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ABSTRACT 

In recent years, isolated systems are noted for preserving structures against harmful effects of earthquakes. 

Across all types of friction isolators, the latest one, triple concave friction pendulum, is transcending for its 

hardening behavior in high risk states. Isolated systems dissipate energy of earthquakes by increasing 

period and damping. In this paper, the behavior of structures (3, 6, and 9 stories) mounted on TCFP 

subjected to near-field and far-field earthquakes are studied using fragility curves concept. Results indicate 

by increasing the effective period of TCFP decreases the median acceleration of collapse damage state (Sa-

50% collapse). For better understanding the behavior of TCFP isolators with different effective periods, 

collapse margin ratio is also used, that demonstrates isolator with higher period reduces collapse risk. 

Comparing Sa-50% collapse in structure subjected to near-field and far-field earthquakes shows that the 

structure subjected to near field earthquake is less than the far field one.   
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1. Introduction 

Engineers always attempt to mitigate damages and harmful effects of earthquakes on structures. 

Among various methods to dissipate the energy of earthquakes, base isolating is a favorable method 

for protection of structures from earthquakes. Main parameters that preserve the isolated structures 

are flexibility and the inherent energy dissipation system in base isolations. The isolators are mainly 

categorized as elastomeric and frictional ones. Three types of frictional bearings are introduced as 

single friction pendulum (SFP) which is the most well-known frictional bearing [1-4] double 

concave friction pendulum (DCFP) [5-9] and triple concave friction pendulum (TCFP) bearings 

that are two improved kinds of frictional bearings. The latest and third generation of frictional 

isolators is triple concave friction pendulum (TCFP). Fenz and Constantinou [10] reported the 

mathematical model and formulation of TCFP. They introduce a series model that consists of three 

FPS isolators connected in series to obtain the behavior of TCFP isolators. Fadi and Constantinou 

[11] used a simplified method of analysis with a SDOF system for a structure isolated with TCFP 

having linear stiffness and viscous damping. They concluded that this simplification 

underestimated the peak velocity and it had an acceptable isolator displacement. Morgan and 

Mahin [12] studied the behavior of TCFP isolators and Bi-Linear isolators, and indicated the 

reliable performance of TCFP isolators against Bi-Linear behavior devices. Becker and Mahin 

studied and examined bi-directional behavior TCFP isolators [13]. Loghman and Khoshnoudian 

[14] investigated buildings mounted on FPS, DCFP, and TCFP. Results showed that decreasing 

effective isolation damping and increasing effective period of isolation improved the seismic 

behavior of TCFP in comparison with other isolators. Loghman et al. [2015.a] [15] studied the 

effect of vertical component on seismic responses of TCFP base-isolated structures. Loghman et 

al. [2015.b] [16] investigated the effects of considering rotational components of earthquake on 

seismic responses of buildings mounted on TCFP base-isolation that showed increase in some 

seismic responses. Khoshnoudian and Fallahian [17] investigated the responses of torsionally base-

isolated structure supported on TCFP. Tajammolian et al. [18] investigated the effects of mass 

asymmetric structures mounted on TCFP base-isolation subjected to near-fault ground motion. 

Becker et al. [19] conducted different tests on a TFP-isolated structure subjected to extreme 

earthquake loading considering experimental and numerical model in order to investigate the 

behavior of TFP-isolated structures.  Xu et al. [20] analyzed a 33-story RC building in China 

located on medium stiff soil and investigated optimal design for TCFP bearings parameters. By 

regarding the floor acceleration, hysteresis loop responses, and story drift, triple friction pendulum 

bearings have more reliable behavior. Dao et al. [21] studied the prediction of global responses of 

a tested buildings mounted on TFP bearings, evaluating the ability of simplified computational 

models. They used two shear frame models and a single story model for simplified superstructure 

models. In this study three different story buildings (3, 6, and 9 ) are considered, which each of 

them mounted on three TCFP base-isolation with different periods (3, 4, and 5 second ). Each 

model subjected to near field as well as far field earthquakes and they are analyzed with incremental 

dynamic analysis (IDA). The seismic performance of structures are studied through the damage 

states introduced by HAZUS [22], so that fragility curves are obtained and structures are compared 

with collapse margin ratio (CMR). Finally, fragility curves of same structures subjected to far field 

and near field earthquakes are compared. 

 

 

 

 



Advance Researches in Civil Engineering  

ISSN: 2645-7229, Vol.4, No.4, pages: 1-15 

3 
 

2. Seismic behavior of TCFP isolator 

The latest type of friction isolator is triple concave friction pendulum (TCFP). The behavior of 

TCFP bearing is more complicated than the other friction isolators because it has more sliding 

surfaces. A TCFP isolator consists of four concave plates that are separated by an articulated slider 

in the middle of them [Constantinou et al.,] [23]. Figure 1. By thoroughly adjustment of plates' 

radii and friction coefficients, a 5-regime backbone curve is obtained shown in Figure 2. The main 

advantage of TCFP isolator in comparison to other friction isolators (FPS and DCFP) with bilinear 

and tri-linear behaviors is the hardening regimes at the end of its backbone curve (in phases IV and 

V). A comprehensive study was done for formulating the force-displacement relation for TCFP 

bearings by Fenz and Constantinou [24]. 

 

 
Figure 1. TCFP isolator [23]. 

 

 
Figure 2. Backbone curve of TCFP [24]. 
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3. Seismic behavior of TCFP isolator 

One of the most important aspects of earthquake engineering based on the performance is the 

estimation of a structure performance subjected to seismic loads. The method that is presented for 

this approach is called incremental dynamic analysis (IDA). IDA is a method of analysis which 

considers inherent randomness of earthquake records. In this method a record is scaled in multiple 

analyses to represent a great range of ground motion intensities. FEMA P-695 [25] 

recommendation suggest the IDA procedure for anticipating the structural collapse margins.The 

IDA method is performed based on the hunt & fill algorithm proposed by Vamvatsikos and Cornell 

[26]. In this paper, for each far field and near field earthquakes, 15 records are selected from Pacific 

Earthquake Engineering NGA Database (PEER NGA) according to FEMA P-695 [25]. 

 

4. Fragility curves 

The HAZUS damage assessment methodology FEMAI/NIBS (earthquake loss estimate 

methodology) is one of the most recent recommendations for estimating damage to a wide range 

of different structures [HAZUS-MH 2.1] [22]. Fragility functions define the conditional probability 

of attaining or exceeding a specified damage state. Four damage states are defined in this 

recommendation: Slight, Moderate, and Extensive or complete, and Collapse as subset of complete 

structural damage. Fragility curves for the four damage states used in the FEMA/NIBS 

methodology is illustrated in Figure 3 [HAZUS-MH 2.1] [22]. In this paper, damage state 4 is 

considered to prevent structures from collapse. 

 

 
Figure 3. Fragility curves for different damage states [22]. 

 

Fragility curves can be defined as the probability that a structure exceeds a damage state. Zhan and 

Huo [27] offered an efficient way to select optimum isolation design parameters by evaluating 

effectiveness and optimum design of isolation devices for highway bridges under the fragility 

function. Tavares et al. [28] evaluated a fragility analysis of a 30 years old bridge with elastomeric 

bearings in Quebec, Canada. A series of 180 synthetic ground motion compatible with eastern 

Canada were used. They concluded that the column vulnerability governed fragility curves. Han et 

al. [29] studied a building before and after retrofitting with LRB base-isolation. They demonstrated 

that the effectiveness of base isolation in reducing seismic risk for higher damage level. Zhou et al. 

[30] investigated a tall reinforced concrete chimney in china considering fragility curves. The 

results revealed that the RC chimney had considerable ductility and was capable to withstand strong 
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earthquakes having structural damages without failure. Phan et al. [31] by using fragility function 

studied the effect of seismic concave sliding bearing on the vulnerability mitigation of liquefied 

gas tanks. Castaldo et al. [32] had similar research for friction based isolation systems using 

fragility function. They used reliability terms for analyzing the response of elastic structural 

systems equipped with friction pendulum isolator. Castaldo et al. [33] studied elastic RC structural 

systems mounted on FPS with different seismic levels and soil conditions by using fragility curves. 

As the previous background in the field of fragility assessment of TCFP isolated structures under 

near filed earthquakes reveals, there is a lack of knowledge for the comparison of fragility 

assessment TCFP isolated structures subjected to near field and far field earthquakes. It is necessary 

to elucidate this subject that has not been addressed so far. In this paper, for having a better 

comparison of fragility curves, the median acceleration of collapse state (Sa-50% collapse) is used.  

Sa-50% means the intensity measure with 50% of probability of occurrence. While structures with 

different periods are considered, collapse margin ratio (CMR) is used which is defined in FEMA 

P-695. According to FEMA-P695, CMR is defined as [25]: 

 

CMR= ŜCT/SMT   (1) 

 

Where ŜCT and SMT represent respectively the ratio of the median 5%-damped spectral acceleration 

of the collapse level ground motions and the 5%-damped spectral acceleration of the MCE ground 

motions. 

 

5. Design and modeling 

5.1. Superstructure 

In this research, structures are assumed to be in square plans. To create a reasonable range, 3 

superstructures in 3, 6, and 9 stories with 3 bays in width and length are considered. Height of each 

story and length of each bay are assumed to be 3.33m and 5m respectively. Live and dead load 

assumed 4 and 8 KN/m2 according to ASCE7-10 [34]. Superstructures have steel special moment 

frames which are designed according to AISC Specifications for Structural Steel Buildings 

(AISC60-10) using LRFD method [35]. And checked with minimum requirements of AISC 341-

10 (Seismic Provisions for Structural Steel Buildings) [36]. Box-type sections are assumed for 

columns and standard I-shape profiles are selected for beams. Designed frame sections are 

illustrated in Figure 4. 

 
Figure 4. Designed sections. 



Advance Researches in Civil Engineering  

ISSN: 2645-7229, Vol.4, No.4, pages: 1-15 

6 
 

The representative plan, which is an unconventional steel structure, is assumed in order to simulate 

rigid diaphragms of the floors so this simplification help us with lots of analyses during the IDA. 

OpenSees software (Open System for Earthquake Engineering Simulation) [37] is used for finite 

element analysis. This software is often used for nonlinear, reliability and sensitive analyses. 

Nonlinear sections of columns and beams are modeled with fiber element. In the sections of the 

wide plasticity fiber, the cross-sectional area is classified into types of meshes, and by defining 

different points of the cross-section, the stress-strain relations and materials related to each one are 

defined [38]. One of the vital advantages of fiber is considering the interaction of axial force and 

bending moment. 

 

5.2. Isolator 

Two important parameters for designing isolators to estimate the overall behavior of them are 

effective period (Teff ) and effectives damping (ζeff ). In constantinou and Fadi [11], Beker and 

Mahin [13] researches, these two parameters are used for isolator designs. These parameters can 

be expressed by the following equations: 

 

𝑇𝑒𝑓𝑓 = 2𝜋√
𝑊

𝐾𝑒𝑓𝑓 𝑔
 

 

(2) 

𝜉𝑒𝑓𝑓 =
1

2𝜋
[

𝐸𝑙𝑜𝑜𝑝

𝐾𝑒𝑓𝑓𝐷2
] 

 

(3) 

 

In these equations W is the weight of structure ,keff presents the effective linear stiffness of isolator, 

Eloop stands for the energy dissipated in each cycle of the hysteresis loop and D denotes the target 

displacement of the isolator at the end of sliding regime IV that can be computed by the formulas 

introduced in ASCE 7-10 [34]. Maximum Considered Earthquake (MCE) hazard level is proposed 

for the design of TCFP isolators. Eloop and keff can be obtained from following equations. By having 

these two parameters effective period and effective damping can be calculated. 

 

(4) 𝐾𝑒𝑓𝑓 =
𝐹𝑑𝑟4

𝑈𝑑𝑟4

 

(5) 
𝐸𝑙𝑜𝑜𝑝 = 4 (𝜇1 +

𝑑1

𝑅𝑒𝑓𝑓1
−

1

𝑅𝑒𝑓𝑓1 + 𝑅𝑒𝑓𝑓2
𝑢𝑑𝑟1) 𝑢𝑑𝑟4𝑊

− 4 (
1

𝑅𝑒𝑓𝑓1 + 𝑅𝑒𝑓𝑓4
−

1

𝑅𝑒𝑓𝑓1 + 𝑅𝑒𝑓𝑓2
) 𝑢𝑑𝑟1

2 𝑊

− 4 (
1

𝑅𝑒𝑓𝑓1 + 𝑅𝑒𝑓𝑓2
−

1

𝑅𝑒𝑓𝑓1 + 𝑅𝑒𝑓𝑓4
) 𝑢∗∗2

𝑊

− 4 (
1

𝑅𝑒𝑓𝑓2 + 𝑅𝑒𝑓𝑓3
−

1

𝑅𝑒𝑓𝑓1 + 𝑅𝑒𝑓𝑓2
) 𝑢∗2

𝑊 
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Where udr4 depends on the previous sliding regime displacements and u*, u** and udr1 are the 

isolator displacement at the end of sliding regimes I, II, and III, respectively. Reff1 to Reff4 are 

effective radii for slide plates of 1 to 4 and Fdr4 stands for the horizontal force. Figure 5. 

 

 
Figure 5.  Force-displacement curve of TCFP. 

 

 

In this paper, to cover a wide range of effective periods of isolators’ 3 different isolators with Teff 

3, 4, and 5 second are assumed. Effective damping for designed isolators is selected as 15%. 

Designed isolators with different periods and their properties are presented in Table 1. 

 
Table 1. Property of isolators. 

 

 

6. Results 

6.1. Reference example 

Firstly, IDA was applied to each types of models and the fragility curves were extracted. Secondly, 

the comparison of the median acceleration collapse of different models were considered. For 

example one of the IDA diagram is plotted in Figure 6. Ɵmax in Figure 6 stands for maximum 

inter story drift.  

 

µ Reff (m) Displacement 

 Capacity (m) 

 

4µ 1µ 3µ2 = µ Reff2 = 

Reff3 

Reff1 = 

Reff4 

d2=d3 d1=d4 eff (%)ζ Teff (sec) 

0.2 0.115 0.05 0.3 2.0 0.05 0.45 15 3 

0.11 0.06 0.02 0.3 3.5 0.05 0.45 15 4 

0.07 0.04 0.02 0.45 5.5 0.05 0.45 15 5 
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Figure 6. IDA analyses for 3-story building. 

 

After the IDA was applied, fragility curves corresponding to collapse state has been obtained. The 

probability of each damage state is equal to the number of records entered to that damage state split 

up to total number of records. In Figure 7 fragility curves for each damage states of 3story-building 

with 5 second period isolators is presented. In order to make comparison easier, in the tables, the 

amount of median acceleration of collapse (Sa-50%) has been used. Since the structures that are 

compared have different periods, collapse margin ratio (CMR) is used. Finally Sa-50% collapse 

for far field and near field is compared. 

 

 
 Figure 7. Damage states for 3-story building (Teff=5sec). 
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6.2. Effect of isolator period 

The isolation period is an important parameter in determination of fragility curves. So, in this 

section the collapse probability of base-isolated structures with different isolation period is 

considered and compared with Sa-50% and CMR. 

 

6.2.1. Median acceleration collapse 

Due to Figure 8 and the arrangement of fragility curves for three-story structures with different 

isolators subjected to far field earthquakes, it seems that the structure with lower period of isolator 

have better performance. In order to simplify the comparison, median acceleration of collapse (Sa-

50%) for different isolators is presented in Table 2. According to Table 2 and Figure 8, by 

increasing the period of isolators Sa-50% collapse decreases. For example, 0.526, 0.312, and 0.183 

belongs to Sa-50% of isolators with 3, 4, and 5 second period for 3-story building, respectively. 

This reduction can indicate the poor performance of isolators with higher periods moreover, as it 

is explained in section one, they must be compared with collapse margin ratio CMR to have a better 

comprehension of the effect. 

 

 
Figure 8. Fragility curves for 3-story building mounted on 3, 4, and 5 second period isolators subjected to far field 

earthquakes. 

 
Table 2. 3-story building subjected to far field for collapse damage state 

Sa-50%collapse 

(g) 

Period of isolator 

Teff (sec) 

0.526 3 

0.312 4 

0.183 5 
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The effects of isolation period on the super-structure responses subjected to near field earthquakes 

are similar to far field ones. According to Table 3 and Figure 9 by increasing period of isolators, 

Sa-50% collapse decreases. 

 

 
Figure 9. Fragility curves for 3-story building mounted on 3, 4, and 5 second period isolators subjected  

to near field earthquakes. 

 

 
Table 3. 3-story building subjected to near field for collapse damage state. 

Sa-50%collapse 

(g) 

Period of isolator 

Teff (sec) 

0.496 3 

0.273 4 

0.162 5 

 

 

6.2.2. CMR 

As stated at the end of section 1, different period of isolators leads to different acceleration 

transitions to the isolated system. So, for better illustration of the effect of the isolation period, 

collapse margin ratio is obtained. The results are presented in Table 4. According to Table 4 the 

results indicate that isolators with higher periods, increases the CMR in the structure. That shows 

that an isolator with higher period has better performance and leads to a safer design. For instance, 

CMR for a three-story building with 3 and 5 second isolator period is 3.04 and 4.08 in the same 

order. 

 
Table 4. Collapse margin ratio (CMR) for 3-story building subjected to far field and near field earthquakes. 

 CMR 

Teff (sec) Far filed Near field 

3 3.04 2.87 

4 3.74 3.27 

5 4.08 3.62 
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6.3. Effect of far field and near field earthquakes 

In this section, the effects of far field and near field earthquakes are presented for 3-story isolated 

building and the results are displayed in Table 5. Results illustrates that a structure subjected to 

near field earthquakes damages at a lower acceleration. For example, a three-story building 

mounted on 3 second period isolator have the median acceleration collapse of 0.496 and 0.526  for 

near field and far field earthquakes respectively, which demonstrates that better performance of 

isolator at far field earthquakes. Since in this comparison, the number of story and the effective 

periods of isolators are not variable, it is not necessary to compare them with collapse margin ratio. 

 
Table 5. Sa-50% collapse for 3-story building. 

 Sa(collapse)-50%  (g)   

Near field Far field Teff (sec) 

0.496 0.526 3 

0.273 0.312 4 

0.162 0.183 5 

 

 

6.4. Effect of number of stories 

In order to study the effect of number of stories, results of Sa-50% collapse for 3, 6, and 9 stories 

structures mounted on different periods of isolators are listed in Table 6 and 7. According to Table 

6 and Figure 10, by increasing number of stories, Sa-50% collapse decreases. With a specific 

isolator and various floors, structure with more number of floors collapse at less Sa-50% collapse. 

For example, results of median acceleration collapse for 3 second period isolator in 3, 6, 9stories 

subjected to far field earthquakes are respectively 0.526, 0.356, and 0.274. According to Table 7 

and Figure 11, the results of structures with different isolator and various number of floors 

subjected to near field earthquakes, show that Sa-50% collapse for one specific isolator decreases 

by increasing the number of floors. For example, results of median acceleration collapse for 3 

second period isolator in 3, 6, 9stories subjected to near field earthquakes are respectively 0.496, 

0.339, and 0.226. 

 

Table 6. Structures subjected to far field earthquakes for collapse damage state. 

9-story 6-story 3-strory Period of isolator 

Teff (sec) 

0.274 0.356 0.526 3 

0.254 0.296 0.312 4 

0.149 0.164 0.183 5 

 

Table 7. Structures subjected to near field earthquakes for collapse damage state. 

9story 6-story 3-strory Period of isolator 

Teff (sec) 

0.226 0.339 0.496 3 

0.154 0.25 0.273 4 

0.135 0.154 0.162 5 

 

 



Advance Researches in Civil Engineering  

ISSN: 2645-7229, Vol.4, No.4, pages: 1-15 

12 
 

 
Figure 10 Fragility curves for 3, 6 and 9 story building mounted on 3second period isolator subjected  

to far field earthquakes. 

 

 
Figure 11. Fragility curves for 3, 6 and 9 story building mounted on 3second period isolator subjected  

to near field earthquakes. 
 

 

 

7. Conclusions 

Over the past two decades with advances in technology and construction methods, new facilities 

have been introduced to reduce impacts of earthquakes on structures. Base-isolations as an efficient 

method, along with usual solutions, has always been remarkable for engineers and designers. One 

of the most important type of isolators, is friction isolator. Among the types of frictional isolators, 

triple concave friction pendulum (TCFP) is the newest one.  Although researches has been done on 

TCFP structural performance, but many points in dynamic and seismic behavior have not been 

fully determined. In this paper, the seismic performance of TCFP base-isolated structure is 

considered to obtain generally behavior of TCFP isolators. For this purpose, 3, 6, and 9 stories 

structures mounted on TCFP isolators with different isolation periods (3, 4, and 5 seconds) are 

assumed. Fragility curves for each model in collapse state are calculated based on IDA analyses. 

And they are subjected to 15 near field and 15 far field earthquakes and the results are compared. 

By increasing the period of isolators Sa-50% collapse decreases. For example 0.526, o.312, and 

0.183 belongs to Sa-50% of isolators with 3 second, 4, and 5 second period for three-story 
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structures. Concept of collapse margin ratio indicates the structural safety in collapse state. By 

comparing CMRs for different structures, it is concluded that structures with higher isolator periods 

have a better performance and has more safety. For example for three-story structure CMR of a 3 

second period isolator is 3.04 and for 5 second isolator is 4.08. Comparing a specific structure 

subjected to far field and near field earthquakes demonstrates that structure subjected to near field 

earthquakes damages at a lower acceleration. For instance, three-story structure mounted on 3 

second period isolator owns the median acceleration collapse of 0.496 for near field and 0.526 for 

far field earthquakes which demonstrates a better performance of isolator at far field earthquakes. 

Comparing Sa-50% collapse for specific isolator and various number of stories indicates that Sa-

50% collapse for one specific isolator decreases by increasing the number of stories. 
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