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Abstract

Passive energy dissipation systems are among the effective retrofit strategies for improv-
ing the seismic performance of existing reinforced-concrete (RC) structures by limiting
earthquake-induced demands and structural damage. This study aims to compare the seis-
mic performance of friction dampers (FDs) and fluid viscous dampers (FVDs) in a typical
RC school building with different concrete strengths. Accordingly, a total of six models,
comprising unretrofitted (UR), FD-retrofitted, and FVD-retrofitted configurations for con-
crete compressive strengths of 14 MPa and 30 MPa, were developed and subjected to
nonlinear time-history analyses using the Pazarcik and Elbistan ground-motion records
from the 6 February 2023 Kahramanmaras earthquakes. The FD and FVD systems were
modeled using a common preliminary sizing approach, with the same damper arrangement
and number of devices, based on a total nominal damper force corresponding to 30% of the
elastic story shear force at each story. Structural response was evaluated in terms of natural
period, displacement, interstory drift, story acceleration, shear forces, energy dissipation,
structural member performance levels, and effective equivalent viscous damping. The
results showed that both damper systems substantially reduced deformation demands and
structural damage; however, their relative effectiveness varied depending on the concrete
strength, ground-motion record, and response parameter considered. Under the conditions
considered in this study, FDs provided greater reductions in some response parameters,
whereas FVDs exhibited more balanced response control, higher energy dissipation ra-
tios, and greater contributions to effective equivalent viscous damping, particularly under
higher seismic demand. The findings highlight the importance of jointly considering
concrete strength, seismic demand, and damper mechanism in the seismic retrofitting of
existing RC structures.

Keywords: friction damper; fluid viscous damper; passive control systems; seismic retrofit;
school buildings; nonlinear time-history analysis; Kahramanmaras earthquakes

1. Introduction

Recent destructive earthquakes in Tiirkiye, such as the 24 January 2020 Sivrice-Elazig
and the 6 February 2023 Kahramanmaras earthquakes, have caused extensive human and
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economic losses and widespread damage to the built environment [1] while also gener-
ating large volumes of construction and demolition waste whose management poses an
additional post-earthquake challenge [2]. These events highlight the seismic vulnerability
of the existing structural stock and the multifaceted consequences of destructive earth-
quakes. Past earthquakes have caused severe structural damage in a significant proportion
of existing reinforced-concrete (RC) buildings due to factors such as low concrete strength,
inadequate transverse reinforcement, improper joint detailing, structural irregularities,
and insufficient ductility [3-7]. Since replacing the entire existing building stock is nei-
ther economically nor operationally feasible, structural retrofitting plays a critical role in
upgrading seismically deficient buildings to the targeted performance levels. However,
conventional retrofit techniques such as the addition of reinforced-concrete shear walls,
column jacketing, and steel bracing can increase structural strength and stiffness while also
altering the building mass, architectural layout, and functional use; they may also require
prolonged construction periods and temporary evacuation of the building. This is particu-
larly important for school buildings, where educational activities should be maintained
with minimal interruption, making it necessary to evaluate retrofit strategies not only in
terms of structural effectiveness but also with respect to constructability and continuity of
service [8].

As an alternative to conventional retrofit approaches, structural control systems aim
to dissipate the energy transferred to a structure during an earthquake through dedicated
control devices rather than through damage to the primary structural members. In this
approach, the objective is not merely to increase the strength of the structural system, but
rather to control the dynamic response of the structure and limit nonlinear deformation
demands in columns, beams, and joint regions. Among active, semi-active, and passive
systems, passive energy dissipation devices offer simple, reliable, and practical solutions
for retrofitting existing structures because they do not require an external power supply,
sensors, or real-time control algorithms (Figure 1).
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Figure 1. Classification of structural control systems.
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The structural effect of passive dampers depends on their operating mechanism. Fric-
tion dampers (FDs) dissipate seismic energy as heat through relative motion between
contact surfaces and Coulomb friction once a specified slip force is reached. Fluid viscous
dampers (FVDs), on the other hand, generate a velocity-dependent damping force through
the pressure differential and flow resistance developed as the piston moves through the vis-
cous fluid. Accordingly, friction devices are generally classified as displacement-dependent
passive dampers, whereas fluid viscous devices are classified as velocity-dependent passive
dampers. This fundamental distinction between the two systems influences the additional
stiffness introduced to the structure, force-displacement behavior, energy dissipation mech-
anism, and their effects on story acceleration, story drift, and internal force demands [9,10].

Numerous numerical and experimental studies have investigated the effects of friction
dampers on structural performance [11,12]. Armaly et al. modeled different damper
configurations in ETABS for a 40-story asymmetric reinforced-concrete building and found
that story displacements, interstory drifts, and story accelerations could be reduced when
the number and placement of dampers were appropriately selected [13]. However, since
the study was based on a single ground-motion record, the authors noted that the optimal
damper arrangement may vary under different earthquake excitations.

Several researchers have experimentally and analytically investigated the seismic
retrofitting of reinforced-concrete frames exhibiting low seismic performance using rota-
tional friction dampers, evaluating the influence of different friction-pad materials on the
hysteretic behavior under cyclic loading [14,15]. The study demonstrated the key influence
of friction-surface characteristics and bolt clamping force on the slip load, stability, and
energy dissipation capacity of the device. Kiadarbandsari et al. developed a brake-pad fric-
tion damper for chevron-braced frames, compared numerical and experimental results, and
reported an increase in the energy dissipation capacity of the damper-equipped chevron
frame relative to the reference system [16]. These studies indicate that friction-based sys-
tems are not merely theoretical energy dissipation mechanisms but can also be implemented
as replaceable components integrated into existing structural systems through appropriate
detailing [17].

Studies on fluid viscous dampers have likewise demonstrated that these devices can
reduce interstory drift demands and structural damage in existing buildings. Yildiz (2025)
compared the retrofitting of a school building using conventional reinforced-concrete shear
walls with a retrofit scheme employing fluid viscous dampers and reported that the damper-
based solution could reduce structural damage and interstory drift while also potentially
shortening the implementation period and reducing the need for temporary evacuation of
the building [8]. Studies on reinforced-concrete buildings with soft-story irregularities have
shown that fluid viscous dampers can significantly reduce both maximum and residual
interstory drifts, although in some configurations an increase in base shear may accompany
this improvement [18,19]. These findings indicate that damper effectiveness should not be
assessed solely in terms of displacement reduction but should also be evaluated together
with acceleration, shear force, member force, and energy response measures.

A substantial portion of the existing literature focuses on either friction dampers or
fluid viscous dampers individually, while studies directly comparing the two systems often
employ different device capacities, damper layouts, or design approaches. This makes
direct comparison of the two energy dissipation mechanisms difficult. Moreover, studies
comparing FD and FVD systems within the same reinforced-concrete structure under
different concrete strengths and strong ground motions using a common set of structural
response measures remain limited. In this study, the effects of FD and FVD systems on
seismic behavior were comparatively investigated using a typical structure representative
of existing reinforced-concrete school buildings. For two structural conditions representing
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low and high concrete strengths, unretrofitted (UR), FD-retrofitted, and FVD-retrofitted
models were developed and subjected to nonlinear time-history analyses. To provide a
consistent basis for comparison, both damper systems were designed using the same device
arrangement, the same number of devices, and a common force-based preliminary sizing
criterion corresponding to 30% of the story shear, without optimization for any specific
ground-motion record. Structural response was evaluated in terms of natural period,
story displacement, interstory drift, story acceleration, story and base shear forces, energy
components, structural member damage states, and effective equivalent viscous damping.
The main contribution of this study is the systematic comparison of FD and FVD systems
under controlled structural and preliminary design conditions, enabling their different
energy-dissipation mechanisms to be examined while minimizing the effects of other
modeling variables. In particular, the combined consideration of two concrete-strength
conditions, different levels of seismic demand, and two distinct damping mechanisms
within the same structural framework provides insight into how these factors interact in
governing the seismic response. The primary objective is not to identify a universally
superior damper type, but to reveal the relative behavior of FD and FVD systems under
these controlled conditions and for the specific seismic demands considered in this study.

2. Seismic Dampers

During an earthquake, the energy imparted to a structure is distributed among the
kinetic energy of the structure; elastic strain energy; energy dissipated through inherent
damping; hysteretic energy generated by nonlinear behavior of the structural system;
and, where applicable, energy dissipated by supplemental damping devices. This energy
balance can generally be expressed as given in Equation (1):

E1=EK+E5+E§+EH+ED (1)

Here, E; denotes the energy input to the structure by the earthquake ground motion,
Ek is the kinetic energy, Es is the elastic strain energy, E¢ is the energy dissipated through
the inherent damping of the structure, Ep is the energy dissipated through the hysteretic
behavior of the structural members, and Ep is the energy dissipated by supplemental
damping devices. In conventional ductile design, a substantial portion of the seismic input
energy is dissipated through controlled damage and plastic deformations in the structural
members, whereas the supplemental damping approach aims to increase the Ep component
and thereby reduce the demand on Ey [20].

Structural control systems are classified as active, semi-active, and passive systems
according to their operating mechanisms. Active systems measure structural response
through sensors and generate counteracting forces by means of actuators powered by an
external energy source. In semi-active systems, a limited amount of external energy is used
to modify the stiffness or damping properties of the device. Passive systems, on the other
hand, operate in response to relative displacement or velocity within the structure during
an earthquake without requiring any external power source or control command. Owing
to their simple operating principles, independence from power supply, and relatively low
operational requirements, passive systems are widely considered for the seismic retrofitting
of existing structures [21].

Passive energy dissipation devices can be classified into three main groups according
to their mechanical response. In displacement-dependent devices, the damping force
develops as a function of the relative displacement and cyclic motion between the device
ends. Metallic yielding dampers, buckling-restrained braces, and friction dampers are
included in this category. In addition to dissipating energy, these systems may also provide
a certain degree of additional stiffness to the structure and alter its natural vibration period.
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In velocity-dependent devices, the damping force is a function of the relative velocity
between the device ends. Fluid viscous dampers and some viscoelastic dampers are
generally included in this category. Ideal viscous dampers increase the damping ratio
without introducing significant static stiffness to the structure [22].

2.1. Friction Dampers

Friction dampers are passive energy dissipation devices that convert mechanical
energy into heat through friction during relative motion between two or more contacting
surfaces. The device generally consists of steel plates, friction pads, slotted connections,
and high-strength bolts subjected to a specified pretension force. When interstory motion
is transferred to the damper through braces or connection elements, the system behaves
approximately elastically until the force in the device exceeds the predefined slip force.
Once the slip threshold is exceeded, the contact surfaces begin to slide, and the cyclic
friction force dissipates seismic energy [16].

In the ideal Coulomb friction model, the friction force is expressed by the relationship
given in Equation (2):

Fr=uN (2)

Here, Fyis the friction force, p is the coefficient of friction between the contact surfaces,
and N is the total normal force acting on the surfaces.

The Coulomb model assumes that, at low sliding velocities, the friction force is in-
dependent of velocity and proportional to the normal force. However, the coefficient of
friction depends not only on the contact material; surface roughness, contact pressure,
loss of bolt pretension, sliding velocity, temperature, wear, corrosion, and the number of
loading cycles can also affect device behavior.

The force—displacement behavior of an ideal friction damper can be represented by
Equations (3) and (4):

F;=Kjuy, IKdudI < Fg (3)

F; = Fssgn(it;), during sliding (4)

Here, F; denotes the damper force, K; denotes the pre-slip stiffness of the device and
connection system, u, is the relative displacement between the device ends, 1 is the relative
velocity, Fs is the slip force, and sgn(u;) denotes the sign function. Because assuming exactly
zero post-slip stiffness may cause convergence problems in numerical models, a very small
post-yield stiffness ratio may be assigned. In the models used researchers, this ratio is on
the order of approximately 0.0001.

The energy dissipated in one cycle is equal to the area enclosed by the force-
displacement hysteresis loop and is calculated using Equation (5).

ED = f Fd dud (5)

Here, Ep denotes the energy dissipated by the damper over one complete hysteretic
cycle. For symmetric and ideal rectangular hysteretic behavior in which the pre-slip elastic
displacement is neglected, the loop height is 2F; and the width is 2u,5,. Accordingly, the
energy dissipated per cycle can be expressed as Ep ~ 4Fs ymuax. The basic components,
sliding mechanism, and ideal rectangular hysteretic behavior of a friction damper are
shown in Figure 2.
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Figure 2. Operating principle of the friction damper and ideal rectangular hysteretic behavior.

As shown in Figure 2, the broad and stable rectangular hysteresis loop formed under an
approximately constant slip force is the principal indicator of the high energy dissipation
capacity of an ideal friction damper. In contrast, rounding of the experimental loops,
variations in force level, or cyclic degradation indicate that the behavior of real devices may
deviate from the ideal Coulomb model because of surface and connection conditions [13].

One of the most important design parameters governing the effectiveness of friction
dampers is the slip force. If the slip force is selected too low, the device may activate
prematurely under small service-level movements or wind effects, preventing the intended
seismic control behavior from being achieved. If it is selected too high, the device may not
undergo sufficient sliding, even under strong ground motions, allowing seismic energy to
continue to be transferred to the structural members. Therefore, the device is intended to
remain inactive under service loads but to activate before significant nonlinear behavior
develops in the structural members. The optimum slip force depends on the structural char-
acteristics, earthquake intensity, number of dampers, and their distribution over the stories;
therefore, a single absolute optimum value may not exist for different ground motions.

2.2. Fluid Viscous Dampers

Fluid viscous dampers are passive energy dissipation devices that generate forces
dependent on the relative velocity between the device ends. When structural motion
is transferred to the piston rod, the piston forces the fluid inside the cylinder from the
high-pressure chamber to the low-pressure chamber. The hydraulic resistance generated as
the fluid passes through narrow orifices or valves converts mechanical energy into heat
and produces a damping force opposite to the direction of device motion [23].

The ideal force—velocity relationship of a fluid viscous damper is defined by
Equation (6):

Fi=Cy lug* sgn(uy) (6)

Here, F; denotes the damper force, C; is the damping coefficient, 1, is the relative
velocity between the device ends, and « is the velocity exponent. When a = 1, the device
exhibits linear viscous behavior, and the damping force increases linearly with velocity. For
0 < a <1, the device is defined as a nonlinear viscous damper, producing relatively high
damping forces at low and moderate velocities while limiting the rate of force increase

https://doi.org/10.3390 /buildings16214188


https://doi.org/10.3390/buildings16214188

Buildings 2026, 16, 4188

7 of 30

at very high velocities. This characteristic helps control the maximum forces that may
develop in the damper, braces, and connection elements under large earthquake-induced
velocities [24]. The operating principle of the fluid viscous damper is presented in Figure 3.

P

Relative motion

Piston rod ——

- .

Cylinder :
: High-pressure
Piston o
| chamber
I
Seal
a j* g 3
Viscous fluid I QOrifices
Low-pressure
chamber
Gas Accumulator

Figure 3. Operating principle of the fluid viscous damper.

For linear viscous dampers (x = 1), the damping force is in phase with velocity, and the
force—displacement relationship forms an elliptical hysteresis loop under harmonic motion.

Because ideal viscous dampers do not provide significant storage stiffness, they do not
alter the natural vibration period of the structure to the same extent as friction or metallic
dampers. This characteristic allows the structural force and damper force to develop out
of phase and produces a response different from that obtained by controlling structural
behavior solely through increased stiffness. In real systems, however, braces, connection
plates, and the internal compressibility of the device may introduce a certain degree of
series stiffness. Therefore, the stiffnesses of the damper and connection elements, as well
as the axial deformation capacity of the device, should be considered separately in the
numerical model [25,26].

Because the use of fluid viscous dampers may reduce interstory drifts while increasing
base shear or story acceleration demands in some structures, performance evaluation
should not be based on a single response parameter [27].

2.3. Comparison of Friction and Fluid Viscous Dampers

Friction dampers and fluid viscous dampers differ markedly in terms of their energy
dissipation mechanisms and mechanical response characteristics. The operating principles,
activation conditions, main advantages and limitations, numerical modeling approaches,
and critical design considerations of both damper types are comparatively summarized
in Table 1.
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Table 1. Comparison of friction and fluid viscous dampers.

Comparison Criterion

Friction Damper

Fluid Viscous Damper

Displacement-dependent passive

Velocity-dependent passive energy

Classification oo T
energy dissipation system dissipation system
Dissipates energy through friction Dissipates energy through hydraulic
g s generated by the relative sliding of resistance generated as viscous fluid is
Operating principle

contacting surfaces after a specified
slip force is exceeded.

forced through narrow orifices or valves
by piston motion.

Activation condition

Sliding begins when the force in the
device reaches the predefined
slip force.

Begins generating damping force as
soon as relative velocity develops
between the device ends; for an ideal
damper, the damping force is zero when
the relative velocity is zero.

Main advantages

High cyclic energy dissipation; simple
mechanical configuration; relatively
low manufacturing and maintenance
costs; ease of replacing
damaged components

Activation from small motions;
increased damping without significant
added static stiffness; applicability under
earthquake and wind effects; ability to
limit high force demands through o

Main limitations

Wear and corrosion of friction surfaces;
variation in bolt pretension; need for
appropriate selection of slip force;
potential residual slip in the absence of
a recentering mechanism

Time-dependent changes in seal and
fluid properties; risk of fluid leakage;
temperature effects on fluid properties;
device stroke, force-capacity, and
cost requirements

Numerical modeling

Nonlinear link element; Kd, Fs, and
post-slip stiffness ratio are defined.
Nonlinear analysis is required because
of the sliding behavior.

Nonlinear viscous link element; Cg, «,
axial stiffness, and stroke capacity are
defined. A nonlinear force—velocity
model is used for « < 1.

Selection of the slip force to prevent
sliding under service effects while
activating the device before significant

Selection of Cgq and « by jointly
considering the target damping ratio

Critical design consideration

nonlinear behavior develops in the
structural members during
strong earthquakes

and the force demands in the damper,
braces, and connections

Friction and viscous dampers dissipate seismic energy through different mechanisms.
The behavior of friction dampers is governed primarily by slip force and relative displace-
ment, whereas the behavior of viscous dampers is governed by the damping coefficient,
velocity exponent, and relative velocity. These differences may lead to different effects on
story drifts, story accelerations, internal forces, and energy distribution within the same
structure. Therefore, for a comparative evaluation, the structural model, material proper-
ties, nonlinear behavior of structural members, device parameters, damper distribution
over the stories, and selected ground-motion records should be defined within a common
and consistent analysis framework. Accordingly, the following section describes, in detail,
the geometric and mechanical properties of the reinforced-concrete school building, the
structural cases defined according to concrete strength, the numerical models of the friction
and viscous dampers, the selected ground motions, and the nonlinear analysis procedure.

3. Analysis Methodology
3.1. Research Methodology

In this study, the seismic performances of friction dampers (FDs) and fluid viscous
dampers (FVDs) were comparatively investigated for concrete compressive strengths of
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14 MPa and 30 MPa. To evaluate the damper systems under comparable conditions, the
same initial design assumptions were applied to both systems.

Except for concrete compressive strength and damper type, the structural geome-
try, section properties, mass and load distributions, boundary conditions, and the types
and locations of plastic hinges were kept identical in the analysis models. Thus, the
effects of concrete strength and damper type on the seismic structural response were
systematically evaluated.

3.2. Building Configuration

A three-story reinforced-concrete building located in Tiirkiye and representative of
a typical school building was considered in the study. The building represents a typical
reinforced-concrete school configuration constructed in different regions of Tiirkiye and,
based on its construction period, is considered to have been designed according to the
seismic code provisions in force in 1975. The geometric and reinforcement properties used
in the numerical model were obtained from on-site investigations of the existing building.
The plan dimensions of the structure in the X and Y directions are 38.1 m and 17.5 m,
respectively; the story height is 3.15 m, and the total building height is 9.45 m. The beam
sections are 30 x 80 cm, while the short dimension of the columns is 30 cm and their long
dimensions range from 50 to 80 cm. Reinforced-concrete shear walls concentrated around
the stair and elevator cores are 30 cm thick with variable lengths, and the slabs are 15 cm
thick. The floor plan and three-dimensional analysis model of the structure are shown

in Figure 4.

® oo 00.0.0.0.0.0.0. 00

28" 39m tom 37m 38m 38m 38m 38m) 38m a1 3%m

® 1 1 1

H —

Figure 4. Typical school building: (a) three-dimensional model and (b) floor framing plan.

The local site class for the region in which the structure is located was assumed to be
ZD according to the Tiirkiye Building Earthquake Code 2018 [28]. This class represents
medium-dense to dense sand, gravel, or very stiff clay layers. For site class ZD, the average
shear-wave velocity ranges from 180 to 360 m/s.

3.3. Structural Models and Modeling Parameters

Within the scope of the study, six different analysis models were developed to investi-
gate the effects of concrete compressive strength and damper type on structural behavior.
In the model nomenclature, 14 and 30 denote the concrete compressive strength (MPa),
while UR, FD, and FVD refer to the unretrofitted, friction-damper-retrofitted, and fluid-
viscous-damper-retrofitted models, respectively.

The beams and columns were modeled using frame elements, while the reinforced-
concrete shear walls and slabs were represented using shell elements. The same element
discretization and modeling assumptions were maintained in all six structural models. Typ-
ical damper configurations are shown in Figure 5a—c. To ensure a comparable arrangement,
the dampers were placed in the same bays and with the same configuration at all stories.
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Figure 5. Damper arrangement details for: (a) plan layout, (b) section A-A, and (c) Section 5-5.

3.3.1. Damper Layout and Preliminary Sizing Approach

To evaluate the FD and FVD systems under comparable conditions, the damper layouts
and initial design criteria were kept identical. At each story, six dampers were placed in the
X direction and four in the Y direction, using the same bays; the connection geometries and
inclination angles were maintained in all models. The number of dampers was not based on
an optimization study but was determined by considering the architectural and structural
characteristics of the building and practical implementation conditions. The dampers were
modeled as nonlinear link elements transferring force only in the axial direction; connection
plates, anchors, local deformations of the steel braces, and connection eccentricities were
neglected. These simplifications may affect the local stiffness, deformation, and force-
transfer characteristics of the damper connections. Since the present study focuses on the
global seismic response of the building, such local connection effects were not explicitly
evaluated and constitute a limitation of the adopted modeling approach.

A common preliminary sizing approach was adopted for both damper systems, with
the total nominal damper force at each story (Fp tot,;) set to 30% of the corresponding story
shear force (V;) obtained from the elastic response-spectrum analysis of the 14 MPa concrete
model (Equation (7)):

Fptot,i = 0.30V; @)

In the preliminary sizing, the total nominal damper force at each story was set to
approximately 30% of the corresponding elastic story shear force. This common force-based
sizing criterion was adopted not as an assumption of energetic equivalence between the
FD and FVD systems, but as a common initial normalization condition for comparing the
two systems. Since the FD exhibits a displacement-dependent frictional response whereas
the FVD develops a velocity-dependent resisting force, the same preliminary force capacity
does not imply the same energy dissipation capacity or control effect. Moreover, the
two systems may contribute differently to the effective stiffness and dynamic characteristics
of the retrofitted structure, as also highlighted in comparative studies of displacement-
and velocity-dependent damping systems [29]. Therefore, differences in structural period,
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energy dissipation, and seismic response were considered as outcomes of their distinct
mechanical characteristics rather than as evidence of equivalent device behavior. The
14 MPa model was adopted as the reference structure for the preliminary sizing of both
damper systems, and the resulting damper parameters were kept unchanged in the 30 MPa
model to maintain identical supplemental damping properties and thereby provide a
controlled basis for evaluating the influence of the concrete-strength condition. As shown
in Table 2, the elastic response-spectrum story shears obtained for the 30 MPa model
differed from those of the 14 MPa reference model by only approximately 2.1-2.8% across
the investigated stories and directions. Therefore, separate resizing of the dampers for the
30 MPa model was not adopted, since it would introduce an additional variation in damper
properties while providing only a minor change in the nominal force-based sizing.

Table 2. Story shear forces of the 14 MPa and 30 MPa models and preliminary sizing parameters of
the FVD and FD systems based on the 14 MPa reference model.

Story- Vi, Vi, Diff. Target Fb, ot No. of FVD FD
pir. ~ (14MPa)  (OMPa) o, Ratio (kN)  Dampers  Fp Vyef ci Fslip,i

(kN) (kN) (%) (kN) (m/s) “ (KN/(m/s)%) (kN)
3X 11,501.40 11257.06  —2.12 30 3450.42 6 575.07 0254 030 109,212 575.07
2X 19,621.69 1920239  —2.14 30 5886.51 6 981.08 0254 030 186,319 981.08
1X 074775 22237.86  —2.24 30 6824.33 6 1137.39 0254 030 216,002 1137.39
3Y 968548 941000  —2.84 30 2905.64 4 726.41 0254 030 137,953 726.41
2Y 16,755.10 1630585  —2.68 30 5026.53 4 1256.63 0254 030 238,648 1256.63
1Y 1953476 19,00423  —2.71 30 5860.43 4 1465.11 0254 030 278,240 1465.11

The target force of each damper was calculated by equally distributing the total
required damper force among the dampers in the corresponding direction (Equation (8)):

0.30V;
Fpi=—-—
D,i n;

(8)

Here, V;, denotes the elastic story shear force at the ith story, and n; denotes the number
of dampers at the corresponding story and in the corresponding direction. Thus, the FD
and FVD systems were compared using a common force-based preliminary sizing criterion,
with identical damper layouts and geometric conditions.

Modeling of Fluid Viscous Dampers (FVDs)

Fluid viscous dampers were defined in ETABS using the Exponential Damper model.
The force—velocity relationship was expressed by Equation (9) based on the viscous damper
behavior provided in the technical documentation of Taylor Devices:

F=CV* (9)

Here, the velocity exponent was taken as o« = 0.30. This value lies within the range of
velocity exponents commonly used in the literature and in commercial nonlinear viscous
dampers for seismic applications. Moreover, Taylor Devices indicates that an exponent
of approximately 0.30 provides a favorable balance between energy absorption and force
demand on adjacent structural members in seismic applications [30]. To convert the nomi-
nal damper forces into the damping coefficient (Ci), a reference velocity of Vs = 0.254 m/s
(10 in/s), one of the reference velocities used by Taylor Devices for characterizing standard
dampers, was adopted. The reference velocity was used not as a parameter representing
the optimum structural response, but as a sizing reference for determining the FVD coef-
ficient from the target force determined using the common preliminary sizing criterion.
Accordingly, the required damping coefficient for each story, C;, was calculated separately
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from the target nominal damper force using Equation (10). Since the selected o and V¢
values directly affect the calculated damping coefficient and the resulting force-velocity
and energy-dissipation characteristics, the FVD results should be interpreted within the
adopted parameter set.

. Fievi
Ci = *dorie (10)
The damping coefficient C; has units of kN/(m/s)*, corresponding to kN/(m/ 5)0-30
for the adopted velocity exponent. The calculated theoretical C; values were assigned
directly to the analysis model without rounding to standard product capacities. The FVD
design parameters are given in Table 2.

Modeling of Friction Dampers (FDs)

Friction dampers were idealized in ETABS using the Plastic-Wen nonlinear link el-
ement and modeled to represent the elastoplastic hysteretic behavior of Pall-type fric-
tion dampers [31]. The slip load of each damper (Slip Load, Fg;»,;) was taken equal to
the target damper force (Fp,;) obtained from the common preliminary sizing approach
(Equation (11)):

Fslip,i =Fp,i (11)

For the idealization of friction behavior, Post-Yield Stiffness Ratio = 0.0001 and Yielding
Exponent = 10 were used. The slip loads calculated for each story were assigned directly
to the analysis model without rounding to standard product capacities. The FD and FVD
design parameters are given in Table 2.

3.4. Nonlinear Analysis Procedure

Fast Nonlinear Analysis (FNA) was used for the nonlinear time-history analyses of
the models. FNA is a modal-superposition-based and computationally efficient solution
approach for the dynamic analysis of systems in which nonlinear behavior is concentrated
in predefined elements. In this study, nonlinear behavior was represented through plastic
hinges and damper link elements. The fiber hinges assigned to columns, beams, and shear
walls were incorporated into the ETABS analysis model as separate nonlinear link elements
using the Model Hinges as Separate Link Elements (Permits FNA) option, thereby enabling
their nonlinear behavior to be considered in the FNA solution. Ritz vectors were used
for modal superposition in the FNA solution. The same analysis method, ground-motion
records, solution parameters, and damping assumptions were used for all models to ensure
consistency of the analysis conditions. A time step of 0.01 s was used in the nonlinear
time-history analyses. Gravity loads were applied before the earthquake excitation, and
the resulting initial state was carried forward into the time-history analyses.

3.5. Material Models

The nonlinear material behavior of concrete and reinforcing steel was defined in
accordance with Appendix 5A of TBEC-2018. The stress—strain relationship of concrete was
established using the Mander model, considering both confined and unconfined concrete
behavior. The reinforcing steel was modeled as 5220 in accordance with Appendix 5A of
TBEC-2018, with a yield strength of fsy = 220 MPa, an elastic modulus of Es =2 x 10° MPa,
a yield strain of £sy = 0.0011, a strain-hardening strain of £sh = 0.011, and an ultimate
strain of Esu = 0.12. The ultimate-to-yield strength ratio was fsu/fsy = 1.20. The nonlinear
steel model includes elastic, yielding, and strain-hardening regions. The stress—strain
relationships used for concrete and reinforcing steel are shown in Figure 6.
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Figure 6. Stress—strain relationships of concrete and reinforcing steel [28].

Two concrete compressive strengths, 14 MPa and 30 MPa, were considered to evaluate
the effect of concrete strength on the seismic behavior of the retrofitted and unretrofitted
structures. In this context, 14 MPa represents an existing reinforced-concrete structure
with low concrete strength, whereas 30 MPa represents a structure with higher concrete
strength. These two strength values were selected not to represent the full variability of
concrete strengths in the existing building stock but to establish two distinctly different
material-quality conditions and thereby evaluate the effect of concrete strength on the
relative seismic behavior of the FD and FVD systems.

3.6. Modeling of Nonlinear Behavior

The nonlinear behavior of the structural members was represented using fiber-based
plastic hinge models. A finite-length distributed-plasticity approach was adopted for
columns and beams, and the plastic regions were modeled over finite plastic hinge lengths
defined at the member ends. Fiber P-M2-M3 hinges accounting for the interaction of axial
force and biaxial bending were used for columns and beams. For shear walls, Fiber P-M3
wall hinges based on a finite-element approach were defined and assigned to the meshed
wall elements. The used plastic hinge idealizations are shown in Figure 7.

In the fiber sections, concrete behavior was represented using confined and unconfined
concrete models defined in accordance with TBEC-2018, while reinforcement behavior was
represented using a nonlinear stress—strain relationship. Fiber Hinge State results were
used to evaluate member performance, and the maximum fiber states reached during the
analyses were considered. The reliability of the adopted fiber-based modeling approach is
supported by previous experimental validation studies. Van et al. [32] compared fiber-hinge
numerical models of reinforced-concrete frames with cyclic test results and demonstrated
that the approach could satisfactorily reproduce the nonlinear response, including peak
strength and post-peak behavior. Nasr et al. [33] evaluated an ETABS fiber-hinge model for
reinforced-concrete shear walls against thirteen experimentally tested wall specimens and
reported good agreement between the numerical and experimental responses.

- (e) fHH
Plastic Nonlinear = Finite Length FlbeD Finite

. Hinge Spring Hinge | Hinge Zone  Section  Element
T

Y
Concentrated Plasticity Distributed Plasticity

Figure 7. Plastic hinge models [34].
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3.7. Nonlinear Time-History Analysis
Ground-Motion Records and Spectral Characteristics

Two strong ground-motion records from the 6 February 2023 Kahramanmaras earth-
quakes were selected to compare the behavior of the FD and FVD systems under substan-
tially different levels of observed seismic demand while preserving the characteristics of the
original recorded motions. Station records 4614 and 4612 were selected for the Pazarcik and
Elbistan earthquakes, respectively. For the Pazarcik-4614 record, the peak ground accelera-
tions in the E-W, N-S, and U-D components were 2.22 g, 2.21 g, and 1.99 g, respectively; for
the Elbistan-4612 record, the corresponding values in the N-S, E-W, and U-D components
were 0.65 g, 0.53 g, and 0.51 g. The strong-motion durations were approximately 60 s and
44 s, respectively [35]. The station locations and record characteristics are presented in
Figure 8 and Table 3.
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Figure 8. Distances of the stations from the epicenters.
Table 3. Characteristics of the selected ground-motion records.
Earthquake- Depth Repi PGA PGA PGA
a4 P 4 Vs30 (m/s)
Station (km) (km) E-W (g) N-S (g) U-D (g)
Elbistan—4612 7.0 66.68 246 0.53 0.65 0.51
Pazarcik-4614 8.6 31.42 541 2.22 2.21 1.99

The records were used in their original form without any scaling or spectral matching,
thereby preserving their amplitude, frequency content, and time-dependent characteristics.
The selected records were not intended to represent design ground motions spectrally
compatible with the ZD site class assumed for the building site; rather, they were treated
as observed strong-motion cases with different spectral and frequency characteristics.
Therefore, the design spectrum developed for site class ZD was used only as a reference
spectrum. The study does not aim to provide a code-based design verification or a statistical
ranking of the FD and FVD systems, but rather to compare their relative seismic behavior
under the same structural and preliminary design conditions when subjected to the selected
real strong ground motions. Accordingly, the findings were evaluated within the scope
of the two ground motions considered. Differences in the structural responses obtained
under the Pazarcik and Elbistan records should not be attributed solely to differences
in ground-motion amplitude, since their distinct spectral characteristics, strong-motion
durations, and site conditions may also contribute to the observed response differences.
The E-W, N-S, and U-D components of both records were applied simultaneously to the
model, and the records were obtained from the AFAD Turkish Accelerometric Database and
Analysis System [36]. The acceleration time histories and response spectra are presented
in Figure 9.
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Figure 9. Acceleration time histories: (a) Elbistan-4612 and (b) Pazarcik-4614.

To evaluate the frequency content of the selected earthquake records and the seismic

demands they impose on the structure, acceleration response spectra with 5% viscous

damping were obtained. These spectra were compared with the design spectrum developed
according to TBDY-2018 for local site class ZD and the DD-1 earthquake ground-motion
level (Figure 10). Here, the DD-1 design spectrum was not used as a target spectrum for

scaling the earthquake records; it was considered only as a reference for comparing the

relative spectral demands of the unscaled records. DD-1 represents a very rare earthquake

ground-motion level with a 2% probability of exceedance in 50 years and a return period of

2475 years.
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Figure 10. Spectral accelerations: horizontal (left) and vertical (right).

4. Results and Discussion
4.1. Natural Vibration Periods

The natural vibration periods of the models indicate that the dominant vibration mode
occurred in the Y direction for all models (Table 4). Increasing the concrete compressive
strength from 14 MPa to 30 MPa reduced the periods in all systems because of the associated
increase in structural stiffness. As a result of this increase in concrete strength, Tx and Ty
decreased by 8.0% and 8.2% in the UR models, 8.2% and 7.4% in the FD models, and 9.1%
and 9.1% in the FVD models, respectively.

Table 4. Natural vibration periods and percentage changes.

Model (T () (Ty)s) (AT (%) (Ty %) (AT (AcTy)

(%) (%)
UR-14 0.175 0.208 - - - -
FD-14 0.146 0.175 —16.6 —-15.9 - -
FVD-14 0.175 0.208 0.0 0.0 - -
UR-30 0.161 0.191 - - -8.0 —8.2
FD-30 0.134 0.162 —16.8 —-15.2 —8.2 74
FVD-30 0.159 0.189 —-1.2 -1.0 -9.1 -9.1

When the effect of damper type on the structural period was compared, the FD system
provided a noticeable stiffness contribution. Relative to UR-14, Tx and Ty decreased
by 16.6% and 15.9%, respectively, in the FD-14 model. Similarly, relative to UR-30, the
corresponding reductions in the FD-30 model were 16.8% and 15.2%. In contrast, the effect
of the FVD system on the structural periods was very limited. The periods of the UR-14
and FVD-14 models remained identical, whereas Tx and Ty in the FVD-30 model decreased
by only 1.2% and 1.0%, respectively, relative to UR-30. This difference reflects the distinct
operating mechanisms of the two systems: the FD modifies the dynamic characteristics
of the structure through its friction-based hysteretic behavior, whereas the FVD primarily
provides velocity-dependent energy dissipation and therefore has a limited effect on the
natural periods.

4.2. Story Displacement

The variation in story displacements over the building height is shown in Figure 11.
In all models, displacements increased with story elevation and reached their maximum
values at roof level. Increasing the concrete strength from 14 MPa to 30 MPa reduced the
roof displacements in all UR and FVD models, with reductions ranging from 28.9% to
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50.8% under the Elbistan record and from 4.7% to 23.0% under the Pazarcik record. In
contrast, the effect of increased concrete strength in the FD models was non-monotonic,
with roof displacement increases of up to 7.3-10.1% observed in all cases except Elbistan-X.
This result indicates that the effect of concrete strength on displacement response should
be evaluated together with the damper mechanism and ground-motion characteristics.
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Figure 11. Maximum absolute story displacements: (a) Elbistan-4612 and (b) Pazarcik-4614.

Both damper systems substantially reduced story displacements relative to the UR
models. At roof level, the reductions achieved by the FD system ranged from 20.6% to
63.9%, while those achieved by the FVD system ranged from 21.1% to 50.1%. The largest
reduction, 63.9%, was obtained for the FD-14 model in the Elbistan-Y direction, whereas
the FD and FVD systems produced more comparable results under the higher-demand
Pazarcik record. In particular, in the Pazarcik-X direction, the reductions for C14 were 38.2%
and 38.0% for FD and FVD, respectively, while for C30, they were 28.6% and 42.8%. Overall,
the greater displacement reductions at the upper stories indicate that the effectiveness of
both damper systems in controlling displacement becomes more pronounced toward the
upper levels of the structure. The varying relative effectiveness of the FD and FVD systems
indicates that displacement control is influenced by the interaction between their distinct
friction-based and velocity-dependent mechanisms, the structural characteristics, and the

ground-motion characteristics.

4.3. Story Drift

The maximum interstory drift ratios along the height of the models and the reductions
achieved through retrofitting are presented in Figure 12. For both concrete strengths
and earthquake records, the FD and FVD applications substantially reduced interstory
drift demands. ASCE/SEI 7-22 [37] defines allowable story drifts depending on building
characteristics and risk category. In this study, a 2% interstory drift ratio was used only as
a reference level for comparative interpretation of the results and was not treated as an

acceptance criterion for nonlinear structural performance.
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Figure 12. Maximum absolute interstory drift ratios: (a) Elbistan-4612 and (b) Pazarcik-4614.

Under the Y-direction component of the Pazarcik-4614 record, the 2.15% drift ratio
obtained at Story 3 in the UR-14 model exceeded this reference level, whereas the FD-14
and FVD-14 applications reduced it to 0.97% and 1.23%, respectively. When the con-
crete strength was increased to 30 MPa, the maximum drift in the UR model decreased
to 1.64%, while values of 1.05% and 0.94% were obtained for the FD and FVD applica-
tions, respectively. Thus, the drift demands in all retrofitted models remained below the
2% comparison level.

When retrofit effectiveness was evaluated by story, the FD system reduced drift by
37.2-65.6% and 28.3-54.9% under the Elbistan and Pazarcik records, respectively, for the
14 MPa models, while the corresponding reductions for the FVD system were 35.7-51.0%
and 37.5-43.7%. For the 30 MPa models, the reductions ranged from 14.7% to 50.1% with FD
and from 19.0% to 47.8% with FVD. These results show that both systems effectively limit
interstory drifts, although their effectiveness depends on concrete strength, earthquake
record, loading direction, and story level. At the lower concrete strength, FD provided
greater reductions in some analysis cases, whereas in the 30 MPa models, particularly under
the Pazarcik record, FVD provided more balanced drift control and greater reductions at
most stories.

Increasing the concrete strength from 14 MPa to 30 MPa generally reduced drift
demands in the UR models; however, this effect was more pronounced under the Elbistan
record and more limited under the Pazarcik record, which generated higher structural
demands. Moreover, the increase in concrete strength did not improve damper effectiveness
in every retrofitted model. For the two concrete-strength conditions investigated, this
finding indicates that the effectiveness of the FD and FVD systems depends not only on
the strength of the primary structural system but also on the deformation level developed
under seismic demand and on the energy dissipation mechanism of the dampers.

4.4. Story Accelerations

The variation in maximum absolute story accelerations obtained from the models is
shown in Figure 13. Story accelerations generally increased with building height, and the
highest values were obtained at Story 3. The Pazarcik-4614 record generated markedly
higher acceleration demands than the Elbistan-4612 record in all models. This difference
depends not only on the peak ground acceleration but also on the interaction between

https://doi.org/10.3390 /buildings16214188


https://doi.org/10.3390/buildings16214188

Buildings 2026, 16, 4188

19 of 30

\

FDI4

the frequency content of the ground-motion records and the dynamic characteristics of
the structure. The literature also indicates that floor accelerations are strongly influenced
by the relationship between the fundamental period and the frequency content of the

ground motion.
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Figure 13. Maximum absolute story accelerations: (a) Elbistan-4612 and (b) Pazarcik-4614.

Increasing the concrete strength from 14 MPa to 30 MPa did not produce a unidirec-
tional change in story accelerations. Under the Elbistan-4612 record, accelerations decreased
particularly in the UR models, whereas under the Pazarcik-4614 record they increased at
Story 3 in all models. Therefore, the reduction observed in displacement and interstory
drift with increasing concrete strength cannot be generalized to story accelerations. This
behavior may be attributed to the interaction between the changes in system stiffness and
natural periods caused by increased concrete strength and the frequency content of the
ground motion.

The effects of the FD and FVD systems on story accelerations also varied with earth-
quake record, concrete strength, and story level. Although both systems reduced ac-
celeration demands in many cases, increases occurred in some analyses. Under the
Pazarcik-4614 record, FVD-14 reduced story accelerations by 18.6-36.1% in the X direction
and 28.7-43.9% in the Y direction, while the corresponding reductions for FVD-30 were
8.0-37.5% and 21.5-40.3%, respectively. In contrast, the FD system produced acceleration in-
creases at some stories under the same record, reaching up to 19.6% for FD-14 and 16.3% for
FD-30. These results indicate that FVD provided more consistent acceleration control over
the building height, particularly under the high-demand Pazarcik record; however, the
effect of supplemental damping on acceleration remains sensitive to the earthquake record
and the dynamic characteristics of the structure. The acceleration increases observed in
some FD cases may be associated with the more pronounced period shift introduced by
the FD system, which alters the interaction between the structural dynamic characteristics
and the frequency content of the ground motion. In contrast, the FVD provides velocity-
dependent energy dissipation with only minor changes in the structural periods, which
may account for its more consistent acceleration reductions under the Pazarcik record.
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4.5. Story Forces and Base Shear Reactions

Story shear forces generally increased toward the lower stories; however, under the

Pazarcik-4614 record, maximum values occurred at Story 2 in many models (Figure 14).
This behavior may be associated with changes in the distribution of story shear forces

resulting from the interaction among the dynamic characteristics of the earthquake record
and the distributions of story mass, stiffness, and acceleration.
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Figure 14. Maximum absolute story shear forces: (a) Elbistan-4612 and (b) Pazarcik-4614.

The effect of increasing concrete strength on story shear demands was not unidirec-
tional. Under the Elbistan-4612 record, story shears generally decreased in the UR model
with 30 MPa concrete strength, whereas under the Pazarcik-4614 record, they increased,
particularly in the X direction. In the retrofitted models, the effect of concrete strength also
varied depending on the earthquake record, direction, and story level. This finding indi-
cates that the differences in stiffness and natural periods between the two concrete-strength
conditions can play an important role in the observed story shear demands.

When the damper systems were compared, FVD reduced story shear forces in all
analysis cases, with reductions ranging from 2.2% to 47.8%. FD also provided substantial
reductions in many cases, with the largest reduction of 54.4% obtained in the Pazarcik-Y
direction; however, increases in story shears occurred in some cases. This behavior was
particularly pronounced in the Pazarcik-X direction, where the Story 1 shear increased
by 19.1% in the FD-14 model, while the Story 2 and Story 1 shears increased by 15.1%

and 37.3%, respectively, in the FD-30 model. In contrast, FVD reduced shear demands
at all stories under the same Pazarcik-X conditions. Thus, although FD produced larger
maximum reductions in some analysis cases, FVD exhibited more consistent story-shear
control across different concrete strengths and story levels.

The increases in story shear observed in some FD cases can be associated with the
stiffness contribution and frictional force-transfer mechanism of the system. The FD models
exhibited approximately 15-17% shorter fundamental periods than the corresponding UR
models, indicating a noticeable modification of the structural dynamic characteristics. This
period shift may alter the spectral demand imposed by a particular ground motion and
may increase force demands even when deformation demands are reduced. In addition,
the resisting forces developed by the friction dampers are transferred to the structural
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system. Therefore, the combined effects of stiffness modification, ground-motion frequency
content, and damper-force transfer may result in increased story and base shear demands
in some analysis cases.

The maximum base shear forces of the models are presented in Figure 15. Increasing
the concrete compressive strength from 14 MPa to 30 MPa generally reduced base shear
forces under the Elbistan-4612 record, whereas this effect was non-monotonic under the
Pazarcik-4614 record. This result indicates that the influence of concrete strength on base
shear demand varies depending on the earthquake record and retrofit system.

W)=~
o = 1500m

)Y

J.. AN
D 12
o 160

b) 1600

Figure 15. Maximum absolute base shear forces: (a) Elbistan-4612 and (b) Pazarcik-4614.

At a concrete strength of 14 MPa, both damper systems reduced base shear forces in all
analysis cases; reductions ranged from 12.4% to 85.8% for FD and from 43.7% to 63.1% for
FVD. Under the Elbistan-4612 record, FD achieved greater reductions than FVD, whereas
FVD exhibited more consistent behavior under the Pazarcik-4614 record. In particular,
for the 30 MPa Pazarcik-X case, FD increased the base shear force by 30.9%, while FVD
reduced it by 29.4%. In contrast, both systems were effective in the Pazarcik-Y direction,
with reductions of 44.1% and 48.0% for FD and FVD, respectively. These results indicate
that although FD can provide greater reductions in some analysis cases, FVD exhibits
more consistent control of base shear forces, particularly under higher seismic demand.
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The contrasting base-shear responses are consistent with the mechanisms discussed above
for story shear, indicating that deformation control and force-demand reduction do not
necessarily occur proportionally.

4.6. Damper Response Demands

The device-level demands of the FD and FVD systems were evaluated using the
step-by-step responses of all nonlinear link elements. For each model and ground-motion
record, the axial force and axial deformation histories of the damper links at all three stories
were examined. The axial velocity histories were obtained from the time derivative of
the response using the 0.01 s analysis time interval. The absolute maximum values were
first determined for each damper link and story, and the largest value among all links and
stories was then reported as the peak demand for the corresponding model and ground
motion. Therefore, the force, velocity, and deformation values reported in Table 5 do not
necessarily occur simultaneously or in the same link element; each represents the maximum
value of the corresponding response quantity over the complete analysis.

Table 5. Peak axial response demands of the supplemental dampers under the investigated ground

motions.
Ground Max. Damper Max. Axial Max. Axial

Motion Model Force Velocity Deformation

(kN) (m/s) (mm)

FD-14 1236.91 0.0559 2.442

, FVD-14 768.65 0.0757 4059

Elbistan-4612 FD-30 1356.67 0.064 2128

FVD-30 719.78 0.0793 2.675

FD-14 1465.69 0.5424 16.774

FVD-14 1566.96 0.7097 27.268

Pazarcik-4614 FD-30 1465.68 0.6851 20.023

FVD-30 1473.56 0.7947 23.773

A pronounced ground-motion dependency is evident in the device demands. Com-
pared with the Elbistan record, the Pazarcik record produced substantially greater axial
velocity and deformation demands in both damper systems. Peak velocities increased by
approximately one order of magnitude, while the peak deformation demands increased
several-fold. This behavior is consistent with the considerably higher seismic demand of
the Pazarcik record and demonstrates that damper stroke and velocity requirements may
vary substantially even when the same device properties and arrangement are maintained.

The two damper mechanisms also exhibited distinct demand characteristics. Under
the Elbistan record, the FD models developed larger peak axial forces but smaller deforma-
tion demands than the corresponding FVD models. Under the higher-demand Pazarcik
record, the force demands of the two systems became more comparable, whereas the FVD
models generally developed higher axial velocities and, particularly for the 14 MPa model,
larger deformation demands. This difference is consistent with the velocity-dependent
force generation of the FVD system and the friction-controlled hysteretic response of the
FD system.

The influence of concrete strength on the device-level demands was not monotonic
and depended on both the damper mechanism and the ground motion. Increasing the
concrete strength from 14 to 30 MPa did not systematically reduce the peak damper force,
velocity, or deformation.
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4.7. Energy Components and Energy Dissipation

The time variation of the energy components is presented in Figure 16. For evalu-
ating the energy dissipation performance of the supplemental dampers, the ETABS Link
Hysteresis Energy output was used for the FD models, whereas the Link Damper Energy
output was used for the FVD models. Both quantities were considered as supplemental
damper energy (Ep), while Ep; was reserved for the hysteretic energy dissipated by the
structural members.
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Figure 16. Time variation of energy components.

The input energy (E;) was markedly higher under the Pazarcik-4614 record than under
the Elbistan-4612 record. Increasing the concrete strength from 14 MPa to 30 MPa reduced
Ej in all models under the Elbistan-4612 record; under the Pazarcik-4614 record, it reduced
E;j in the UR and FVD models but increased it in the FD model.

For the FVD system, the energy dissipation ratio (Ep/Ej) ranged from 50.7% to
55.0% under the Elbistan record and from 64.9% to 66.5% under the Pazarcik record.
For the FD system, the Ep/Ej ratio increased from 7.4-11.1% under the Elbistan record
to 46.2-47.3% under the Pazarcik record. These results indicate that the contribution of
both damping mechanisms to energy dissipation increased under higher seismic demand,
with the increase being particularly pronounced for the FD system. Energy dissipation and
equivalent damping provide complementary measures of response control, since equivalent
damping relates the dissipated energy to a characteristic energy level of the system rather
than to the dissipated energy alone [38]. Under the Pazarcik record, the effect of concrete
strength on the energy dissipation ratios was limited, while the FVD system dissipated a
larger proportion of the input energy through the dampers at both concrete strengths. This
difference is consistent with the continuous velocity-dependent dissipation of the FVD,
whereas FD energy dissipation becomes more pronounced as frictional sliding develops
under higher seismic demand.

4.8. Structural Member Performance Levels

The nonlinear behavior of the structural members was evaluated using the Fiber
Hinge State results obtained from ETABS analyses. Member damage states were classified
according to the Immediate Occupancy (I0), Life Safety (LS), and Collapse Prevention
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(CP) acceptance criteria. Under the Elbistan-4612 earthquake record, beams, columns, and
shear walls remained within the A-IO range in all models, whereas under the Pazarcik-4614
record, which produced higher damage demands, some members reached the IO-LS and
LS-CP ranges (Figure 17).
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Figure 17. Plastic hinge states: (al,a2) beams, (b1,b2) columns, and (c1,c2) shear walls; (al-c1) models
with a concrete strength of 14 MPa and (a2-¢2) models with a concrete strength of 30 MPa.

Under the Pazarcik-4614 record, damage in the UR-14 model was concentrated partic-
ularly in the shear walls; 78.6% of the first-story shear walls reached the IO-LS range and
7.1% reached the LS-CP range. Increasing the concrete strength to 30 MPa substantially
limited the damage distribution; however, some beams in the UR-30 model still reached
the LS-CP range, while 28.6% of the first-story shear walls remained in the IO-LS range
and 7.1% in the LS-CP range. Thus, the use of 30 MPa concrete alone did not completely
eliminate advanced damage states in the investigated model.

The FD and FVD applications substantially limited the damage distribution at both
concrete strengths, and no members reached the LS-CP range. This improvement was
particularly evident in the FVD models. In the FVD-30 model, only 1.5% of the third-
story beams and 7.1% of the first-story shear walls remained in the IO-LS range, while
all other members remained within the A-IO range. Under cyclic loading, progressive
damage is generally accompanied by stiffness degradation, reflecting the accumulation
of nonlinear deformation in structural materials [39]. Accordingly, the more limited fiber-
hinge damage observed in the damper-retrofitted models indicates reduced nonlinear
demand on the primary structural members. Overall, increasing concrete strength reduced
member damage, whereas the FD and FVD applications were more influential in preventing
advanced damage, with FVD producing the most limited damage distribution.

4.9. Effective Equivalent Viscous Damping Ratios

Energy equivalence, in which the energy dissipated in one cycle is normalized by
the maximum strain energy, provides the standard basis for equivalent viscous damping.
The supplemental damping provided to the structure by friction dampers (FDs) and fluid
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viscous dampers (FVDs) was evaluated using an energy-based equivalent viscous damping
approach. The initial damping ratio of the reinforced-concrete structure, ¢y, was assumed to
be 5%. Because the supplemental dampers exhibited nonlinear behavior, their contribution
to structural response was expressed in terms of an effective equivalent viscous damping
ratio rather than a constant modal damping ratio.

The force-deformation responses of the dampers located in the same bays at each story
were examined, and the high-amplitude hysteretic loops were verified to be temporally
compatible (e.g., Pazarcik-4614, FD/FVD-14, Story 3, Figure 18). For each analysis case,
the closed high-amplitude cycle exhibiting the largest deformation range of the reference
damper link was selected for the equivalent damping calculation. The response of the
reference link element was used to identify the corresponding cycle interval. For the
representative cycle identified in this manner, the increase in Link Hysteresis Energy was
considered for the FD models, whereas the increase in Link Damper Energy was considered
for the FVD models. The damping calculation used the total energy dissipated by all
dampers in the system rather than the energy of a single damper. The resulting values
therefore represent an estimate of the effective equivalent viscous damping corresponding
to the selected high-energy nonlinear response cycle, rather than the global modal damping
ratio of the structure. The sensitivity of the calculated damping ratio to cycle selection
was also examined using alternative closed high-amplitude cycles. Some cycle-to-cycle
variation was observed; therefore, the calculated values are interpreted as cycle-specific
effective damping estimates associated with high-amplitude nonlinear response rather
than unique damping ratios representative of the entire earthquake response.

FD-14 / Pazarcik 4614-K25 FVD-14 / Pazarcik 4614-K25
- 800 - 800 —
& 600 Wi & 600 Z
400 Iy 400
5 MIMI’ P
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Figure 18. Force-deformation hysteretic response of the dampers in the FD-14 and FVD-14 models
under the Pazarcik ground motion.

The supplemental and effective equivalent viscous damping ratios were calculated
using Equations (12) and (13), respectively.

_ AEsupy
Cadd = $7Es e (12)
Geff = €0 + Cadd (13)

Here, AEsyp denotes the supplemental energy dissipated by the entire damper system
over the selected cycle, whereas Eg max denotes the maximum structural potential energy
obtained from the ETABS step-by-step energy output within the same cycle. The selected
cycle intervals, corresponding energy quantities, and calculated supplemental and effective
equivalent viscous damping ratios for all analysis cases are summarized in Table 6. The
calculated values represent effective equivalent viscous damping ratios corresponding to
the selected high-amplitude cycle rather than constant modal damping ratios.
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Table 6. Cycle-specific energy parameters and calculated effective equivalent viscous damping ratios
for the FD- and FVD-retrofitted models.

Ground Model Selected AEsupp E§ max Cadd Ceff

Motion Cycle (s) (kN.m) (kN.m) (%) (%)
Elbistan-4612 FD-14 34.70-34.91 12.53 86.54 1.15 6.15
Elbistan-4612 FVD-14 34.70-34.95 35.84 69.69 4.09 9.09
Elbistan-4612 FD-30 37.70-37.83 9.37 74.61 1.00 6.00
Elbistan-4612 FVD-30 37.67-37.84 28.38 64.49 3.50 8.50
Pazarcik-4614 FD-14 59.85-60.07 712.13 1618.01 3.50 8.50
Pazarcik-4614 FVD-14 41.83-42.09 1446.33 1633.24 7.05 12.05
Pazarcik-4614 FD-30 40.82-41.00 958.62 2565.79 297 7.97
Pazarcik-4614 FVD-30 41.82-42.06 1211.51 1578.46 6.11 11.11

As shown in Table 6 and Figure 19, under the Pazarcik earthquake record, the effective
equivalent viscous damping ratios were calculated as 8.50% and 7.97% for the FD-14 and
FD-30 models, respectively. The corresponding values for the FVD-14 and FVD-30 models
were 12.05% and 11.11%, respectively. Thus, under the higher seismic demand imposed
by the Pazarcik record, the FVD system provided a greater effective equivalent damping
contribution than the FD system for both concrete-strength conditions.

Figure 19. Effective equivalent viscous damping ratios: (a) f. = 14 MPa and (b) f. = 30 MPa.

Under the Elbistan earthquake record, the effective equivalent viscous damping ratios
were calculated as 6.15% and 6.00% for the FD-14 and FD-30 models, respectively, while the
corresponding values for the FVD-14 and FVD-30 models were 9.09% and 8.50%. Although
the effective damping contribution was lower than that obtained under the Pazarcik record,
the FVD system again provided a greater contribution than the FD system for both concrete-
strength conditions. Overall, the results indicate that the effective damping contribution of
the nonlinear dampers depends on both the damper mechanism and the characteristics
of the structural response under the selected ground motion. Accordingly, these values
should be interpreted as cycle-specific effective equivalent viscous damping ratios rather
than constant modal damping ratios.

5. Conclusions

In this study, the effects of friction dampers (FDs) and fluid viscous dampers (FVDs)
on the seismic performance of a typical reinforced-concrete school building were compared
considering concrete compressive strengths of 14 MPa and 30 MPa. Six models comprising
unretrofitted (UR), FD-retrofitted, and FVD-retrofitted configurations were investigated
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through nonlinear time-history analyses using the Pazarcik (4614) and Elbistan (4612)

ground-motion records from the 6 February 2023 Kahramanmarag earthquakes. The main

findings are summarized as follows:

For the two concrete-strength conditions considered, the 30 MPa models exhibited
higher structural stiffness and shorter natural vibration periods than the corresponding
14 MPa models. The FD system noticeably reduced the periods, whereas the effect of
FVD on system stiffness and natural periods remained limited.

Both damper systems substantially reduced displacement and interstory drift de-
mands. Although the reduction ratios were more pronounced at the lower concrete
strength, the absolute demands generally remained lower at the higher concrete
strength. FD provided greater reductions in some cases, whereas FVD exhibited more
balanced deformation control over the building height, particularly under higher
seismic demand.

For the two concrete-strength conditions considered, the differences in story accelera-
tion, story shear, and base shear forces depended on the earthquake record, direction,
and retrofit system. The interaction between system stiffness and natural period and
the frequency content of the ground motion played an important role in the varia-
tion of these demands. Although the FD and FVD systems generally reduced these
demands, increases were observed in some analysis cases. FVD reduced story shear
forces in all analysis cases, whereas FD caused increases at some stories, particularly
in the Pazarcik-X direction. For base shear forces, FD provided greater reductions
under the Elbistan record, while FVD exhibited more consistent performance under
the higher-demand Pazarcik record.

Energy analyses showed that FVD dissipated 50.7-55.0% of the input energy un-
der the Elbistan record and 64.9-66.5% under the Pazarcik record through the vis-
cous mechanism. The supplemental damper energy ratio of FD was 7.4-11.1% and
46.2-47.3% under the Elbistan and Pazarcik records, respectively. The contribution
of both systems to energy dissipation increased under the higher-demand Pazarcik
record, while FVD reached higher energy dissipation ratios.

The fiber-hinge results showed better member performance in the 30 MPa models than
in the corresponding 14 MPa models, but damper use was more influential in limiting
damage. No members reached the LS-CP range in the FD- and FVD-retrofitted models,
and FVD generally produced a more limited damage distribution.

The effective equivalent viscous damping ratios calculated for the selected high-
amplitude response cycles were higher for the FVD system than for the FD system
under both earthquake records and concrete-strength conditions. The calculated
values ranged from 6.00% to 8.50% for the FD models and from 8.50% to 12.05% for
the FVD models. Higher effective damping ratios were generally obtained under
the Pazarcik record, indicating that the supplemental damping contribution varies
with the structural response and seismic demand. These values should therefore be
interpreted as cycle-specific effective damping estimates rather than constant modal
damping ratios representative of the entire earthquake response.

Overall, under the structural configuration, damper parameters, and ground mo-

tions considered in this study, both FD and FVD systems substantially improved seis-

mic performance. While FD provided greater reductions in some response parameters,

FVD exhibited more balanced and consistent behavior when deformation, force, energy

dissipation, and member performance were considered together, particularly under the

high-demand Pazarcik record. These observations represent the relative behavior of the

two systems within the present case study rather than a general performance ranking. The

results demonstrate that damper mechanism and seismic demand should be considered
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together with concrete strength when evaluating seismic retrofitting strategies for existing
reinforced-concrete structures.

The findings of this study should be interpreted within the scope of the adopted
analysis framework. Two real ground-motion records from the 6 February 2023 Kahraman-
maras earthquakes were used in their original form without scaling. Since the records have
different site conditions and Vg3 values, the observed response differences may reflect not
only the seismic demand but also the characteristics of the selected ground motions and
local site conditions. The FD and FVD systems were evaluated using a common force-based
preliminary sizing approach rather than separate optimization, providing a controlled
basis for comparing the two damping mechanisms. In addition, the damper connections
were idealized to focus on the global seismic response, and local connection effects were
not explicitly considered. Finally, because the evaluations were performed for a single
three-story reinforced-concrete school building with two concrete-strength conditions and a
fixed damper arrangement, the observed response trends should be interpreted within the
investigated structural conditions and should not be directly generalized to substantially
different structural systems or damper-layout characteristics. These limitations provide
clear directions for further research. Future studies may extend the present comparative
framework by considering a broader range of building heights and structural characteristics,
alternative damper arrangements, a larger set of ground-motion records, device-specific op-
timization, and more detailed modeling of damper connections to evaluate their influence
on the seismic response of FD- and FVD-retrofitted structures.
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