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ABSTRACT.  Friction dampers are an effective way to reduce earthquake forces in 

concrete structures. The study examines the performance of three experimental RC moment 

frames with different friction dampers. Two dampers had a transmission function, and one 

had a rotational function. After loading, their hysteresis diagrams were extracted and 

compared. In order to study the impact of slip force on the seismic performance of a concrete 

frame, numerical analyses were conducted. This section focused on a rotational damper that 

had demonstrated excellent experimental performance. At first, the friction damper was 

investigated numerically, and an approximate equation was proposed to calculate its sliding 

force. Similarly, following validation, the concrete frame equipped with rotational friction 

dampers was numerically analyzed. The analysis was performed using nonlinear static 

analysis, and the outputs of the model included resistance, ductility, energy dissipation, and 

stiffness. The experimental results demonstrated that, in terms of ductility, energy 

dissipation, and elastic stiffness, the rotational friction damper exhibited the best 

performance. Based on the numerical results, the best performance of the frame was 

obtained when the sliding force of the damper was equal to 1.4 times the strength of the bare 

frame.  

 

Keywords: Concrete frame, Experimental test, Friction damper, Numerical method, 

Retrofitting 

 

1. Introduction 

Figures and statistics of earthquake casualties and damage indicate that many methods 

of dealing with seismic forces should be reconsidered or more reliable alternative methods 

should be considered(Permanoon et al., 2024, GanjiMorad et al., 2024). Today, one of the 

main challenges to achieving this goal is to apply and present new methods in the concepts 

of seismic design of structures (Roodpeyma and Mahmoudzadeh Kani, 2023, Javaheri-tafti 

and Hajisafari, 2024, Aydin et al., 2023). Numerous methods have been proposed to reduce 



 

 

system vibrations(Ozturk et al., 2022). One method that has garnered considerable attention 

is passive dampers(Aydin et al., 2019). Passive seismic systems absorb and dissipate seismic 

energy without external power. Examples include viscous dampers (Hu et al., 2023), 

yielding dampers (Cheraghi et al., 2024, Cheraghi and TahamouliRoudsari, 2024, Cheraghi 

et al., 2023), friction dampers (Gao et al., 2023), and base isolators, all designed to enhance 

earthquake resistance by reducing vibrations and limiting structural damage. In this study, 

one of these methods, passive control of structures, is investigated using friction dampers. 

Due to its simplicity in construction, lack of requirement for expensive materials, and 

minimal need for specialized labor during installation and commissioning, this damper has 

been considered a suitable option for research purposes in civil engineering (Liu et al., 2023, 

Maida and Sakata, 2022, Aghani et al., 2023). 

Numerous lateral resistance systems have been proposed to strengthen concrete moment 

frames. One such device is friction dampers, which have been extensively studied by many 

researchers. Bruschi and Quaglini (2022) present a novel hysteretic friction damper, the 

Prestressed Lead Damper with Straight Shaft (PS-LED), designed for seismic rehabilitation 

of RC framed buildings. Characterized by high stiffness, damping capability, compact 

design, and low manufacturing cost, the PS-LED is experimentally validated and modeled 

in OpenSees. Numerical investigations on a typical Italian RC frame structure retrofitted 

with PS-LED, targeting either elastic or partially dissipative behavior, show satisfactory 

seismic performance. A comparative analysis with conventional steel hysteretic dampers 

reveals the superior performance of PS-LED in controlling internal force increases. Morgen 

and Kurama (2008) evaluate the seismic response of unbonded post-tensioned precast 

concrete moment frames with friction dampers. Nonlinear analyses show dampers enhance 

energy dissipation while post-tensioning ensures self-centering. The study critically 

assesses seismic design and compares various reinforcement strategies, highlighting the 

effectiveness of friction dampers. Morgen and Kurama (2008) describe a seismic 

strengthening technique for moment-resisting frame buildings using a hybrid wall-type 

damping system combining friction and metallic dampers. Full-scale cyclic tests on a non-



 

 

ductile RC frame and four strengthened frames showed that the damping system 

significantly improved maximum strength, stiffness, and energy dissipation despite some 

discrepancies in predicted stiffness due to anchorage softening. Huang et al. (2021) 

investigate the seismic performance of post-tensioned self-centering precast concrete 

frames with variable friction dampers and hidden corbels. Theoretical and numerical models 

are developed for the proposed dampers, allowing designs to meet target performance 

objectives at different seismic hazard levels. Nonlinear time-history analyses for a six-story 

building show that frames with the proposed dampers effectively mitigate drift 

concentration and reduce overall drift demands compared to frames with conventional 

constant friction devices, meeting the design basis earthquake and maximum considered 

earthquake objectives. Kim and An (2017) investigated optimal friction damper distribution 

in non-seismic RC structures using a genetic algorithm. Nonlinear analyses showed a 30% 

reduction in maximum roof displacement and a 40% reduction in inter-story drift ratio. The 

genetic algorithm proved more efficient than intuitive methods, requiring fewer dampers. 

Moon et al. (2017) propose a friction-damping system for seismic retrofitting of old low- to 

mid-rise reinforced concrete buildings in seismically active regions. The system includes 

dampers and a braced frame to enhance seismic performance. Their study introduces a 

design method validated on a six-story RC building originally designed for gravity loads 

only. Nabid et al. (2020)discussed the effectiveness of friction-based dampers as efficient 

energy dissipation devices, highlighting their adjustability and high energy dissipation 

capacity. However, they noted that uniform slip load distributions in conventional designs 

could localize damage. The study developed an energy-based optimization methodology to 

enhance seismic performance by redistributing slip loads and reducing inter-story drift and 

global damage in RC frames. Liu et al. (2023)investigated self-centering walls equipped 

with slip-friction dampers, emphasizing their simplicity and stable energy dissipation. 

Experimental results with brass-steel interfaces showed a significant 81.2% increase in 

energy dissipation and improved post-yield stiffness. The walls sustained 3.0% horizontal 

drift without major damage, and minimal residual drift, facilitating post-earthquake 



 

 

recovery and practical repairability. Gao et al. (2023) explored the dynamic performance of 

metal friction dampers through cyclic loading tests on 30 specimens with various friction 

pairs. Results demonstrated consistent rigid-plastic hysteresis across loading rates, meeting 

FEMA-356 standards. Loading rates affected normal force loss and friction coefficients. 

Recommendations included pre-friction for certain pairs and calibration for others, with 

established analytical models for dynamic friction coefficients. 

In previous studies, it has been observed that translational and rotational friction dampers 

have not been cyclically tested on concrete frames experimentally or numerically. Therefore, 

this research initially examined three experimental specimens of reinforced concrete 

moment frames equipped with both translational and rotational friction dampers. Based on 

experimental evidence and model results, it was observed that rotational dampers perform 

better. Consequently, a numerical model was employed for further studies on this model. 

Initially, only the friction damper was modeled, and its sliding force was calculated for 

different conditions. Then, an approximate equation was proposed to estimate the sliding 

force of this damper based on the curve fitting technique. Finally, the numerical 

investigation of the effect of rotational friction damper on the concrete frame was conducted. 

The sliding force of the friction damper was the variable in the numerical model. 

Additionally, the model was analyzed nonlinearly and statically, focusing on outputs such 

as elastic stiffness, strength, energy dissipation, and ductility. 

2. Test Setup  

In this study, three concrete frames equipped with friction dampers were examined in the 

laboratory. Figure 1 shows the bare concrete frame and its molding. This frame, at a 1:3 

scale, comprises a column with a height of 1 meter and a beam with a length of 1.45 meters. 

The dimensions of the beam, column, and foundation sections and their rebar details are 

presented in Table 1. As shown, the dimensions of the beam and column are considered to 

be identical. To satisfy the weak beam-strong column criterion, the dimensions of the 

column reinforcement are designed to be larger than those of the beam. In several previous 



 

 

studies, frames with the same specifications have been equipped with various lateral 

resistance systems. The concrete pouring for this frame and the foundation was carried out 

simultaneously. In this study, three different types of friction dampers were utilized for 

retrofitting a concrete frame structure. The frame used in this study was the same as the one 

described in the reference (Rahimi et al., 2022). Note that the experiments in the present 

study and the reference were performed in a short time, and the specifications of concrete 

frames in both studies were identical. The force-displacement curve of the experimental 

bare frame is also shown in Figure 1c. 

  

(a)      (b) 

 

(c) 

Fig. 1. (a)The reference RC moment resisting frame (b) The steel mold (c) The backbone 

diagram(Rahimi et al., 2022) 

The compressive strength of concrete samples was 38.3 MPa. Table 2 presents the 

specifications of the reinforcements used in the concrete frame, including yield and ultimate 



 

 

stress. 

Table 1 The dimensions and reinforcement of the beam, the column, and the foundation. 

Element Section (mm) Main bars Ties and stirrups 

Column 150 × 150 4Ф14 Ф8@45 mm 

Beam 150 × 150 4Ф10 Ф8@45 mm 

Foundation 200 × 300 4Ф10 top and 3Ф14 bottom Ф8@80 − 100 mm 

 

Table 2 The stresses derived from the tensile tests of the main steel bars, stirrups, and ties 

include yield, failure, and ultimate stresses. (MPa). 

Rebar size Yield stress Ultimate stress Breaking stress 

Ф𝟖 420 607 519 

Ф𝟏𝟎 371 570 523 

Ф𝟏𝟒 395 610 555 

This section provides details on friction dampers. These models are M1, M2, and M3, 

respectively, as shown in Figure 2. As observed, models M1 and M2 are designed with 

translational behavior, whereas model M3 demonstrates rotational behavior. This implies 

that the frame drift in the translational friction damper only results in its displacement, 

whereas in the rotational model, the damper members undergo rotation. In these friction 

dampers, the sliding force is dependent on the pre-tension force of the bolts. Likewise, these 

dampers were designed to slip before the frame yielded. Figure 2 illustrates the details of 

all sections used in the experimental model.  

In M1, four braces with a double L cross-section were used to install the damper in the 

structure. In this model, the lower part of the damper is fixed, while the upper part moves 

with the displacement of the frame. In all models, to connect steel plates to concrete, the 

bolts were not passed through the concrete so that its behavior would not be changed. 

In Model M2, the damper is connected to the beam using chevron braces. The braces are 



 

 

fixed, and the displacement of the damper and the frame is the same. Since preliminary 

numerical analyses showed that the beam exhibits vertical and horizontal displacement, the 

damper's plate opening height was considered greater than the diameter of the bolt. 

In the third model, the damper operates rotationally, with the lower part designed as fixed 

and its upper displacement equal to the displacement of the frame. Additionally, in this 

model, the beam exhibits horizontal and vertical displacements, so the height of the holes is 

designed to be larger than the diameter of the bolts. In this configuration, the damper can be 

displaced vertically to reduce the vertical force on the beam. 

 

 

(a) M1 

 



 

 

(b) M2 

 

(c) M3 

Fig. 2. Details of the experimental examples 

Figure 3 shows the experimental test setup. Twelve 12.9 bolts, according to the ISO 

standard (ISO, 2009) with a diameter of 26 mm, were connected to the foundation to form 

a very strong chassis for the experimental floor. In addition, the bolts were prestressed, and 

two angulars were installed on either side of the foundation to prevent the horizontal slip 

between the foundation and the chassis. Quasi-static loading was applied by an actuator 

with a capacity of 1000 KN as tension and pressure on the top of the frames. The type of 

loading displacement control had a maximum displacement capacity of 150 mm; one end 

of the actuator was connected articulately at the top of the frame, and the other end was 

rigidly connected to the reaction frame. 

The ACI Committee 374.1–05 protocol (Committee, 2005) was used for the return 

protocol (Figure 4). The test was performed on all models with up to 6% drift. Drift values 

were multiplied by 1 m height (height of the frame from the beam axle to the  top of the 

foundation) and applied as a lateral displacement above the frame. Linear Potentiometer 

Transducer (LPT) with a precision of 0.01 mm and a maximum displacement capacity of 

0.1 and 0.2 m was used to measure displacement at the top of the frame and in the middle 

of the column. A 32-channel data logger was used to record the information every 10 



 

 

seconds. The loading speed was applied at a rate of 5 mm/min. At this loading rate, it was 

ensured that no vibrations were observed in the hysteresis curve. 

 

Fig. 3. Test setup. 

 

Fig. 4. Loading history based on the ACI Committee 374.1-05 standard (Committee, 2005) 

To determine the seismic results of the frame, such as strength, elastic stiffness, and 

ductility, the backbone diagram of the samples was first drawn until the peak moment and 

then approximated with a bilinear diagram. According to the equivalent energy law, a 

bilinear diagram should be drawn so that the area below it is equal to the backbone (Council, 

2006). Figure 5 reveals the equivalent two-line qualitative diagram and the backbone. 

Elastic stiffness and ductility can be defined as Equations (1) and (2), respectively. 

𝐾𝑒 = 𝑉𝑦/𝐷𝑦 (1) 



 

 

𝜇 = 𝐷𝑢/𝐷𝑦 (2) 

 

Fig. 5. The backbone and the equivalent bilinear diagram. 

Figure 6a reveals the hysteresis diagram of the M1 sample. As can be observed, the model 

has not performed relatively well in terms of energy dissipation, and it has irregular and 

almost thin rings. The first drop of the diagram occurred at drift 0.02, and finally, the loading 

at drift 0.06 ended with the failure of the column. Figure 6b indicates the deformation of the 

frame at 0.02 drift moment when the first member of the structure, the column, was damaged. 

Since the column is one of the important members of the structure and must yield later than 

other members of the structure, this defect is one of the weaknesses of this model. One of 

the advantages of this model is the geometry of the damper and its location. After drifting, 

the frame of these dampers slipped on each other without any twisting, and friction was 

created on their members. 

Figure 6c displays the model's failure at the end of the loading (drift 0.06). It indicates 

severe damage to the left column and cracks at the beginning and end of the right column 

while the beam remains intact. One disadvantage of this model is that the column shortens 

due to the placement of two brace members at the top and bottom. The column shortening 

has also changed the frame's behavior. Subsequently, a two-line diagram representing the 

seismic parameters of the frame is drawn and presented in Figure 6d. 



 

 

 

(a)      (b) 

 

(c)     (d) 

Fig. 6. The results of the M1 sample (a)The hysteresis diagram (b) Condition of the frame at 

the beginning of yielding (c) Condition of the frame at the end of loading (d) The equivalent 

bilinear diagram 

Figure 7a indicates the hysteresis diagram of the M2 model. In this case, the primary 

rings of the hysteresis are thin and irregular. In drift 0.02, the first drop in the diagram was 

observed, and the experiment in drift 0.06 ended with damper distortion and beam failure 

in the connection to the damper. 

In this model, it can be observed that with frame drift, sliding occurs with difficulty. 

During the 0.02 drift, the plates showed distortion (as seen in Figure 7b). The damper's 

improper sliding mechanism caused significant damage to the middle of the beam in the 

final moment (as illustrated in Figure 7c). 



 

 

 

(a)      (b) 

 

(c)      (d) 

Fig. 7. (a) Hysteresis diagram, (b) Frame condition at the beginning of yielding, (c) Frame 

condition at the end of loading, and (d) Equivalent bilinear diagram of M2 sample 

 
(a)      (b) 



 

 

 
(c)      (d) 

Fig. 8. (a) Hysteresis diagram (b) Frame condition at yielding (c) Frame condition at loading 

end (d) Bilinear diagram of M3 sample. 

The hysteresis diagram of the M3 model is illustrated in Figure 8a. In this instance, the 

hysteresis loops are more uniform and broader than those of the previous models. Until the 

final moment, corresponding to a drift of 0.08, no degradation was observed in the hysteresis 

diagram. One significant advantage of this damper is its effective performance; during frame 

drift, the plates slide over each other smoothly without causing any distortion. Due to the 

limitations of the loading system, a load of 0.08 was applied, as shown in Figure 8c, at the 

final loading moment, with its corresponding bilinear diagram depicted in Figure 8d. 

Figure 9 illustrates the comparison between the seismic parameters of three concrete 

moment-resisting frames equipped with friction dampers and bare frames. These parameters 

are derived from bilinear diagrams and hysteresis loops. The results include ductility, 

calculated using Equation 2, and elastic stiffness, determined by Equation 1. Additional 

results encompass strength and cumulative energy dissipation, which correspond to the 

maximum tolerable force of the frame and the enclosed area within the hysteresis loops, 

respectively. As depicted, the M3 model demonstrates superior performance in terms of 

ductility (Figure 9a), with ductility approximately twice that of the other models. Conversely, 

the M2 model shows poor performance in this parameter, with ductility nearly equivalent to 

that of the bare frame. Regarding elastic stiffness (Figure 9b), similar to ductility, the M3 

model outperforms the other models, with stiffness being 1.5 and 1.3 times greater than 



 

 

those of M2 and M1, respectively. 

 

(a)      (b) 

 

(c)      (d) 

Fig. 9. The results (a) ductility (b) elastic stiffness (c) strength (d) energy dissipation of the 

samples. 

Regarding the frame strength parameter (Figure 9c), the M2 model performed better than 

the other two. The M3 model exhibited weaker performance compared to the other samples. 

Figure 9d illustrates the energy dissipation of the models, which corresponds to the enclosed 

area within the hysteresis loops. It can be seen that in this parameter, the best performance 

is related to M3, followed by the M2 model. 

Another significant conclusion that can be drawn from Figure 9 is that the most 

substantial impact of adding a damper to the frame is energy dissipation. For instance, in 

terms of energy dissipation, the M2 model was 5 times greater, and the M1 and M3 models 

were 4.7 and 6.36 times greater, respectively, than the bare frame model. It can be concluded 

that the best performance, based on experimental evidence and parameter results, belongs 

to the M3 model, whose ductility, energy dissipation, stiffness, and strength are 2.4, 6.36, 



 

 

3.2, and 1.8 times greater, respectively, than those of the bare frame. 

3. Parametric study 

3.1 Calculation of damper sliding force 

In the experimental specimens, the frames were equipped with dampers of various 

geometries. Since the sliding force significantly affects the seismic behavior of the frame, 

numerical studies were conducted in this section. The numerical model chosen for 

investigation in this part was M3, which exhibited superior behavior compared to other 

models. The numerical models in this section were analyzed using ABAQUS software. 

Initially, numerical studies were conducted to calculate the sliding force of the friction 

damper. Accordingly, the friction damper, simulated with solid elements, was modeled as 

shown in Figure 10. By applying displacements, the sliding force of the damper was 

computed. The analysis type considered was non-linear static. To enhance the numerical 

model accuracy, large deformations were considered in the analysis (Cheraghi et al., 2023). 

This figure depicts essential parameters of the damper, such as the pretension force of the 

bolts, the vertical distance between bolts, and the friction coefficient between plates. After 

extensive numerical studies, an approximate Equation 3 for the sliding force of the friction 

damper was obtained. These approximate equations, according to the curve fitting technique, 

have been presented for the results of numerical models in many studies . The advantage of 

these equations is the faster estimation of results with acceptable accuracy. In this equation, 

N, h, µ, and r represent the prestressing force of the bolts, the vertical distance between the 

bolts, the friction coefficient, and the number of vertical links, respectively. 

 



 

 

 

Fig. 10. (a) Dimensions of the friction damper (units cm) (b) Introduction of the damper 

parameters 

 

𝐹𝑠 =
4.065𝑟𝑁1.02𝜇0.995

ℎ0.9
 

(3) 

The proper utilization of Equation (3) necessitates consideration of the following 

significant notes: 

• The coefficient of friction between the bolts and the plate was assumed to be the 

same as the friction between the plates. 

• The rotation of the upper and lower sections of the damper, specifically the parts 

connected to the beam and the braces, was restricted. Similarly, this equation is 

presented for these boundary conditions. 

• The force and height units are “kN” and “cm”, respectively. 

To ensure the accuracy of the approximate Equation (3) results, ten numerical models of 

dampers with varying dimensions were defined, as shown in Table 3. The sliding force of 

the damper was then calculated numerically and approximately, with the results shown in 

Figure 11. As can be seen, the results are close to each other and have acceptable accuracy. 

Table 3. Models for validating Equation (3) 



 

 

Models h(cm) N(kN) μ 

1 14.5 140 0.2 

2 25 80 0.2 

3 30 40 0.8 

4 14.5 20 0.8 

5 14.5 50 0.6 

6 30 80 0.6 

7 30 120 0.6 

8 25 40 0.8 

9 30 40 0.2 

10 25 120 0.2 

 

Fig. 11. Comparison of damper sliding force results from numerical analysis and Equation (3) 

3.2. Numerical analysis of concrete frame equipped with friction damper 

In designing and simulating the M3 model, the following points should be considered: 

• The damper should be located in a part of the structure that experiences the most 

drift. 

• If the damper sliding force (the force that causes the damper to start sliding) is 

high, the frame acts like a braced frame, and the main frame members break 

before the damper slips. If the sliding force is small, its effect on the frame is 

negligible. Therefore, the optimal sliding force can be calculated.  

• The sliding force of the damper depends on the strength of the bare frame. As the 



 

 

strength of the bare frame increases, the sliding force of the damper must also 

increase. 

Therefore, one of the critical aspects of designing these dampers is the calculation of the 

sliding force to achieve optimal frame performance. 

The frame of the experimental model was modeled with the same scale of 1:3, i.e., the 

length of the column and the beam are 1m and 1.45m, respectively (Figure 14a). The 

dimensions of the beam and column sections, rebars, and their final and yield stresses are 

shown in Tables 1 and 2. 

The experimental sample was simulated using the elements presented in Table 4 in 

ABAQUS. The mesh dimensions, also shown in this table, were determined based on 

sensitivity analyses. The analysis in this section involved a static nonlinear analysis using 

the displacement-control method. Since there was no slippage between the steel and 

concrete members in the experimental sample, these connections were simulated as “Tie” 

constraints in the numerical model. 

Table 4. The type and dimensions of the element used in the FEM 

Parts Type of element Mesh dimensions (cm) 

Concrete C3D8R 3 × 3 × 3 

Rebar B31 5 

Braces C3D8R 4 × 4 × 4 

Connection plates C3D8R 4 × 4 × 4 

Friction plates C3D8R 1 × 1 × 1 

Bolts C3D8R 0.5 × 0.5 × 0.5 

 

Due to the sensitivity of the model to the behavior of the bolts, their mesh size was 

considered as small as possible. The concrete damage behavior was selected based on the 

concrete damaged plasticity (CDP) in the numerical model. This behavioral model has the 



 

 

ability to simulate concrete under complex loads and concrete rupture mechanisms. Table 5 

lists the parameters used in ABAQUS software for this model (Pijpers and Slot, 2020). Fb0/ 

fc0 denotes the ratio of the initial equibiaxial (Equal strength in two directions) compressive 

yield stress to the initial uniaxial compressive yield stress, and K represents the ratio of the 

second stress invariant on the tensile meridian. 

Table 5. CDP parameters 

Dilation Angel Eccentricity Fb0/fc0 K Viscosity Parameter 

34 0.1 1.16 0.667 0.001 

Initially, the experimental model M3 was calibrated. Figure 12a depicts the simulation 

of a numerical model with the same dimensions and characteristics as the experimental 

sample. The diameter of the bolts was 1.6 cm, and their vertical distance was 14.5 cm. The 

pre-tensioning force of the bolts was defined as the force applied in the experiment, 

measured by a torque meter, and its friction coefficient was considered 0.6. Figure 14b 

shows the mesh model of the model, and Figure 14c shows the stress contour of the model 

after loading. Additionally, the following assumptions were made in the numerical modeling: 

• Slips between concrete and rebars were neglected. 

• In the experimental sample, no cracking was observed in the foundation until the 

end of loading. Furthermore, the rotation at the base of the column remained 

almost zero until the end of loading. Therefore, the foundation was not included 

in the numerical model. 

• The analysis was performed in two non-linear static steps. In the first step, the 

prestressing force of the bolts was applied, and in the second step, the lateral 

displacement was applied. 

After analyzing the numerical model, the force-displacement diagram was compared 

with the backbone diagram of the experimental model shown in Figure 12d. As can be seen, 



 

 

the numerical model provides acceptable results. 

 

(a)    (b) 

 

(c)    (d) 

Fig. 12. (a) Numerical model (b) Meshed model (c) Stress contour of the model after loading 

(c) Comparison of numerical and experimental results 

To investigate the impact of damper sliding force on the seismic performance of a 

concrete frame, 7 numerical analyses were performed. The damper sliding force varied 

according to Table 6, which shows the details of the friction damper used in the model. The 

damper sliding force in these models was calculated using Equation (3). 

Table 6. Specifications of numerical analyses. 

𝛍 h(cm) N(kN) 𝐅𝐬(𝐤𝐍) 

0.6 14.5 40 18.8 

0.6 14.5 60 28.3 



 

 

0.6 14.5 80 38 

0.6 14.5 100 47.7 

0.6 14.5 120 57.6 

0.6 14.5 140 67.5 

0.6 14.5 160 77.6 

After analyzing the models presented in Table 6, the force-displacement diagram for each 

model was computed, and their bilinear diagram was also extracted. Then, seismic 

parameters, including elastic stiffness, ultimate strength, ductility, and energy dissipation 

(area under the force-displacement diagram), were calculated. The results of these analyses 

are shown in Figure 13. 

The ductility of the models with respect to the damper sliding force is illustrated in Figure 

13a. As can be seen, the model with a damper sliding force of 47.7 kN yielded the best 

results. The energy absorption results in Figure 13b show the same result. As the damper 

sliding force increases, both of these results have decreased. The high damper sliding force 

in these models has caused the primary structural members to yield prematurely. 

The elastic stiffness of the models is shown in Figure 13c. It can be seen that with the 

increase in damper sliding force, the stiffness of the models also increases. The slope of the 

stiffness increase of the frame is not significant until the damper sliding force reaches 47.7 

kN; however, beyond this point, the slope increases further. Finally, the final strength of the 

models is shown in Figure 13d. As the damper sliding force increases, the ultimate strength 

also experiences an almost linear increase. This increase in the frame's strength is nearly 

equal to the increase in the sliding force of the damper. That is, the ultimate strength of the 

frame is equal to the sum of the strength of the bare frame and the sliding force of the damper. 



 

 

 
(a)     (b) 

 
(c)     (d) 

Fig. 13. Results: (a)ductility, (b)energy dissipation, (c)elastic stiffness, and (d)strength 

Figure 1c shows that the bare frame has a strength of 34 kN. In terms of ductility and 

energy dissipation, the frame performed best under a specific sliding force. Similarly, if the 

sliding force of the damper is 1.4 times the strength of the bare frame, the frame will exhibit 

the best ductility and energy dissipation behavior. With this technique, the results can be 

extended to other frames. 

 

4. Conclusions 

This study investigates the seismic performance of RC frames equipped with friction 

dampers. To achieve this, three 1:3 scale RC frames were constructed and equipped with 

friction dampers. The experimental samples were subjected to cyclic loading, and their 

performance was evaluated using hysteresis curves and other experimental observations. 

Two samples, M1 and M2, were equipped with dampers exhibiting translational behavior, 

whereas the third specimen (M3) demonstrated rotational behavior. Subsequently, 



 

 

parametric studies were conducted to investigate the impact of bolt pretension force on the 

behavior of the frame. The studies focused on model M3, which exhibited superior 

performance compared to the other models. In this section, an approximate equation based 

on curve fitting was proposed for the damper sliding force. Finally, the effect of the slip 

force of the damper on the seismic behavior of the RC frame was investigated through 

nonlinear static analyses. The outputs of the numerical model included ductility, stiffness, 

strength, and energy dissipation. The summary of the results of this study is presented in the 

following points: 

• The results of the experimental samples showed that rotational friction dampers 

perform better than translational dampers. Additionally, the hysteresis loops of 

the frames equipped with rotational friction dampers were fatter and more regular 

compared to the other two models. 

• Experimental results demonstrated that equipping a concrete frame with 

rotational friction dampers increases energy dissipation, ductility, stiffness, and 

strength by 6.36, 2.4, 3.2, and 1.8, respectively, compared to a bare frame. 

• The approximate equation proposed for calculating the slip force of rotational 

friction dampers showed good agreement with numerical results. According to 

this equation, considering the pre-tension force of bolts, vertical bolt spacing, 

friction coefficient, and the number of vertical links, the slip force of the damper 

can be easily estimated. 

• Numerical studies on the seismic performance of concrete frames equipped with 

rotation dampers showed that increasing the slip force of the dampers enhanced 

the stiffness and lateral strength of the frame. The increase in frame strength is 

approximately proportional to the increase in slip force of the dampers. 

• Results regarding ductility and energy dissipation of frames equipped with 

rotation friction dampers demonstrated that the best performance is achieved 

when the slip force of the dampers is 1.4 times that of the bare frame. 
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