cases 1 and 3, except for case 2, as 
presented in Figure 4. From these figures, we can deduce that 
the pounding force is highly dependent on the flexibility of 
neighbouring structures. Being adjacent to the low-stiffness 
structure caused a greater pounding force of approximately 
17×108 N, as in case 3. In addition, the SSI had an increasing 
effect on the pounding responses, regardless of the rigidity of 
the neighbouring structures and earthquake characteristics.
The pounding force responses of case 3, under the Duzce and 
Kobe earthquakes, were also processed using a CWT. However, 
note that the wavelet scalograms could not be presented for the 
Samos earthquake because no pounding occurred for the fixed-
base case, thus offering no possibility to compare the responses. 
Wavelet transform is a suitable tool for nonstationary signals 
because it decomposes the signal into basic functions of dilated 
(scaled) and translated (shifted) versions of the mother wavelet 
function, simultaneously supplying frequency–time knowledge 
of the signal. Unlike Fourier transform, wavelet analysis can 
present the frequency components of any signal in the time 
domain [54, 55]. There are two types of wavelet transforms: 
discrete and continuous. The scale and shifting parameters 
during windowing make them different. The discrete wavelet 
transform uses only a subset of scale and shifting parameters, 
whereas the CWT computes the wavelet coefficients at each 
scale in discrete time. Despite the heavy computer load, the 
latter was used in this study owing to its windowing capability 
to provide frequency information. The wavelet coefficients 
C(a,b), as functions of a and b, were obtained by multiplying the 
original signal by appropriately scaled and shifted wavelets, as 
follows [56]:

 (12a)

 (12b)

Figure 3.  Impact forces based on nondimensional frequency parameter ratio, Ωr: a) fixed-base; b) flexible-base structures founded on ZC-type 
soil under the Kobe earthquake
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where ψ(a, b, t) is the main wavelet, and a a, b, t are the 
time, scale, and shifting factors, respectively. ψ* is a complex 
conjugate of wavelets. Consequently, the correlation coefficient 
of the scaled wavelet with the signal was plotted on a scale–
time graph. The scalogram of the CWTs revealed the correlation 
between the scaled (a) and shifted (b) wavelets and the signal 

in the scale–time plane. According to the default colouring, blue 
indicates a low correlation and red denotes a high correlation. 
The scale parameter (a) is the inverse of frequency with respect 
to multiplication. Thus, low-scale values indicate high-frequency 
content in the signal, and high-scale values denote low-
frequency content. Additionally, abrupt variations in the signal 

Figure 5. Wavelet scalogram of impact forces in case 3 under the Duzce earthquake: a) 15/5 storeys; b) 15/10 storeys; c) 5/15 storeys
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can be detected using low-scale wavelets, whereas slower 
variations can be detected with high-scale wavelets. Various 
wavelets are available, such as Haar, Morlet, Daubechies, and 
Mexican Hat. The Morlet wavelet, which was used in this study, 
is a complex function that has proven to be an effective tool for 
feature extraction in mechanical vibration signal diagnosis [57, 
58]. It has also been applied to seismic-signal detection [59, 60].
CWT analysis was conducted using MATLAB [36] (see the 

results in Figures 5 and 6). The pounding forces were calculated 
using the Kelvin–Voigt model in the time domain and were 
transformed into constituent wavelets. In the time-domain 
analysis, we can observe the signal with its value at a specific 
time; however, in the frequency-domain analysis using CWT, 
we can derive the frequency content of the signal at a specified 
time. In the wavelet scalograms, the horizontal axis indicates 
time, whereas the vertical axis denotes the scales, which are 

Figure 6. Wavelet scalogram of impact forces in case 3 under the Kobe earthquake: a) 15/5 storeys; b) 15/10 storeys; c) 15/15 storeys
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set as 1:1:500. Large-scale coefficients, or the magnitudes 
of the impact forces, are represented by red waves, whereas 
relatively lower values are represented by blue waves. The 
sampling period for CWT is 0.01 s; therefore, we should multiply 
the time given in the time axis by 100. All figures in this section 
show a comparison of the wavelet scalograms of the flexible-
base structures with those of the fixed-base structures. 
Figure 5.a shows that during the Duzce earthquake, when the 
SSI was considered, the maximum pounding force occurred 
earlier, at approximately 11 s, than in the structure with a fixed 
base, which had an impact at 18 s. In addition, the red waves 
extended in higher scales at approximately 200 (frequency 
equals 1/200), i.e. lower frequencies, which were larger than 
that of the fixed base (scale was 25), addressed more and 
severe impact forces. Nevertheless, Figure 5.b and 5.c shows 
extending blue bulbs for the fixed-base cases, which indicated a 
large number of pounding incidents. In contrast, as the height of 
the buildings approached, the maximum impact forces occurred 
at high scales, i.e. at lower frequencies (1/400), as shown by the 
red waves, indicating that collisions were detected over longer 
periods. Regarding the severity of collisions (red waves), the 
pounding responses were augmented for higher-neighbouring 
buildings. For the building height, the wavelet scalograms of 
the pounding forces showed that the number and severity of 
impacts increased and extended over long periods, such as from 
10 to 20 s. Considering SSI, impacts occurred earlier for lower 
structures of approximately 10 s.
Compared with fixed-base structures, more frequent impacts 
on flexible-base structures during the Kobe earthquake can 
be observed in Figure 6, as the waves spread over a wider 
area. All the collisions occurred during the first 10 s. Although 
the maximum collisions appeared almost simultaneously, 
they differed on the scale axis. When the maximum impact 
occurred, higher scales corresponding to the low-frequency 
components were observed for the structure subjected to the 
Kobe earthquake when considering the SSI, particularly when 
the building height was increased. 

4.2. Optimum LVD capacities

LVDs have been used between adjacent floors to prevent 
earthquake-induced structural pounding. The addition of 
dampers to the coupled system synchronises the structural 
behaviour and, consequently, mitigates the seismic responses 
through the supplemental damping ratio. Therefore, an 
optimisation study was performed to determine the required 
damping ratio to prevent pounding between the structures. 
The optimisation procedure presented here is applicable to 
all adjacent structures regardless of the model or structural 
system. This method is based on the structural behaviour during 
an earthquake rather than on the dynamic characteristics of the 
structure. The optimisation procedure can be summarised as 
follows. The supplemental damping ratio is increased gradually 
at each time step until no pounding occurs. In the optimisation 
process, if the pounding forces on all the floors are zero, 

the algorithm is terminated. Otherwise, the upper bound is 
increased until the no-pounding case is reached at all adjacent 
storeys. In this study, the upper bound, ub, was set as 5 × 105 
Ns/m, which was achieved by processing all optimisation cases 
and finding a value that provided no pounding for each case 
study. 
In this section, the total damping coefficients and damping 
ratios supplied by the viscous dampers are compared for the 
fixed- and flexible-base structures. The results were obtained 
for the ZC-type soil for the flexible-base case and the Duzce 
earthquake for comparison with the fixed-base results 
described in the study by Kandemir-Mazanoglu and Mazanoglu 
[30]. Table 4 presents the optimum supplemental damping 
ratios and total damper coefficients for the different storeys of 
building 2 (B2), which was adjacent to the 15-storey building 
1 (B1). The 5-, 7-, 9-, 10-, 11-, 13- and 14-storey buildings 
with flexible bases in case 1; 5-, 7-, 9-, 10-, 11- and 13-storey 
buildings with flexible bases in case 2; and 2-, 7-, 10-, 11- and 
13-storey buildings with flexible bases in case 3 had lower 
supplemental damping ratios than structures with fixed bases. 
For case 1, the maximum damping ratio was 65 % for the 
7-storey fixed-base structure, whereas 30 % was adequate for 
the flexible-base structure. However, the corresponding total 
damper coefficient increased from 1.43 to 25.21×105 Ns/m. 
However, the 14-storey structure with a fixed base required 
1579.10×105 Ns/m, whereas no damper was required when 
SSI was considered. In case 2, for the 13-storey building, the 
damping ratio decreased from 95 % to 20 % for the structure 
with SSI. The increase in the damping coefficient was 18.73 to 
22.58×105 Ns/m, which was relatively smaller than that in case 
1. However, the 14-storey structure with a fixed base required 
1579.10×105 Ns/m, whereas a smaller damper capacity of 
18.87×105 Ns/m was required when SSI was considered. In case 
3, higher damping ratios were encountered, as expected, owing 
to the large impact forces. The maximum reduction in damping 
ratios was obtained for the 13-storey building, which was 
reduced from 75 % to 45 %, whereas the increment in damping 
force was 15.68 to 50.83×105 Ns/m. However, the 14-storey 
structure with fixed base required 1579.10×105 Ns/m, whereas 
a smaller damper capacity with 56.61×105 Ns/m was required 
when SSI was considered. Similar with the results obtained in 
the previous section regarding the impact forces, the SSI is an 
important factor to consider for structures subjected to seismic 
excitation. In this section, the advantage of the LVD capacity 
in considering the SSI is clarified, particularly for the impact 
mitigation of tall buildings. In addition, as presented in Figure 7, 
the additional damping ratio tended to decrease as the heights 
of both buildings approached each other when considering the 
SSI in cases 1 and 2; however, when a building was adjacent to 
a more flexible building, as in case 3, increased the ratio. The 
results confirmed that the structural modal damping ratio of the 
fundamental natural period increases with the incorporation of 
SSI [41], which results in a lower damping ratio that must be 
supplied by the viscous dampers. The changes in the damper 
parameters based on the soil type are listed in Table 5. In all 
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cases studied, the greatest damping coefficients were obtained 
for the ZC-type soil at 20 %, 25 %, and 60 %, with corresponding 
damping coefficients of 17.88×105, 22.27×105, and 53.40×105 
Ns/m for cases 1, 2, and 3, respectively, for the 10-storey 
building. For more flexible soil, the required damping coefficient 

decreased, such as 9.37×105 and 32.84×105 Ns/m for ZE- and 
ZC-type soil beneath the 5-storey building, respectively. Table 5 
shows that when the neighbouring building was at mid-height 
of the other building, the severity of the pounding increased; 
thus, the required damper capacity increased. Figure 8 presents 

Storey 
number 
B1/B2

Ωr

Case 1 Case 2 Case 3

ξd [%]
(Fixed-base [30])

Σcd (×105 Ns/m)
(Fixed-base [30])

ξd [%]
(Fixed-base [30])

Σcd (×105 Ns/m)
(Fixed-base [30])

ξd [%]
(Fixed-base [30])

Σcd (×105 Ns/m)
(Fixed-base [30])

15/01 0.002 - - - - - -

15/02 0.015 5
(-)

8.12
(-) - - 5

(15)
12.18
(2.62)

15/03 0.036 10
(10)

13.27
(2.70)

5
(-)

6.61
(-)

10
(10)

13.22
(2.67)

15/04 0.067 10
(5)

10.70
(1.99)

10
(-)

10.71
(-)

20
(10)

21.47
(3.99)

15/05 0.107 20
(30)

18.75
(5.41)

15
(35)

14.01
(6.52)

35
(15)

32.84
(2.44)

15/06 0.156 30
(15)

26.00
(13.99)

20
(15)

17.44
(13.99)

30
(10)

26.05
(6.87)

15/07 0.214 30
(65)

25.21
(1.43)

25
(75)

20.96
(17.81)

45
(65)

37.74
(8.75)

15/08 0.281 30
(10)

25.14
(21.45)

30
(10)

25.06
(21.45)

60
(15)

50.11
(18.51)

15/09 0.357 25
(55)

21.32
(11.35)

30
(55)

25.60
(11.35)

65
(65)

55.45
(13.82)

15/10 0.442 20
(55)

17.88
(11.25)

25
(65)

22.27
(13.63)

60
(75)

53.40
(16.19)

15/11 0.536 15
(55)

14.29
(11.18)

25
(95)

23.71
(21.48)

60
(85)

47.42
(18.57)

15/12 0.638 10
(5)

10.30
(138.92)

20
(5)

20.54
(138.92)

50
(5)

51.36
(138.92)

15/13 0.750 5
(20)

2.45
(3.94)

20
(95)

22.58
(18.73)

45
(75)

50.83
(15.68)

15/14 0.871 -
(5)

-
(1579.10)

15
(5)

18.87
(1579.10)

45
(5)

56.61
(1579.10)

15/15 1 - - 15
(5)

19.92
(45.00)

25
(5)

25.45
(45.00)

Table 4. Comparison of ξd  and Σcd in cases 1, 2, and 3

Figure 7. Additional damping ratio based on nondimensional natural period ratio: a) case 1; b) case 2; c) case 3
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representative examples of the damping ratios obtained for 
building B2 with 5, 10, and 15 storeys exposed to the Duzce 
earthquake. No collisions were observed in the ZD- and ZE-type 
soils. Moreover, damping of up to 20 % for case 1 and 25 % for 
case 2 was required for the ZC-type soil. In addition, when a 
building was adjacent to a more flexible one (case 3), a higher 
damping ratio corresponding to a higher damper capacity was 
required (Figure 8.c). Note that for large damper capacities, 
nonlinear viscous dampers with velocity components lower 
than 1 should be used to avoid an excessive force that may 
damage the damper or have a detrimental unexpected effect on 
the seismic performance of buildings because of the possible 
high acceleration or force from dampers with large damping 
coefficients.

5. Conclusions

A comprehensive parametric study on adjacent structures 
with and without SSI was conducted to reveal the effect of soil 
type on the pounding-involved seismic behaviour. The CWT of 
impact forces was performed to compare and gain insight into 
the responses of fixed- and flexible-base adjacent structures 
with respect to the frequency contents of the signals. LVDs 

between adjacent floors were placed as a pounding protection 
measure. The required supplemental damping ratio of the LVDs 
was determined through optimisation analysis under different 
structural configurations and soil types to verify the effect of SSI 
on structural damping. The results of this study are summarised 
as follows.
1. The number and severity of pounding incidents highly depend 

on the rigidity of the neighbouring building and on whether 
the SSI effect is considered. Note that the impact forces of 
both flexible and fixed-base buildings are augmented when 
they are adjacent to a more flexible building. However, the 
impact forces increased by up to 36 and 44 times under the 
Duzce and Kobe earthquakes, respectively, when considering 
SSI in case 3. 

2. Regarding building height, considering SSI, impacts occurred 
approximately 10 s earlier for lower structures, as indicated 
by the wavelet scalograms of the pounding forces. In 
addition, the wavelet scalograms showed that the number 
and severity of impacts increased and extended over a long 
period. Considering the SSI, the frequencies at which the 
impact forces were observed decreased by a maximum of 
1/8 (as in the case of the Duzce earthquake for 5-storey 
building).

Table 5. Total damper capacities and supplemental damping ratios considering different soil types

Figure 8. Supplemental damping ratios for different soil types under the Duzce earthquake: a) case 1; b) case 2; c) case 3

Parameter

Vrsta tla

ZA ZB ZC ZD ZE

15/5 15/10 15/15 15/5 15/10 15/15 15/5 15/10 15/15 15/5 15/10 15/15 15/5 15/10 15/15

Ca
se

 1 ξd [%] 10 10 − 10 5 − 20 20 − 5 − − − − −

Σcd 
(×105 Ns/m) 9.36 8.92 − 9.37 2.36 − 18.75 17.88 − 4.68 − − − − −

Ca
se

 2 ξd [%] 10 15 10 − − 5 15 25 15 − − − − − −

Σcd 
(×105 Ns/m) 9.36 13.36 13.28 − − 3.24 14.01 22.27 19.92 − − − − − −

Ca
se

 3 ξd [%] 5 15 15 25 35 25 35 60 25 25 20 20 10 15 15

Σcd 
(×105 Ns/m) 4.69 13.37 21.02 23.44 31.21 33.20 32.84 53.40 25.45 23.40 17.80 16.95 9.37 13.41 15.12
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3. Collisions of buildings with SSI occur more often when the 
neighbouring building is stiffer, as compared with when 
the neighbouring building is more flexible. Therefore, the 
incorporation of SSI prevents numerous collisions in flexible 
structures. This is because of the significant contribution 
of foundation moments to the overall response in stiffer 
structural systems. Stiffer buildings with SSI are susceptible 
to collisions, similar to flexible buildings with fixed bases. 

4. As the flexibility of the adjacent building increased, the required 
supplemental damping ratio of the LVDs increased to prevent 
pounding. However, for the 14-storey building in case 1, even 
if dampers were required for a fixed base, when considering 
the SSI, dampers were note required to be installed.

5. The number of collisions and severity of the impact forces 
decrease when the heights of the buildings are close to each 
other; therefore, the capacity of the LVDs is reduced. A decrease 
of up to 75 % in the damping ratios of the LVDs was obtained 
when SSI was considered, as in case 2 for the 13-storey building.

6. The frequency components at which the maximum impact 
force occurs vary according to the earthquake.

7. Softer soils are advantageous for avoiding collisions when 
the buildings are stiffer. For more flexible soil, such as ZE, 
the required damping coefficient becomes smaller, such 
as 9.37×105 Ns/m, and 32.84×105 Ns/m for ZC-type soil 
beneath the 5-storey building.

8. The greatest damping coefficients were obtained for the ZC-
type soil. For the Duzce earthquake example, in cases 1 and 
2, as for the ZD- and ZE-type soils, no collision was observed. 
Moreover, damping of up to 20 %, 25 %, and 60 % for cases 1, 
2, and 3, respectively, was necessary for the ZC-type soil. 

9. Considering soil during seismic analysis has significance 
for characterising the pounding behaviour under seismic 
excitations. The difference between the fixed-base and flexible-
base structures in terms of the LVD capacity to prevent pounding 
has proven that as the height of the building increases, soil 
flexibility has an advantageous effect on the damper capacity.
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