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A B S T R A C T

This study investigates the effectiveness of tuned mass damper (TMD) systems in mitigating torsional irregu
larities impact on seismic response of L-shaped reinforced concrete (RC) buildings, with a particular emphasis on 
soil–structure interaction (SSI) effects. Nonlinear time history analyses were conducted on a nine-story RC 
building constructed on both ZC (moderate) and ZD (soft) soil types, under three different conditions: fixed-base, 
SSI without control, and SSI with TMD control. The SSI effects were modeled using a substructure approach, and 
15 bidirectional ground motion records were used for input excitation for each case. This paper presents a novel 
configuration of TMDs on building roof; the effectiveness of TMD in mitigating seismic responses of L-Shaped RC 
Structures subjected to a range of earthquake ground motions is assessed. This study investigates how torsional 
behavior is affected by soil–structure interaction (SSI) and how this behavior can be mitigated through the 
implementation of TMDs. The outcome results show that SSI notably amplifies torsional responses, especially in 
soft soils, leading to higher exceedance probabilities of the torsional irregularity index ηbi. The introduction of 
the TMD control system significantly reduced torsional irregularities impact on seismic demands, with a 
reduction exceeding 12 % in upper stories for ZD soils. Fragility curves further confirmed the TMD’s effectiveness 
in reducing the probability of torsional irregularity impact exceedance. These findings highlight the necessity of 
incorporating SSI effects on seismic demands assessment and the effectiveness of TMD control devices for seismic 
mitigation as a seismic design approach for irregular RC buildings.

1. Introduction

Recent earthquakes have demonstrated the necessity for reinforced 
concrete (RC) buildings to retain sufficient strength under seismic 
loading. Irregular and asymmetric multi-story structures are highly 
vulnerable to earthquake damage due to lateral and torsional vibration 
coupling, leading to more brittle behavior of the overall structure [1,2]. 
Torsional irregularity or asymmetry in the building occurs due to the 
uneven distribution of mass and eccentricity between the center of 
resistance. This asymmetry will lead to lateral and torsional displace
ment during strong earthquake ground motions. In this context, 
torsional behavior has gained significance in the analysis and design of 

RC buildings [3]. Torsional behavior, in this regard, is defined by the 
Torsional Irregularity Coefficient (ηbi) which represents the ratio of the 
maximum relative story displacement in any story to the average rela
tive displacement in the same direction, considering two orthogonal 
earthquake directions. According to the Turkish Building Earthquake 
Code [4], the building has torsional irregularity if ηbi exceeds 1.2

To achieve the desired seismic performance, a building should 
exhibit key attributes such as a regular configuration, and sufficient 
lateral strength, stiffness, and ductility. Therefore, the selection of the 
building’s plan configuration at the conceptual design stage plays a 
crucial role in structural design against earthquake-induced ground 
motions. In practical applications, most buildings present some form of 
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irregularity, making torsional-lateral vibration coupling effects inevi
table under seismic excitation [5]. Building structures with irregular 
planes are more susceptible to seismic forces than regular ones. The 
reason is that the center of mass has different positions from the center 
of rigidity in the irregular frame structure, and the torsional deformation 
of the structure caused by eccentricity is more likely to lead to structural 
failure. Consequently, the design and seismic performance evaluation of 
RC buildings affected by torsional irregularity effects is considerably 
more complex compared to symmetric buildings [3]. Unfortunately, 
eliminating torsional irregularities is not a feasible approach in civil 
engineering practice [3]. Therefore, preventive measures must be taken 
to mitigate torsional behavior. The asymmetric distribution of mass, 
stiffness, and strength due to plan irregularity in L-shaped buildings is a 
major contributor to severe damage caused by excessive floor rotations 
and displacements [3,6].

In addition, several studies in the literature have investigated the 
torsional behavior of L-shaped buildings. Ozer et al. [7] evaluated the 
seismic performance of lead-core rubber (LRB) and friction pendulum 
(FPS) base isolators under torsional irregularity, revealing that the 
performance of LRB isolators was more sensitive to torsional effects, that 
the misalignment between the superstructure’s center of mass and the 
isolator’s center of rigidity is dominant parameter that control torsional 
response and displacement demands. Gokdemir et al. [8] examined the 
impact of torsional irregularity on seismic vulnerability, showing that 
eccentricity between the centers of mass and rigidity significantly in
creases torsional moment demands, potentially leading to structural 
failure during earthquakes. Their findings underscore the importance of 
symmetric design and sufficient separation between structural compo
nents to reduce damage. Abdel Raheem et al. [9] assessed the seismic 
performance of multi-story L-shaped RC buildings, demonstrating that 
increased plan irregularity considerably amplifies torsional effects, 
lateral displacements, and shear demands factors that conventional 
design codes often underestimate. These results highlight the necessity 
for detailed dynamic analysis and irregularity-specific design consider
ations. Botis, Cerbu [10] proposed a theoretical and computational 
method to minimize torsional effects in irregular reinforced concrete 
multi-storey buildings by optimizing the alignment between centers of 
mass and stiffness using MATLAB and validating results through ETABS 
simulations. Ismail [11] introduced a novel seismic design method for 
Symmetric Released Column Inclination (SRCI) control that reduces 
structural torsion, base shear, and accelerations in asymmetric 
multi-storey buildings through column-end modifications and a custom 
damping brace system, as validated by nonlinear time history analyses. 
Khanal, Chaulagain [12] evaluated the seismic elastic performance of 
regular and L-shaped reinforced concrete buildings with varying plan 
irregularities and seismic incidence angles, revealing that increased ir
regularity and off-axis loading significantly amplified displacement, 
drift, and torsional responses, suggesting that current code provisions 
are inadequate for irregular structures. It could be concluded that the 
floor shape plays a considerable role in the seismic behavior of mid-rise 
moment resisting frame (MRF) building including a substantial increase 
in the lateral deflections and inter-story drifts and changing the per
formance level of the structures and pursued functionality. Thus, 
considering plan irregularity effects in the seismic design, particularly 
when floor shape is mostly used in vital buildings is essential. If irreg
ularity is not considered in dynamic analysis and design, the accuracy in 
assessing the structural safety, facing earthquakes, could not be reliable. 
The conventional design procedures excluding the horizontal irregu
larity may not be adequate to guarantee the structural safety of irregular 
moment resisting building.

In recent years, there has been a growing research interest in soil–
structure interaction (SSI), [13-16]. Forcellini [17] compared theoret
ical, experimental, and 3D numerical models of elastomeric bridge 
bearings, finding good agreement in initial behavior but noting the need 
to capture post-peak degradation due to cavitation. Kumar et al., [18]
developed advanced OpenSees-based models for LDR and LR bearings to 

simulate their behavior under extreme seismic loads, incorporating 
tension effects, lead core heating, and lateral displacement-dependent 
buckling. Asgari et al., [19] used 3D parallel finite element simula
tions to investigate the seismic resilience of various pile group config
urations in sloping liquefiable soils, revealing significant effects of pile 
number, position, and nonlinearity on lateral spreading, excess pore 
pressure, and foundation performance compared to existing design 
codes. Forcellini [20,21] proposed a simplified three-degree-of-freedom 
(3-DOF) model to evaluate the coupled effects of soil-structure interac
tion (SSI) and base isolation (BI) in low-rise buildings, demonstrating 
that SSI can considerably reduce or even reverse the expected seismic 
benefits of BI systems. Fiamingo, Massimino [22] conducted a 
large-scale investigation into the dynamic soil-structure interaction 
(DSSI) effects on historical churches in the highly seismic eastern 
Sicilian region, aiming to prioritize seismic retrofitting interventions by 
assessing the influence of soil behavior and masonry properties on the 
seismic response under both fixed-base and flexible-base configurations. 
Mina, Forcellini [23] conducted a 3D numerical study using OpenSeesPL 
to assess soil–structure interaction during the 1980 Irpinia–Basilicata 
earthquake, revealing that soil deformability notably amplifies seismic 
demands on low-rise RC buildings and should be integrated into seismic 
design codes. Massimino et al., [24] investigated the seismic perfor
mance of eco-friendly soil–rubber mixtures (SRMs), presenting findings 
from seismic microzonation, site response, and soil–structure interaction 
studies, along with results from full-scale tests and FEM simulations. 
Abate et al., [25] proposed an innovative large-scale seismic micro
zonation approach for Catania by evaluating dynamic soil–structure 
interaction (DSSI) through spectral acceleration maps, and further 
analyzed the nonlinear soil response of a school building using FEM 
models with different soil nonlinearity assumptions. Farhad, Aydın [26]
proposed an optimization method for the placement of viscous dampers 
between low-rise adjacent buildings to minimize seismic pounding, 
explicitly considering the effects of soil–structure interaction under 
different sandy soil conditions. Kalfas et al. [27] analyzed how shear 
modulus influences elastomeric bearing behavior under axial-shear 
loads and proposed a nonlinear closed-form solution. Although 
numerous studies in the literature focus on base isolation and various 
TMD systems, there is limited research directly addressing the reduction 
of torsional irregularities in L-shaped buildings using TMDs.

The primary objective of this study is to assess the torsional irregu
larity impact on seismic demands of L-shaped multi-story buildings, 
evaluate the effectiveness of tuned mass damper systems in mitigating 
the torsional response of structures subjected to dynamic loading. 
Gutierrez Soto, Adeli [28] reviewed key developments in the design and 
application of various mitigation measures tuned mass dampers 
including: conventional, pendulum, bidirectional, and tuned liquid 
column dampers highlighting their effectiveness in vibration mitigation 
of buildings and civil structures under dynamic loads such as wind and 
earthquakes. Rana, Soong [29] investigated the behavior of tuned mass 
dampers through a detailed parametric analysis and proposed a 
simplified design procedure to optimize their performance in reducing 
structural vibrations, including an evaluation of multi-mode control 
using multiple dampers. Sadek et al., [30] proposed a numerical pro
cedure for determining optimal tuned mass damper parameters that 
achieve equal and large modal damping in the first two vibration modes 
of structures, demonstrating through analyses of single degree of 
freedom (SDOF) and multi degree of freedom (MDOF) systems, their 
method significantly introduced reduced seismic responses compared to 
previous approaches. Konar, Ghosh [31] provided a comprehensive re
view of the development and application of tuned mass damper inerter 
(TMDI) systems over the past decade, highlighting their effectiveness in 
reducing seismic responses in multi-story buildings through mass 
amplification, while identifying key research gaps for practical imple
mentation. Marrazzo et al., [32] investigated the seismic retrofitting of 
existing buildings using non-conventional tuned mass dampers with 
high mass ratios, demonstrating through extensive parametric analysis 
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and a case study that such systems significantly reduced displacements, 
accelerations, and structural damage, thereby improving seismic resil
ience, particularly in buildings designed to outdated codes. Araz [33]
studied the influence of soil-structure interaction (SSI) effect on the 
control performance and optimum parameters of tuned mass damper 
(TMD), the effect of structure stiffness and soil stiffness and the aspect 
ratio of the structure on the optimum design of TMD, the seismic per
formance of structures and highlight that the effectiveness of TMD will 
vary significantly depending on the characteristics of the ground motion 
due to SSI effects. Fatollahpour et al., [34] investigated the impact of 
structure–soil–structure interaction (SSSI) on the seismic performance of 
two adjacent 20-story buildings equipped with optimized tuned mass 
dampers (TMDs), finding that while SSSI significantly amplifies seismic 
responses, the use of PSO-optimized TMDs effectively reduces both 
maximum and RMS story drifts even under these interaction effects. 
While most TMD studies in the literature focus on plan optimization or 
device design, this study uniquely addresses the overlooked relationship 
between TMDs and torsional irregularity.

This study investigates the prevention of torsional behavior in 
irregular reinforced concrete buildings through the design and imple
mentation of Tuned Mass Damper (TMD) systems. In line with this 
objective, nonlinear time history analyses were conducted on an L- 
shaped reinforced concrete building situated on ZC and ZD type soils as 
defined by seismic design codes. The analyses were performed under 
three conditions: fixed base without control, soil-structure interaction 
(SSI) without control, and SSI with TMD control, under 15 bidirectional 
ground motion records for each case, with a total of 30 acceleration 
records. SSI effects were modeled using the substructure method. In this 
method, ground motion records were selected to reflect the properties of 
the respective soil types 15 for ZC-type soil and 15 for ZD-type soil. 
Analysis results indicated that SSI effects had a negative influence on 
torsional behavior, while this negative impact was effectively mitigated 
by simple TMD systems installed on the roof of the structure.

2. Materials and methods

2.1. Design of the structures

Since the primary aim of this study was to control torsional irregu
larity, the selected building model was deliberately designed to exhibit 
torsional behavior. Accordingly, an L-shaped plan layout, which is 
frequently used in literature for studies on torsional irregularity, was 
adopted. The analyzed structure is a nine-story reinforced concrete 
frame building. The height of the first story was taken as 3.5 m, while the 
remaining stories were each 3.3 m tall, resulting in a total building 
height of 29.9 m. The columns were designed with cross-sectional di
mensions of 60 × 60 cm, and the beams were modeled as 25 × 50 cm 

members. End-length offsets were defined at beam-column joints based 
on the member dimensions, and a rigid zone factor of 0.5 was applied. 
The plan view of the investigated L-shaped building, along with the long 
and short sections of the L-shape, is shown in Fig. 1.

In accordance with TBEC-2018, reduced effective moment of inertia 
values (Ieff) were used for both design and evaluation stages. Specif
ically, the effective stiffness was defined as 0.35I for beams and 0.7I for 
columns, following the guidelines of the TBEC-2018. Given that the 
building represents a new construction, the transverse reinforcement 
spacing specified in the current code was adopted, with stirrup spacing 
set to 10 cm. No section reduction was made in vertical load-bearing 
elements due to story height. The bay spacing was uniformly set to 
5 m throughout the building. Each L-shaped wing consisted of 8 spans, 
while the central joint zone of the L form included 2 spans. The total 
length of the building arms was 50 m, of which 10 m belonged to the 
central intersection region. The structural behavior factor (R) was taken 
as 8, reflecting the fact that the system consists solely of moment- 
resisting frames. A uniform slab thickness of 12 cm was considered for 
all stories. Live loads were taken as 200 kg/m² (0.2 t/m²), and dead 
loads as 325 kg/m² (0.325 t/m²). The slabs were not explicitly modeled; 
instead, the loads were applied directly onto the beams. Both design and 
evaluation stages considered second-order (P-Δ) effects. To account for 
infill wall weights, a uniform line load of 0.19 t/m was assigned to the 
relevant beams.

The three-dimensional structural models were developed using 
SAP2000 version 23.3.1 [35], a widely used platform for dynamic 
structural analysis. To simulate nonlinear behavior, fiber-based lumped 
plastic hinge elements were utilized, where the nonlinear response ari
ses directly from material properties. Each hinge was modeled using a 
fiber section approach, and stiffness degradation was based on the actual 
material response. One hinge per end was sufficient to capture biaxial 
bending behavior, following the methodology of Carvalho et al. [36]. 
The plastic hinge length was assumed as 0.5 times the section height. 
Concrete compressive strength was assumed to be 30 MPa, and the yield 
strength for both longitudinal and transverse reinforcements was 
420 MPa. Post-yield strain hardening effects were also considered in the 
analysis.

Time-history analyses were performed using the Newmark-beta 
method [37]. To ensure unconditional numerical stability, the param
eters gamma (γ) and beta (β) were set to 0.5 and 0.25, respectively. 
Rayleigh damping was used for the damping model, with a damping 
ratio of 5 %. The mass and stiffness proportional damping coefficients 
were determined based on selected mode periods to implement viscous 
damping. The number of modes included in the analysis was chosen to 
ensure cumulative mass participation exceeding 95 %, which corre
sponded to the first 24 modes in this study.

Fig. 1. Plan and wing views of the investigated L-shaped structure.
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2.2. Soil-Structure modelling approach

The substructure method was adopted in this study to incorporate 
the effects of soil–structure interaction (SSI). A crucial step in applying 
this method involves calculating the foundation impedance functions, as 
these significantly influence the dynamic characteristics of a structure, 
including its natural period [38-41]. These influences are often referred 
to as inertial interaction effects [42]. The substructure method is typi
cally categorized into lumped parameter models and cone models. In 
this research, a lumped parameter approach was employed, where 
foundation stiffness and damping were simulated using discrete 
spring-dashpot systems. It is important to note that most lumped models 

are based on simplified conditions, such as shallow foundations resting 
on homogenous elastic half-spaces [42].

The foundation–soil system was modeled using linear elastic springs 
and dashpots connected to the superstructure via foundation elements, 
as suggested by NIST [42]. The corresponding stiffness and damping 
values were calculated using established formulations provided by NIST 
[42], which are widely referenced in the literature (e.g., [43,13,44-46]). 
The soil shear modulus was determined using Eq. (1), where Vs is the 
shear wave velocity, G is the shear modulus, and ρ is the soil density. 
Mechanical parameters such as density and Poisson’s ratio are listed in 
Table 1. 

Vs =

̅̅̅̅
G
ρ

√

(1) 

To evaluate the spring and dashpot parameters, key inputs included 
average shear-wave velocity, Poisson’s ratio, foundation dimensions 
(length, width, depth), and the structural natural period. Soil classes ZC 
and ZD were assumed to have shear wave velocities of 400 m/s and 
200 m/s, respectively, as per recommendations by the (TBEC-2018) 

Table 1 
Considered soil properties.

Property ZC ZD

Mass density ρ (kN/m3) 16 20
Poisson’s ratio 0.30 0.25
Vs30 (m/s) 400 200

Fig. 2. SSI modeling: stiffness and damping expressions for raft foundation systems.
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[47] and NEHRP [48]. To account for the reduction in shear modulus at 
large strain levels, the values were adjusted in accordance with the 
G/Gmax degradation approach recommended in Section 19 of ASCE 
[49]. The average shear modulus and corresponding shear wave velocity 
(Vs) were determined based on the strain levels and reference values 
provided in Table 19.2–1 of the standard.

Initial impedance functions were calculated assuming surface foun
dations (zero embedment) and were then adjusted using dynamic stiff
ness modification factors to account for embedment depth. The stiffness 
modifiers were determined based on the structure’s fundamental vi
bration periods in the X and Y directions (Tx and Ty), as these values 
directly influence the dynamic characteristics considered in the SSI 
analysis. Likewise, radiation damping ratios were derived according to 
soil and structural characteristics. Modified spring and dashpot prop
erties were then used to obtain vertical stiffness and damping co
efficients ki

z and ci
z, respectively. As vertical soil response is nonlinear, 

stiffness values for central foundation areas were increased, while 
damping values were reduced toward the edges. An edge ratio of 0.3 was 

Table 2 
The formulas used for calculating soil springs [33].

Radiation Damping Ratios for Embedded Footings Elastic Solutions for Static Stiffness of Rigid Footings at the 
Ground Surface

βz =

[
4[ψ(L/B) + (D/B)(1 + L/B)]

(
Kz,emb/GB

)

][
a0

2αz

]

Kz, sur =
GB

1 − v

[

3.1
(

L
B

)0.75
+1.6

]

βy =

[
4[L/B + (D/B)(1 + ψL/B)]

(
Ky,emb/GB

)

][
a0

2αy

]

Ky, sur =
GB

2 − v

[

6.8
(

L
B

)0.65
+0.8

(
L
B

)

+1.6

]

βx =

[
4[L/B + (D/B)(ψ + L/B)]

(
Kx,emb/GB

)

][
a0

2αx

]

Kx, sur =
GB

2 − v

[

6.8
(

L
B

)0.65
+2.4

]

βzz =

⎡

⎢
⎢
⎢
⎢
⎣

(4/3)
[
3(L/B)(D/B) + ψ(L/B)3

(D/B) + 3(L/B)2
(D/B) + ψ(D/B) + (L/B)3

+ (L/B)
]
a2

0
(

Kzz,emb

GB3

)[(
1.4

1 + 3(L/B − 1)0.7

)

+ a2
0

]

⎤

⎥
⎥
⎥
⎥
⎦

[
a0

2αzz

] Kzz,sur = GB3

[

4.25
(

L
B

)2.45
+4.06

]

βyy =
⎡

⎢
⎢
⎢
⎢
⎣

(4/3)

[(
L
B

)3(D
B

)

+ ψ
(

D
B

)3(L
B

)

+

(
D
B

)3
+ 3
(

D
B

)(
L
B

)2
+ ψ

(
L
B

)3
]

a2
0

(
Kyy,emb

GB3

)[(
1.8

1 + 1.75(L/B − 1)

)

+ a2
0

] +

(
4
3

)(
L
B
+ ψ

)(
D
B

)3

(
Kyy,emb

GB3

)

⎤

⎥
⎥
⎥
⎥
⎦

[
a0

2αyy

]

Kyy,sur =
GB3

1 − v

[

3.73
(

L
B

)2.4
+0.27

]

βxx =

⎡

⎢
⎢
⎢
⎢
⎣

(4/3)

[(
D
B

)

+

(
D
B

)3
+ ψ

(
L
B

)(
D
B

)3
+ 3
(

D
B

)(
L
B

)

+ ψ
(

L
B

)]

a2
0

(
Kxx,emb

GB3

)[(
1.8

1 + 1.75(L/B − 1)

)

+ a2
0

] +

(
4
3

)(

ψ L
B
+ 1
)(

D
B

)3

(
Kxx,emb

GB3

)

⎤

⎥
⎥
⎥
⎥
⎦

[
a0

2αxx

] Kxx, sur =
GB3

1 − v

[

3.2
(

L
B

)

+0.8
]

Fig. 3. Spring groups and their layout used in the L-shaped building.

Fig. 4. Schematic illustration of connection of soil link-foundation and superstructure elements.
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adopted, consistent with typical values ranging between 0.3 and 0.5. 
Foundation elements were modeled based on previous works [42,50,44, 
45], using elastic frame members connected to the base of ground-story 
columns. These members were capable of resisting combined vertical, 
horizontal, and moment loads without the use of hinges. Fig. 2 illustrates 
the spring and dashpot configurations at the foundation–soil interface. 
Notably, spring elements only respond to forces aligned with their axis 
[42]; perpendicular loads do not influence their behavior. Consequently, 
stiffness and damping properties were directionally assigned as uniaxial 
link elements to accurately simulate SSI across differential surface areas. 
The validation of the SSI model used in this study through the linear 
direct method was also carried out in the study by [44]. In the method 
under consideration, the surface stiffness values are to be multiplied by 
the embedment effects, and the radiation damping for embedded foot
ings is given by the formulas presented in Table 2.

The Fig. 3 provides a schematic of how these foundation links were 
integrated with the superstructure. In this study, the foundation 
modeled as frame elements with zero mass and discretized at 1-meter 
intervals in both directions. The foundation elements were defined to 
allow internal rotations and flexural deformations. To maintain consis
tency with the fixed-base (FB) model, the FB structure was also modeled 
with foundation elements, and the base of these elements was defined as 
fixed. The spring representations assigned to the foundation elements 

are illustrated in Fig. 4.
The analysis results revealed that the inclusion of SSI consistently led 

to an elongation of the natural vibration periods when compared to the 
fixed-base models across all cases. This elongation typically results in a 
reduction of spectral acceleration, thereby decreasing seismic demands. 
However, the extent of this reduction varies and depends on factors such 
as foundation stiffness and soil conditions. Consequently, incorporating 
SSI into seismic design and evaluation is essential. Table 3 summarizes 
the increase in natural periods due to SSI effects observed in the 
analyzed structures.

Table 3 
Period elongations by SSI effects.

Model Mode 1 (sec) Mode 2 (sec) Mode 3 (sec)

FB 1.671 1.592 1.515
SSI-ZC 1.827 1.711 1.629
SSI-ZD 2.005 1.973 1.917

Table 4 
TMD properties.

Model ZC ZD

k(x and y) (kN/m) 232.058 198.659
c (x and y) (kNs/m) 45.527 42.124
mass (ton/m2) 0.202 0.202

Fig. 5. Three-dimensional finite element model of the L-shaped reinforced concrete structure, illustrating the implementation of SSI through linear springs at the 
foundation level and the integration of tuned TMDs at the roof level to mitigate seismic responses.

Table 5 
Frequency ratios of the TMD systems relative to the structural models.

Frequency ratio

Model Mode 1 (sec) Mode 2 (sec) Mode 3 (sec)

SSI-ZC 89.10 % 83.45 % 79.45 %
SSI-ZD 90.38 % 88.94 % 86.42 %

Fig. 6. The plan layout and movement directions of the TMDs.
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2.3. Tuned mass damper models

In this study, conventional tuned mass damper (TMD) systems were 
utilized. For the TMD to effectively reduce structural vibrations, mass, 
stiffness, and damping values must be selected appropriately. The 
mathematical formulations corresponding to these systems are pre
sented between Eq. (2) and Eq. (5) [51]. In these equations, μ denotes 
the mass ratio between the TMD mass (md) and the structural mass (ms), 
ks represents the stiffness of the structure, while kd and cd correspond to 
the stiffness and damping coefficient of the damper, respectively. ξd is 
the damping ratio of the TMD, and γ refers to the frequency ratio be
tween the TMD (ωd) and the primary structure (ωs). 

µ =
md

ms
(2) 

ωd2 =
kd

md
(3) 

ξd =
cd

2ωdmd
(4) 

γ =
ωd

ωs
(5) 

Within the scope of this study, the TMD damping ratio was consid
ered as 15 %, and the TMD mass ratio was taken as 1.5 %. The numerical 

model included 16 springs representing stiffness (k) characteristics and 
8 dashpots representing damping (c) behavior of TMD. Since this study 
models the torsional behavior of an L-shaped reinforced concrete 
building under bi-directional time-history earthquake analyses, the 
TMD system was also modeled in three dimensions. Each TMD was 
configured to allow displacement in both orthogonal directions (X and 
Y), thereby enabling effective energy dissipation along both axes. The 
lower plate of the TMD was assigned the same boundary conditions as 
the building to ensure consistent interaction with the structure, while 
the upper mass provided the damping effect through its relative motion. 
The calculated stiffness and damping coefficients of the TMDs are pre
sented in Table 4. The implementation of the TMD system on L shape 
structure is illustrated in Fig. 5.

Mathematical models of the L-shaped frame structure, both with and 
without TMDs, are developed through theoretical analysis, and corre
sponding computational programs are implemented. Subsequently, the 
time history responses under bi-directional seismic excitation are eval
uated, and the effects are examined by assessing torsional irregularities 
derived from displacement responses.

The TMD systems were used with identical properties in both prin
cipal directions (x and y), and the frequency ratios between the struc
tures and the TMD systems for the first three modes are presented in 
Table 5. The movement directions and plan views of the TMDs are 
shown in Fig. 6. All dimensions in the figure are in millimeters.

Fig. 7. Acceleration response spectra of the selected ground motions ZD (left), ZC (right).

Table 6 
Statistical values for ZD cases.

Model Story 1 Story 2 Story 3 Story 4 Story 5 Story 6 Story 7 Story 8 Story 9

FB-Mean 1.097 1.093 1.083 1.066 1.052 1.045 1.057 1.073 1.081
FB-Std 0.131 0.122 0.123 0.124 0.120 0.113 0.106 0.109 0.110
SSI-Mean 1.017 1.084 1.131 1.149 1.151 1.163 1.174 1.173 1.173
SSI-Std 0.079 0.085 0.089 0.096 0.108 0.111 0.108 0.106 0.096
TMD-Mean 1.054 1.059 1.062 1.055 1.047 1.038 1.032 1.028 1.022
TMD-Std 0.046 0.048 0.048 0.044 0.035 0.029 0.026 0.018 0.014

Table 7 
Statistical values for ZC cases.

Model Story 1 Story 2 Story 3 Story 4 Story 5 Story 6 Story 7 Story 8 Story 9

FB-Mean 1.088 1.089 1.088 1.086 1.083 1.075 1.067 1.063 1.067
FB-Std 0.087 0.092 0.097 0.109 0.126 0.144 0.153 0.153 0.148
SSI-Mean 1.052 1.114 1.132 1.129 1.124 1.121 1.109 1.105 1.111
SSI-Std 0.093 0.101 0.104 0.104 0.115 0.132 0.147 0.149 0.138
TMD-Mean 1.048 1.051 1.051 1.049 1.046 1.043 1.038 1.035 1.030
TMD-Std 0.024 0.024 0.029 0.029 0.026 0.022 0.015 0.012 0.008
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3. Analyze results and discussion

In this study, 15 ground motion records for each ZC and ZD soil type 
were obtained from the PEER [52] Strong Ground Motion Database 
[53–55]. During the selection process, particular attention was paid to 
ensuring that the shear wave velocity (Vs30) of the station for ZC-type 
soils fell within the range of 380–420 m/s. As previously noted, a 
representative Vs value of 400 m/s was considered for ZC soils. For 
ZD-type soils, the Vs30 range was defined as 180–220 m/s. Additionally, 
for both soil types, ground motion records with a moment magnitude 
(Mw) greater than 6.5 and epicentral distances ranging between 70 and 
130 km were selected. The response spectra of the selected ground 
motion records along with their mean spectrum, and design based (DBE) 
spectrum [56] are presented in Fig. 7, where the DBE spectrum corre
sponds to a return period of 475 years.

After determining the minimum (Δimin) and maximum (Δimax) dis
placements per story as specified in the code from the displacements 
obtained from the nonlinear dynamic time history analyses, the averages 
(Δiaverage) of these displacements were calculated, and the torsional 

behavior coefficient was computed separately for each story. These ex
pressions are given by Δiaverage in Eq. (6), and the story torsional 
behavior coefficient ηbi is calculated using Eq. (7). 

Δiaverage =
Δimax − Δimin

2
(6) 

ɳbi =
Δimax

Δiaverage
(7) 

The average of the maximum torsional irregularities at each story, 
obtained from the analysis of 15 ZC and 15 ZD ground motion records, 
along with their corresponding standard deviation values, are presented 
in Table 6 and Table 7.

The Fig. 8 illustrates the increase in mean torsional response de
mands and their standard deviations due to soil-structure interaction 
(SSI) for both ZD and ZC soil types compared to that of fixed-base 
condition. The results indicate that SSI significantly amplifies torsional 
responses, particularly in soft soil conditions. In ZD soil, the mean 
torsional demand increases by over 10 % in the upper stories, with a 
peak at Story 6. For ZC soil, the amplification remains more moderate, 

Fig. 8. Means and standard deviations of maximum torsional responses.

Fig. 9. Reduction ratios of TMD system.
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Fig. 10. Fragility curves for torsional irregularity on ZC soils (FB vs SSI).

Fig. 11. Fragility curves for torsional irregularity on ZC soils (TMD).

Fig. 12. Fragility curves for torsional irregularity on ZD soils (FB vs SSI).

Fig. 13. Fragility curves for torsional irregularity on ZD soils (TMD).
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averaging around 4 % in the upper levels. These findings confirm that 
SSI effects that lead to increased torsional irregularities, especially in 
flexible soil profiles, and should be explicitly considered in seismic 
design.

The Fig. 9 illustrates the percentage reduction in seismic response 
achieved by TMD systems relative to SSI models for both ZD and ZC soil 
types. The reduction of TMD system was calculated using Eq. (8). 

Reduction(%) =

(
SSImean − TMDmean

SSImean

)

x100 (8) 

In ZD soils, TMDs significantly reduce responses particularly in upper 
stories with reductions exceeding 12 %, highlighting their effectiveness 
under pronounced SSI effects. In ZC soils, where SSI-induced amplifi
cations are less severe, the reduction remains consistent, ranging from 
2 % to 8 %. These findings confirm the efficacy of TMD systems in 
mitigating seismic demands, particularly in flexible soil conditions.

The fragility curves presented in Figs. 9–12 are developed using a 
lognormal cumulative distribution function (CDF) to estimate the 
probability of exceeding specific damage states, with the torsional 
behavior coefficient (ɳbi) used as the engineering demand parameter 
(EDP) [57,58]. The fragility function is formulated based on Eq. (9). 

P(D > s∣IM) = Φ
ln(IM) − ln(µ)

σ (9) 

In this context: P represents the probability of structural damage (D) 
exceeding a given damage state; Φ denotes the standard normal cumu
lative distribution function; IM (ɳbi) is the selected intensity measure 
value; σ is the standard deviation of the natural logarithm of the seismic 
intensity measure; µ is the mean of the natural logarithm of the seismic 
intensity measure. The mean and standard deviation values used for 
constructing the fragility curves for soil type ZD are presented in Table 5, 
while those for soil type ZC are given in Table 6.

The Fig. 10 and Fig. 11 present the probability of exceedance for the 
torsional irregularity index ηbi across nine stories under different 
modeling conditions for ZC soil. In the fixed-base model, several stories 
exhibit a moderate probability of exceeding the critical threshold of ηbi 
= 1.2, indicating inherent torsional irregularity even without soil- 
structure interaction (SSI). When SSI is considered, the exceedance 
curves shift rightward, reflecting an increase in the likelihood of 
torsional irregularity impact, particularly in lower stories. This dem
onstrates that SSI, even in relatively stiff soil conditions, negatively 
impacts the torsional response of the structure. However, the imple
mentation of a tuned mass damper (TMD) under SSI conditions leads to a 
significant improvement: the exceedance curves become steeper and are 
concentrated just below the ηbi threshold. This confirms that TMD sys
tems are highly effective in suppressing torsional irregularities and 
enhancing structural performance under seismic excitation.

The Fig. 12 and Fig. 13 demonstrate that torsional irregularities are 
more pronounced in ZD soil conditions for L shaped structure, particu
larly under SSI. Compared to ZC, the SSI-ZD model exhibits a broader 
and more right-shifted exceedance distribution, highlighting the 
amplifying effect of soft soils on torsional demands. The application of 
TMD systems effectively suppresses these irregularities in both cases; 
however, the mitigation is especially critical in ZD soil, where SSI- 
induced torsional amplification is more severe. These results confirm 
the importance of incorporating TMDs in flexible soil environments to 
maintain torsional stability.

4. Conclusions

This study evaluated the torsional response of L-shaped reinforced 
concrete structures under seismic loading, with a particular focus on the 
effects of soil-structure interaction (SSI) and the efficiency of tuned mass 
damper (TMD) as mitigation measure system. Analyses were conducted 
for two different site conditions ZC (stiff soil) and ZD (soft soil) based on 
fixed-base modeling approach, SSI-uncontrolled, and SSI-TMD 

structural models.
The findings demonstrated that SSI considerably amplifies torsional 

irregularities in L-shaped buildings, especially under soft soil conditions. 
The fundamental period of the structure increased from 1.671 s in the 
fixed-base model to 1.827 s for ZC soil and 2.005 s for ZD soil, indicating 
an elongation of approximately 9.3 % and 19.8 %, respectively. This 
elongation reflects a softening of the structural system, which not only 
increases overall seismic demands but also contributes to the amplifi
cation of torsional effects. For example, in ZD soil conditions, the 
torsional irregularity index ηbi across upper stories showed consistent 
increases under SSI effects, with values such as 1.163 at Story 6 
compared to 1.045 in the fixed-base case,

Fragility curve analyses further emphasized the benefits of TMD 
implementation. In both ZC and ZD soils, the SSI condition increased the 
probability of exceeding the torsional irregularity index threshold, 
especially in lower and middle stories. However, with TMDs, the 
fragility curves shifted leftward and became steeper, indicating a 
notable reduction in exceedance probability and an improvement in 
seismic performance. These results underline the importance of 
considering TMDs as a viable control strategy in structures affected by 
torsional irregularities. The implementation of TMD systems proved to 
be highly effective in mitigating torsional response demands in both soil 
types. In ZD soils, the ηbi index at Story 6 was reduced from 1.163 (SSI) 
to 1.038 (TMD), corresponding to a 10.7 % decrease. In the upper 
stories, TMDs achieved reductions exceeding 12 % for ZD soil. For ZC 
soil, where SSI effects were less severe, the reduction ratios ranged from 
2 % to 8 %, depending on the story level. These results highlight the 
effectiveness of TMDs in restoring torsional stability, particularly in the 
presence of pronounced SSI effects.

Overall, the study confirms that SSI should not be neglected in the 
seismic design of torsionally irregular L-shaped structures, particularly 
when constructed on soft soils. TMD systems provide a practical and 
efficient solution to mitigate torsional irregularities and enhance seismic 
resilience. Although this study focused on a simple TMD configuration, 
future research is encouraged to explore alternative damper layouts, 
optimized parameter combinations, and comparative studies with other 
seismic mitigation techniques in terms of performance and cost- 
effectiveness.
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