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A B S T R A C T  
 

 

Ensuring seismic resilience in earthquake-prone regions is imperative for structural safety. Fiber-
Reinforced Concrete (FRC) columns hold promise for enhancing structural performance under seismic 

conditions. This study seeks to comprehensively evaluate their seismic behavior. The primary objective 

of this research is to assess and compare the seismic performance of various FRC column types, 
including polypropylene fibers (PFRC), steel fibers (SFRC), and hybrid combinations (HyFRC), in 

contrast to conventional reinforced concrete (RC) columns. To achieve this, the study employs eXtended 

Finite Element Method combined with Concrete Damage Plasticity (XFEM-CDP) in Abaqus to 
scrutinize static and dynamic responses. The nonlinear static pushover analysis unveiled a notable 

improvement in seismic resistance across all FRC types when compared to RC columns. Incremental 

dynamic analyses (IDA) are conducted using the selected suite of 10 near fault as-recorded ground 
motions to evaluate the inelastic seismic responses of different FRC bridge columns. XFEM-CDP 

simulations in Abaqus captured multiple aspects of FRC columns, such as concrete cracking, loss of 

stiffness and plastic behavior. Seismic fragility analysis of these FRC columns is conducted considering 
four damage states: a) longitudinal steel yielding, b) core concrete crushing, c) steel bar buckling, and d) 

longitudinal steel bar fracture. The results indicated that HyFRC columns exhibit the lowest damage 

vulnerability compared to PFRC and SFRC variants. 

doi: 10.5829/ije.2024.37.02b.05 
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1. INTRODUCTION 

 
Reinforced Concrete (RC) bridges are extensively built 

across the globe, with a significant portion of them 

situated in regions prone to seismic activity. In 

compliance with contemporary seismic regulations, these 

structures are mandated to maintain adequate capacity to 

endure a catastrophic earthquake. Nonetheless, recent 

substantial seismic events, such as the 2011 Japan 

earthquake (Mw 9.0) and the 2023 Turkey earthquake 

(Mw 7.8), resulted in extensive damage. This damage can 

be attributed, in part, to the inherent limitations of plain 

concrete, which includes a lack of flexural strength, 

brittleness, low toughness, and limited energy absorption 

capabilities. 

Traditionally, increasing transverse stirrups in bridge 

columns enhances concrete properties. However, this can 

lead to construction problems. An alternative solution 

gaining traction is fiber-reinforced concrete (FRC). FRC 

integrates various fiber types like steel and 

polypropylene, improving tensile strength, toughness, 

and flexural strength. It also enhances ductility and 

energy absorption during seismic events. 

Various studies investigate FRC in bridge columns, 

including steel fiber (SFRC), polypropylene fiber 

(PFRC), and hybrid fiber (HyFRC) types. SFRC 

enhances ductility and loading capacity, with an optimal 

volume fraction of 1.5% for shear strength (1). PFRC 

boosts ductility and energy absorption. HyFRC shows 

superior dynamic capacity, especially at higher axial 

compression ratios. 

Existing research on FRC columns lacks a holistic 

evaluation under diverse seismic scenarios and materials. 

Additionally, the comparative advantages of different 

fiber types for seismic resilience have not been fully 

explored. Seismic analyses have conventionally relied on 

linear and simplified static or dynamic methods, which 

may not fully represent the intricate interactions between 

seismic forces and structural behavior in reality. 

Probabilistic approaches, such as the development of 

fragility curves, have emerged as a promising alternative 

for seismic assessments (2-5). 

Over the past two decades, the field of structural 

seismic assessment has rapidly advanced with the 

probabilistic approach. Fragility curves, which estimate 

the interdependence between structural demands and 

capacity, have become standard in seismic assessments 

(3). Various methodologies have been proposed for 

generating structural seismic fragility curves, 

encompassing empirical and analytical approaches (3-8). 

Analytical methods, including elastic-spectral (3-5), non-

linear static (7-10), and non-linear dynamic analyses (11-

15), have emerged as diverse and numerous fragility 

generation methodologies. 

The performance-based earthquake engineering 

(PBEE) procedure necessitates evaluating the interplay 

between structural capacity and seismic demands. To 

address this, the Incremental Dynamic Analysis (IDA) 

was introduced by Luco and Cornell (16), further 

developed by Vamvatsikos and Cornell (17), enabling the 

prediction of a structure's response ranging from elastic 

behavior to inelastic behavior and ultimately collapse. 

Non-linear methods, such as Nonlinear Static 

Pushover Analysis (NSPA) and IDA, are widely 

employed due to their relative accuracy in structural 

design and seismic analysis. Pushover analysis, a non-

linear static method, offers a quick evaluation of a 

structure's seismic performance (18, 19). In contrast, 

IDA, incorporating dynamic effects into nonlinearity, 

provides more accurate results than non-linear static 

analysis. Although non-linear dynamic methods require 

more computational time and effort, advancements in 

computing power have increased their popularity in 

recent years. 

Traditional methods of seismic analysis have often 

proven inadequate in capturing the complex nonlinear 

behavior of structures subjected to strong earthquakes. To 

address this limitation and improve the accuracy of 

seismic assessments, researchers have been pioneering 

an innovative approach by combining Computational 

Damage Plasticity (CDP) and the eXtended Finite 

Element Method (XFEM) within the Abaqus software 

framework. This synergistic integration allows for a 

comprehensive evaluation of structural response under 

seismic loading conditions, incorporating both NSPA and 

IDA. 

This paper aims to assess of the seismic performance 

of FRC columns. 3D nonlinear finite element models 

have been constructed within the Abaqus software to 

simulate the seismic behavior of these FRC columns.  

These models are first calibrated using available 

experimental data from the literature. The seismic 
 

 

 

TABLE 1. Summary of the material properties 

Material Diameter (mm) Length (mm) Density (g/cm3) Tensile /compressive strength (MPa) Elastic modulus (GPa) 

Concrete - - 2.5 40 30 

Longitudinal steel 20 - 7.85 400 200 

Hoop steel 12 - 7.85 335 200 

Steel fibers 0.55 35 7.85 1143 200 

Polypropylene fibers 0.048 19 1.2 400 43 
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resilience of columns employing various FRC materials 

is evaluated by considering four flexural damage states: 

longitudinal reinforcement yielding, concrete crushing, 

buckling of reinforcement, and longitudinal 

reinforcement fracture. These damage states are derived 

through NSPA. 

Furthermore, IDA is conducted to examine the 

seismic demands placed on FRC columns subjected to 

intense ground motions. In the IDA approach, a selection 

of ten near-fault ground motions is employed as seismic 

inputs for the finite element models. These ground 

motions are scaled to different intensity levels. The 

outcomes of IDA are presented in the form of IDA 

curves, illustrating the relationship between the 

engineering demand parameter (EDP) of the structures 

and the intensity measure (IM) of the ground motions. 

For this study, peak ground acceleration (PGA) is 

adopted as the IM. Various EDPs of the bridge columns, 

such as maximum drift, longitudinal steel strain, and 

concrete strain demands, were identified and documented 

throughout the IDA analysis. finally, the seismic fragility 

curves were constructed and compared to explore the 

impact of different FRC materials on the seismic 

performance of the columns. 

 
 
2. MODELING OF DIFFERENT FRC COLUMNS 
 
2. 1. Details of Columns          Figure 1 provides the 

dimensions of the studied column, which consists of 20 

longitudinal reinforcement bars with a diameter of 20 

mm, resulting in a steel-to-concrete ratio of 2%. The 

column has a height of 6 meters and a square cross-

section measuring 0.6 m by 0.6 m. The pile cap 

dimensions are 1.8 m by 1.8 m by 0.8 m, while the 

foundation measures 1.8 m by 1.8 m by 0.8 m. The square 

transverse stirrups have a diameter of 12 mm and are 

spaced at intervals of 150 mm. 

This study focuses on four different types of columns: 

RC (conventional reinforced concrete), SFRC (steel 

fiber-reinforced concrete), PFRC (polypropylene fiber-

reinforced concrete), and HyFRC (a hybrid combination 

of steel and polypropylene fibers). The material 

characteristics for each type are presented in Table 1. The 

parameters for the steel fibers were adopted from 

literature (20), while those for the polypropylene fibers 

were derived from literature (21). The steel fibers have a 

tensile strength of 1143 MPa, an elastic modulus of 200 

GPa, and a density of 7.8 g/cm³. 

To ensure the workability of the concrete mixture is 

not compromised, the recommended optimal volume 

fraction of steel fibers in the SFRC columns is 1.5% (117 

kg/m³). The PFRC columns contain a volume fraction of 

0.15% (1.37 kg/m³) of polypropylene fibers. Previous 

research by Huang et al. (21), Yin et al. (22) suggested 

that the optimal fiber combination for enhancing concrete 

strength in the HyFRC is 1.5% steel fibers and 0.15% 

polypropylene fibers. Table 2 provides the main 

parameters for the various FRC columns. 

 
2. 2. Finite Element Modeling           Finite element 

models of columns made of standard RC and FRC 

materials are created using the commercial software 

Abaqus. Truss elements are used to simulate the rebars, 

and solid three-dimensional eight-node linear brick with 

full integration (C3D8) simulates the concrete elements. 

The dynamic implicit algorithm Newton method with 

transient fidelity is used to implement the time-history 

analysis. The concrete damaged plasticity model (CDP) 

(23, 24) has been used to describe the stiffness 

degradation of concrete during cyclic loading, which can 

be defined using two factors, dt and dc (Figure 2). The 

compressive and tensile damage factors, dc and dt are 

estimated based on the corresponding inelastic strains 

using Equations 17-22 (25). 

 

 

 
Figure 1. Column dimensions and reinforcement details 

 

 
TABLE 2. Main parameters for different bridge columns 

Material 
Compressive 

strength (MPa) 

Steel fiber 

content 

Polypropylene 

fiber content 

RC 40 - - 

SFRC 45 1.50% - 

PFRC 43 - 0.15% 

HyFRC 48 1.50% 0.15% 
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(a) 

 
(b) 

Figure 2. Stress-strain relationships of CDP in ABAQUS, 

(a) compressive curve, (b) tensile curve 

 

 

The ABAQUS software simulates crack propagation 

using the eXtended Finite Element Method (XFEM), 

while material nonlinearities are accounted for using 

CDP criteria. XFEM is used in the simulation to solve the 

discontinuity problems. 

In practice, discontinuities can manifest as flaws or 

cracks. There are various kinds of discontinuity: 

• A strong discontinuity represents the cracks. 

• A weak discontinuity represents the interface 

between two different materials. 

It is challenging to analyze the discontinuity in a 

concrete model using the traditional finite element 

method. Without the need for remeshing, XFEM can 

simulate the initiation and propagation of a discrete crack 

along any solution path. The combination of XFEM and 

CDP in this paper is presented in Figure 3. 

 
2. 3. Material Property 
2. 3. 1. Compressive Behavior          The compressive 

behavior model in this study is based on Abadel et al.’s 

(26) work: 

𝜎𝑐 = (
𝛽(

𝜀𝑐
𝜀0

)

𝛽−1+(
𝜀𝑐
𝜀0

)
𝛽) 𝑓𝑐𝑢  (1) 

 

 
Figure 3. Flowchart of combined XFEM/CDP method 

 

 

where 𝑓cudenotes the ultimate compressive stress, 𝜀𝑐 and 

𝜀0 represents the compressive strain and the strain at peak 

stress of plain concrete (= 0,002), respectivly. 

The parameters can be calculated using the following 

equations: 

𝛽 = 1 + 5𝑒−1,376𝑅𝐼𝑣  (2) 

𝛽0 = 0,108𝑓𝑐 − 0,966  (3) 

𝑓𝑐𝑓𝑟𝑐 = 𝑓𝑐0 + 5,222𝑅𝐼𝑣  (4) 

𝜀𝑓𝑟𝑐 = 𝜀𝑐0 + 0,0004𝑅𝐼𝑣  (5) 

𝑅𝐼𝑣 = ∑ 𝑅𝐼𝑣𝑖   (6) 

𝑅𝐼𝑣𝑖 = 𝑉𝑖
𝑙𝑖

𝑑𝑖

𝐸𝑖

𝐸𝑠
  (7) 

For the plain concrete, the value of parameter β0can 

be calculated with the help of Equation 3. RIv, Vi,li, and 

di denote thereinforcing index, fibers’ volume fraction, 

length, and diameter (or their corresponding diameter in 

non-circular sections), Ei and Es are the fiber’s and steel 

material’s modulus of elasticity, respectively. 
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2. 3. 2. Tensile Behavior         The tensile stress-crack 

opening displacement relationship adopted for plain 

concrete in this paper has been proposed by Hordijk (27). 

whereas for HFRC, the constitutive relationship was 

developed by Almusallam et al. (28) which is based on 

the reinforcing index, RIv: 

σt

ft
= (1 + (c1

wt

wcr
)

3

) e
(−c1

wt
wcr

)
−

wt

wcr
(1 + c1

3)e(−c1)  (8) 

𝑓𝑡 = 1,4 (
𝑓cu−8

10
)

2/3

  (9) 

𝐺𝐹 = (0,0469𝑑𝑎
2 − 0,5𝑑𝑎 + 26) (

𝑓cu

10
)

0,7

  (10) 

𝑤𝑐𝑟 = 5,14
𝐺𝐹

𝑓𝑡
  (11) 

In these equations, the ft is the tensile strengths of 

plain concrete, wt, wcr denotes the crack opening 

displacement and crack displacement at the complete loss 

of tensile stress, respectivly. da and leq represent the 

maximum aggregate size of the concrete (20 mm) and the 

mesh element length, respectivly. 

Concerning the tensile behavior of FRC, 𝜎𝑡(𝑤), 

Rousakis et al. (29) proposed an analytical model to 

describe the tensile softening behavior based on the 

reinforcing index, RIv. This model was obtained through 

inverse analysis and provides a good agreement with 

experimental results. 

𝜎𝑡(wt) = 𝑎1𝑓𝑡𝑓𝑟𝑐𝑒(−𝑎2wt)  (12) 

𝑎1 = 0,75  (13) 

𝑎2 = 10𝑒−4,3𝑅𝐼𝑣  (14) 

𝑓𝑡𝑓𝑟𝑐 = (𝑓𝑡 − 1) + 𝑒1,23𝑅𝐼𝑣   (15) 

where 𝑓𝑡𝑓𝑟𝑐 denotes the tensile strength of FRC. 

It was assumed that each element has a single crack. 

thus, the relationship between strain and the crack 

opening displacement is defined by Equation 14. 

𝜀𝑡 = 𝜀𝑡𝑚 + 𝑤𝑡/𝑙𝑒𝑞  (16) 

εtm is the tensile strain correspending to the tensile 

strengths. 

 

2. 3. 3. Concrete Damage Plasticity Model        The 

compressive and tensile damage factors, dc and dt are 

given by Equations 15-20. 

𝑑𝑡 =
1

𝑒
−

1
𝑚𝑡−1

(𝑒
−

𝜀𝑡,𝑛𝑜𝑚
𝑐𝑘

𝑚𝑡 − 1)  (17) 

𝑑𝑐 =
1

𝑒
−

1
𝑚𝑐−1

(𝑒
−

𝜀𝑐,𝑛𝑜𝑚
𝑖𝑛

𝑚𝑐 − 1)  (18) 

𝜀𝑡,𝑛𝑜𝑚
𝑐𝑘 =

𝜀𝑡
𝑐𝑘

𝜀𝑡𝑢
𝑐𝑘  (19) 

𝜀𝑐,𝑛𝑜𝑚
𝑖𝑛 =

𝜀𝑐
𝑖𝑛

𝜀𝑐𝑢
𝑖𝑛   (20) 

mc,mt, are the parameters that control damage evolution 

speed. 𝜀𝑡,𝑛𝑜𝑚
𝑐𝑘 , 𝜀𝑐,𝑛𝑜𝑚

𝑖𝑛 denote the normalized compressive 

and tensile inelastic strains.𝜀𝑡𝑢
𝑐𝑘,𝜀𝑐𝑢

𝑖𝑛 , are the 

corresponding ultimate strains. 

Typically, for plain concrete, Chi et al. (25) suggested 

the use of 𝑚𝑡 = 0,05, 𝑚𝑐 = 0,1, 𝜀𝑐𝑢
𝑖𝑛 = 0,033, 𝜀𝑡𝑢

𝑐𝑘 =
0,0033.  

For FRC, parameters 𝑚𝑐
ℎ𝑓

and 𝑚𝑡
ℎ𝑓

are modified 

according to the composite material theory as follows:  

𝑚𝑐
ℎ𝑓

= 𝑚𝑐(1 + 𝑎𝑚1𝜆𝑠𝑓 + 𝑏𝑚1𝜆𝑝𝑓)  (21) 

𝑚𝑡
ℎ𝑓

= 𝑚𝑡(1 + 𝑎𝑚2𝜆𝑠𝑓 + 𝑏𝑚2𝜆𝑝𝑓)  (22) 

where λsf and λpf are the characteristic parameters of 

steel and polypropylene fibers, respectively. 

The values am1 = 0.452, bm1 = 0.054, am2 = 0.628, 

and bm2 = 0.156 were recommended by Chi et al. (25). 

The key parameters, 𝐾𝑐
ℎ𝑓

, 𝜎𝑏0
ℎ𝑓

/𝜎𝑐0
ℎ𝑓

 and the 

dilation angle 𝜓ℎ𝑓 are defined based on the 

following equations:  

𝐾𝑐
ℎ𝑓

= 𝐾𝑐 .
𝑘𝑡

𝑘𝑐
  (23) 

𝑘𝑡 = 1 + 0,080𝜆𝑠𝑓 + 0,132𝜆𝑝𝑓  (24) 

𝑘𝑐 = 1 + 0,056𝜆𝑠𝑓  (25) 

𝜆𝑠𝑓 = 𝑉𝑠𝑓
𝑙𝑠𝑓

𝑑𝑠𝑓
  (26) 

𝜆𝑝𝑓 = 𝑉𝑝𝑓
𝑙𝑝𝑓

𝑑𝑝𝑓
  (27) 

𝜎𝑏0
ℎ𝑓

𝜎𝑐0
ℎ𝑓 =

𝑘𝑡
2

0,132𝑘𝑐
[(0,728 −

0,749

𝑘𝑡
) +

√(0,728 −
0,749

𝑘𝑡
)

2
+

0,03

𝑘𝑡
2 ]  

(28) 

𝜓ℎ𝑓 = 𝜓0(1 − 𝑎𝜓𝜆𝑠𝑓 − 𝑏𝜓𝜆𝑝𝑓)  (29) 

𝜓ℎ𝑓 = 𝜓0(1 − 𝑎𝜓𝜆𝑠𝑓 − 𝑏𝜓𝜆𝑝𝑓)  (30) 

𝜓0 = 36 + (𝜎𝑐0/𝜎𝑐𝑚0)  (31) 

In this equation, σc0 is a parameter that ensures the 

equivalence of units, and σcm0 is recommended to be 10 

MPa according to (29). The coefficients 𝑎𝜓and 𝑏𝜓, 

which are obtained from (25), have values of 0.861 and 

0.097, respectively. These coefficients are used to 

calculate the dilation angle for plain concrete in the 

proposed model. 

 

2. 3. 4. Concrete Crack Evolution Law           In 

standard FEM, cracks must follow element edges or a 
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predefined path, such as the cohesive zone model. In 

contrast, the XFEM does not need the crack path to be 

predefined, making it independent of the model mesh. In 

the XFEM, Crack initiation criteria must be specified. 

This study uses the ultimate tensile strength ft as the 

crack initiation criteria. On the other hand, crack 

evolution is determined based on the displacement 

parameter and Equations 8 and 12, as shown in Figure 4. 

The XFEM can be implemented in Abaqus Implicit to 

simulate the concrete cracking process using the 

parameters listed in Table 3. 

 

2. 3. 5. Steel Material Model        The reinforcing steel 

bars in the concrete columns were modeled as truss 

elements (T3D2) with linear elastic behavior, followed 

by linear hardening until reaching the ultimate stress in 

tension (σu). The strain-softening and the fracture of the 

bars are simulated in Abaqus using the damage fracture 

option, where (wf) is the estimated displacement at 

failure based on calibration with test results (Figure 5). 

For simplification purposes, the bond between concrete 

and steel is assumed to be perfect. The debonding of steel 

is simulated as steel degradation. Table 4 shows the 

mechanical properties used in the reinforcing steel 

material model. 

 
2. 3. 6. Model Validation with Experimental 
Results from the Literature         Quasi-static cyclic 

pushover analyses were performed using the Abaqus 

software to simulate the behavior of the columns. Finite 

element models of columns incorporating different RC 

 

 

 
Figure 4. Tensile strength and Crack evolution relationship 

for FRC 

 

 
TABLE 3. XFEM parameters 

 RC FRC 

Crack initiation ft a1*ftFRC 

Crack evolution law Exponential Exponential 

evolution law parameter c1/wcr a2 

Displacement at failure wcr 2/a2 

and FRC materials were calibrated and validated using 

experimental data from previous studies (20, 21, 30). The 

main parameters for the various FRC columns are 

summarized in Table 5. 

Constitutive models for the steel bars and concrete 

matrix components were separately established for 

numerical modeling. Truss elements (T3D2) were used 

to model the stirrups, while a solid three-dimensional 

eight-node linear brick with full integration (C3D8) was 

assigned to represent the concrete matrix. It is worth 

noting that full integration elements (C3D8) were utilized 

as they converge faster with the eXtended Finite Element 

Method (XFEM) compared to reduced integration 

elements (C3D8R). 

Figure 6 illustrates the hysteretic curves and 

corresponding skeleton curves of the ten different types 

of RC, SFRC, PFRC, and HyFRC columns. The solid 

black line represents the experimental results, while the 

dashed red line represents the numerical simulation 

results. The figure demonstrates the cyclic deterioration 

of these columns' performance, including the gradual 

decrease in unloading stiffness, the degraded strength 

resulting from cyclic loading, and the pinching effect 

caused by concrete cracking. 

 

 

 
Figure 5. Reinforcing steel model for steel bars 

 

 
TABLE 4. Steel parameters for different models 

Model 
d 

(mm) 
fy 

(MPa) 
fu 

(MPa) 
Es 

(MPa) 
εh εu 

(a). 

Zhang2013 
10 335 500 2.0*105 0.001675 0.06 

(b). 

Zhang2017 
14 335 500 2.0*105 0.001675 0.06 

(c). 

Huang2015 
14 553.9 670.3 2.0*105 0.001675 0.06 

(d). 

Liang2016 
16 440 609 1.95*105 0.001675 0.08 

 

w(mm)

m) 

 

σt (MPa) 
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TABLE 5. Values for CPDM for (a, b, c, d) normal RC, (e, f, g) SFRC, (h) PFRC and (i) HYFRC 

Model Vsf (%) Vpf (%) 𝛙 (°) 𝛔𝐛𝟎
𝐡𝐟 /𝛔𝐜𝟎

𝐡𝐟 K Mesh size (mm) 

(a). RC-Zhang2017 0.0 0.0 38.70 1.162 0.666 50 

(b). RC-Liang2016 0.0 0.0 38.70 1.162 0.666 60 

(c). SFRC-Zhang2017 1.0 0.0 16.775 1.46 0.676 50 

(d). PF-1-1-Huang2015 0.0 0.15 34.968 1.162 0.718 40 

(e)-(f). HF-1-1-Huang2015 1.5 0.15 4.085 1.641 0.731 40 

 

 

 

  

  

  
Figure 6. Comparison of the numerical hysteresis curve of different columns with the experimental hysteresis response: a, b) RC 

(12, 21), c) SFRC (12), d) PFRC (13) and e, f) HyFRC (13) 
 

(a) (b) 

(d) (c) 

(e) (f) 
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The comparison results are shown in Figure 6 indicate 

that the dynamic hysteretic model can provide reasonable 

estimates of the strength capacity of the various FRC 

columns. Furthermore, the proposed degradation 

parameters accurately depict the deterioration of strength 

and stiffness, as well as the pinching effect observed in 

the experimental data. 

The analytical model introduced by Zhang and Dias-

da-Costa (20), exhibited the most significant difference 

between the predicted load and the actual test results. 

This discrepancy can be primarily attributed to the 

utilization of a relatively large mesh size, as indicated in 

Table 5 (50 mm). Notably, larger mesh elements 

necessitate higher fracture energies, leading to more 

substantial inaccuracies in lateral load predictions. This 

highlights the significance of conducting a sensitivity 

analysis concerning mesh size, particularly since more 

pronounced errors tend to manifest at smaller 

displacements. 

 

2. 4. Nonlinear Static Pushover 
Analysis 
The finite element model included the weight load of the 

materials, with concrete density of 2500 kg/m3 and steel 

density of 7850 kg/m3. The superstructure load of 171 kN 

and lateral load were applied at the top of the pile cap. 

Consequently, the columns had an axial load ratio 

determined as 0.02 times the product of concrete strength 

(fc) and column section area (Ac). The results of the 

nonlinear static pushover analysis (NSPA) established 

the relationship between the shear base and lateral 

displacement, commonly known as pushover curves. The 

deformed shape and the tensile damage of different RC 

and FRC columns are presented in Figure 7. 

Figure 8 illustrates the pushover curves of the 

different reinforced concrete (RC) and fiber-reinforced 

concrete (FRC) columns. As depicted, all FRC columns 

exhibited significantly increased capacity compared to 

the standard RC column. Among the FRC columns, the 

HyFRC column demonstrated the most substantial 

enhancement in seismic capacity, followed by the SFRC 

and PFRC columns. Moreover, the variations in pushover 

curves between the SFRC, PFRC, and HyFRC columns 

were minimal at small lateral displacements, primarily 

due to the similar elastic modulus of these FRC materials . 

The differences between the SFRC and PFRC 

columns became less significant at larger lateral 

displacements, as the improvement in compressive 

strength offered by both types of fibers was comparable. 

Overall, all FRC materials exhibited a significant 

improvement in seismic capacity. 

The structural damage classification according to 

HAZUS includes "Slight, Moderate, Extensive, and 

Collapse." This paper considers four flexural damage 

states: a) longitudinal steel yielding, b) core concrete 

crushing, c) steel bar buckling, and d) longitudinal steel 

bar fracture. The limit values for these damage states can 

be determined based on the strain limits of concrete and 

steel bars. 

It is assumed that longitudinal steel bars yield when 

the steel strain reaches the ratio of yield stress to elastic 

modulus of the steel bars. According to Paulay and 

Priestley (31), core concrete crushing occurs when the 

concrete strain reaches 0.003, and sometimes higher 

values such as 0.006 to 0.008 are observed. The ultimate 

compression strain of 0.004 is recommended. ACI and 

AASHTO propose a design maximum strain of concrete 

crushing at 0.003. In this paper, a concrete crushing strain 

of 0.003 is adopted as the reference value. Furthermore, 

the buckling and fracture of steel bars can be predicted 

using the model projected by Berry and Eberhard (32) 
based on the tensile strain of longitudinal reinforcements. 

Table 6 presents the lateral displacements and base 

shear obtained from the pushover curves at the four 

flexural damage states. 

𝜀𝑏𝑏
𝑐𝑎𝑙𝑐 = 0.045 + 0.25𝜌𝑒𝑓𝑓  (32) 

 
 

 
(a) RC 

 
(b) PFRC 

 
(c) SFRC 

 
(d) HyFRC 

Figure 7. Tensile damage results for different column types: 

a) RC, b) PFRC, c) SFRC and d) HyFRC 
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Figure 8. Pushover curves for different FRC columns 

𝜀𝑏𝑓
𝑐𝑎𝑙𝑐 = 0.045 + 0.3𝜌𝑒𝑓𝑓  (33) 

𝜌𝑒𝑓𝑓 = 𝜌𝑠𝑓𝑦𝑠 𝑓′
𝑐

⁄   (34) 

where 𝜌𝑒𝑓𝑓  is the effective confinement ratio, 𝜌𝑠is the 

spiral-reinforcement ratio, and 𝑓𝑦𝑠is the yield stress of the 

spiral reinforcement. 

Table 6 reveals that incorporating fibers into concrete 

enhances the shear base of columns. The slight damage 

state (longitudinal steel yielding) initiates at the same 

level of displacement in all columns for the steel yielding 

limit state. Normal RC columns have a base shear at steel 

yielding that is 79.25 kN, 31.8%, 62.7%, and 75.1% 

lower than SFRC, PFRC, and HyFRC columns, 

respectively. The base shear is enhanced in all columns 

for the FRC columns at extensive and collapse damage 

states, such as longitudinal bar buckling and fracture. 
 

 

TABLE 6. Relative difference of base shear and displacement at different damage states 

Material 

Steel yielding Concrete crushing Steel buckling Steel fracture 

Displacement 

(mm) 

Base shear 

(kN) 

Displacement 

(mm) 

Base shear 

(kN) 

Displacement 

(mm) 

Base shear 

(kN) 

Displacement 

(mm) 

Base shear 

(kN) 

RC 51.31 79.25 144.46 122.5 275.95 159.2 290.67 149.5 

PFRC 49.97 104.5 34.96 82.15 188.58 160.9 194.21 164 

SFRC 60.87 129 25 74.23 155.44 186.2 157.4 190.4 

HyFRC 49.74 138.8 49.95 142.1 181.22 234.6 191.84 236.8 

 

 

3. INCREMENTAL DYNAMIC ANALYSIS 
 

While NSPA can predict potential weak points in the 

structure under a lateral load, but it cannot be used to 

determine the dynamic effect of a given seismic 

excitation. On the other hand, the NTHA can predict the 

seismic demands with better accuracy. The IDA method 

is based on the NTHA for estimating significant inelastic 

responses of structures.  

Damage measures such as drift ratio and 

displacement of the column’s top are directly connected 

with the failure mechanism, which enables them to be 

considered as Engineering Demand Parameter (EDP) 

when generating IDA curves. On the other hand, the Peak 

Ground Acceleration (PGA) is selected as intensity 

measure (IM). 

The IDA method is used in this paper to investigate 

the damage of columns and determine damage state 

limits under each ground motion. The steps required by 

the analysis (17): 

1) Choose a set of records of seismic events that are 

representative of the hazard level;  

2) Select a specific records and scale it using a scaling 

factor;  

3) Perform a NTHA of the structure using this scaled 

record and identify the EDP and the IM of the 

ground motions; 

4) Choose a set of records of seismic events that are 

representative of the hazard level;  

5) Select a specific records and scale it using a scaling 

factor;  

6) Perform a NTHA of the structure using this scaled 

record and identify the EDP and the IM of the 

ground motions; 

7) Gradually increase IM using the scaling factor of 

this record until cover so that the simulations can 

cover the entire response range from the elastic 

behavior to total collapse; 

8) Repeat Steps 2-4 for the same record; 

9) Plot these points in order to generate the IDA curve 

 

3. 1. Ground Motions            A set of 10 Earthquakes 

with magnitude ranging from 6.0 to 8.0 are selected from 

the PEER database and used to evaluate the seismic 

performance of columns, as summarized in Table 7. 

These ground motions have wave velocities Vs in the 

upper 30 m ranging from 200 m/s to 600 m/s. The 

records' closest site-to-fault distances range from 0.1 to 

10 km. Figure 9 depicts the spectral accelerations of the 

ground motions, which demonstrated they can accurately 

represent medium to strong earthquakes. 

 

3. 2. Maximum Drift Demand           A single 

Incremental Dynamic Analysis (IDA) curve is generated  
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TABLE 7. Selected ground motions used in IDA 

N Earthquake Name Year Station Name Magnitude Rrup (km) 
Vs30 

(m/sec) 

1 Helena_ Montana-01 1935 Carroll College 6.00 2.86 593.35 

2 Parkfield 1966 Cholame - Shandon Array #5 6.19 9.58 289.56 

3 Hollister-03 1974 San Juan Bautista_ 24 Polk St 5.14 9.11 335.5 

4 Coyote Lake 1979 Coyote Lake Dam - Southwest Abutment 5.74 6.13 561.43 

5 Imperial Valley-06 1979 Brawley Airport 6.53 10.42 208.71 

6 Imperial Valley-07 1979 El Centro Array #5 5.01 11.23 205.63 

7 Mammoth Lakes-02 1980 Convict Creek 5.69 9.46 382.12 

8 Morgan Hill 1984 Anderson Dam (Downstream) 6.19 3.26 488.77 

9 San Salvador 1986 Geotech Investig Center 5.80 6.30 489.34 

10 Kobe_ Japan 1995 Kobe University 6.90 0.92 1043 

 

 

 
(a) 

 
(b) 

Figure 9. Selected as-recorded ground motions: a) spectral 

acceleration and b) percentiles of spectral 

 

 

by measuring the maximum drift ratio of the column 

under incremental ground motion intensity levels. 

Figures 10-13 illustrates the IDA curves for SFRC, 

PFRC, and HyFRC columns, indicating both linear and 

nonlinear components that capture the elastic and 

inelastic behavior of structures subjected to varying Peak 

Ground Acceleration (PGA) intensities. The IDA curves 

effectively describe the softening behavior of the 

columns in the inelastic range until collapse occurs. 

Due to the uncertainty of ground motions, the IDA 

curves exhibit diverse and scattered data, necessitating 

the use of statistical tools for evaluation. To provide more 

objective and reliable data, the IDA curves are analyzed 

using the 20th, 50th, and 80th fractile values. Figure 11 
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Figure 10. IDA curves for maximum drift (%) of different 

FRC columns: a) PFRC; b) SFRC and c) HyFRC 

 

 

presents the median and percentiles of the maximum drift 

IDA curves for columns made of standard Reinforced 

Concrete (RC) and various Fiber-Reinforced Concrete 

(FRC) materials. It should be noted that for larger PGA 

values, the remaining number of IDA curves becomes 

small, making statistical calculation unrealistic. 

Therefore, the PGA range used for the fractile IDA 

curves is smaller than that of the original IDA curves. 

From the results, it can be concluded that PFRC, 

SFRC, and HyFRC are all effective in improving seismic 

capacity and reducing seismic demands on columns. The 

improvement in seismic performance among the 

different FRC materials is negligible, with only a 5% 

difference observed. Previous studies (33, 34) have 

proposed acceptable drift values for serviceability and 

collapse damage states, with 1.9% indicating 

serviceability loss and 5.0% indicating global column 

collapse. Based on the obtained results, the maximum 

drift of all FRC columns remains within the collapse 

range, indicating an overall improvement in the seismic 

capacity of the columns. 
 
3. 3. Seismic Fragility            The seismic fragility 

analysis of the structures resulted in the development of 

fragility curves (FC), which represent the probability of 

surpassing a specific damage state at a given Intensity 

Measure (IM). These fragility curves were created using 

numerical simulations and employed two common 

methods: the Incremental Dynamic Analysis (IDA) and 

the cloud approach. The IDA involves incrementally 

scaling a selected set of earthquake records, while the 

cloud analysis involves unscaled records. By applying 

these methods, fragility functions were derived as: 

 

 

 
Figure 11. Median and percentiles of IDA curves for 

maximum drift (%) of different FRC columns: a) PFRC; b) 

SFRC and c) HyFRC 

 

 

lognormal cumulative distribution functions (CDF) 

using Equation 34: 

𝑃𝑓(𝐷 ≥ 𝐶|𝑃𝐺𝐴 = 𝑥) = 𝛷(
𝑙𝑛 (𝑥 𝑐⁄ )

𝛽
)  (34) 

In Equation 34, Pf represents the damage probability, 

PGA is the conditional value of the IM, and D and C 

denote the column demand and capacity, respectively. 

The function Φ(.) corresponds to the normal standard  

0.0

1.0

2.0

3.0

4.0

0.0% 1.0% 2.0% 3.0% 4.0% 5.0%

P
G

A
 (

g
)

Maximum drift ratio (%)

E1 Helena_ Montana-01 E30-Parkfield

E100 Hollister-03 E145-Coyote-Lake-1

E161-Imperial-Valley-06 E203-Imperial-Valley-7

E233-Mammoth-Lakes-02 E448-Morgan-Hill

E568-San-Salvador E1108-Kobe-Japan

(c)

0.0

1.0

2.0

3.0

4.0

0.0% 2.0% 4.0% 6.0% 8.0%

P
G

A
 (

g
)

Maximum drift ratio (%)

(a)

0.0

1.0

2.0

3.0

4.0

0.0% 2.0% 4.0% 6.0% 8.0%

P
G

A
 (

g
)

Maximum drift ratio (%)

(b)

0.0

1.0

2.0

3.0

4.0

0.0% 2.0% 4.0% 6.0% 8.0%

P
G

A
 (

g
)

Maximum drift ratio (%)

(c)

20th percentile 80th percentile

median



S. El Yassari et al. / IJE TRANSACTIONS B: Applications  Vol. 37 No. 02, (February 2024)   268-282                                     279 

 

 
(a) 

 
(b) 

 
(b) 

Figure 12. IDA curves for tensile strain of longitudinal 

reinforcements column with different FRC material: a) 

SFRC; b) PFRC; and c) HyFRC 

 

 

cumulative distribution, while c and β represent the 

median and standard deviation of the fragility curves, 

respectively. The estimation of the parameters c and β  

 
(a) 

 
(b) 

 
(c) 

Figure 13. IDA curves for concrete compressive strain of 

FRC columns material: a) PFRC; b) SFRC; and c) HyFRC 

 

 

can be performed using the approach proposed by Baker 

(35). The damage states considered in this study were 

defined in section 2. The IDA curves based on the 

maximum drift ratio were utilized to generate the seismic 
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fragility curves for the FRC columns at four limit states. 

Figure 14 illustrates that the HyFRC column exhibits a 

lower probability of exceeding the damage limit 

compared to the SFRC and PFRC columns. This 

indicates that the combination of fibers in RC columns 

effectively enhances the seismic performance. Moreover, 

the PFRC and SFRC columns show nearly identical 

seismic responses for extensive and complete damage 

states, while the SFRC and HyFRC columns demonstrate 

a better performance for moderate damage states. 

 

 

4. RESULTS AND DISCUSSION 
 
4. 1. Nonlinear Static Pushover Analysis            The 

analysis of the pushover curves demonstrates a 

significant improvement for the FRC column in term of 

shear capacity compared to RC columns; The HyFRC 

column exhibit the most significant improvement in 

seismic capacity, while SFRC and PFRC column ranked 

second and third. Table 6 illustrates the difference of 

displacement and base shear at four flexural damage 

states from the pushover curves. Table 6 provides a 

detailed breakdown of the disparities in displacement and 

base shear at four distinct flexural damage states as 

derived from the pushover curves. For steel yielding 

damage state, the PFRC is improved by 32 %, the SFRC 

by 63% and HyFRC by 75%. While for steel bar 

buckling, the PFRC is improved by 1 %, the SFRC by 17 

% and HyFRC by 47 %. For steel bar fracture, the PFRC 

is improved by 10 %, the SFRC by 27 % and HyFRC by 

58 %.  
 
4. 2. Incremental Dynamic Analysis             By 

comparing IDA curves in terms of the maximum drift 

ratio, it can be concluded that the HyFRC columns 

experience lower drift ratios than the PFRC and HyFRC 

columns. Given the design PGA = 1.0 g at high seismic 

zones, the following maximum drift values are obtained 

from the fractile IDA curves: 
• The 20% IDA curve records maximum drift values of 

0.69%, 0.73%, and 0.79% for PFRC, SFRC, and 

HyFRC, respectively. 

• The 50% IDA curve results in maximum drift values 

of 1.39%, 1.33%, and 1.27% for PFRC, SFRC, and 

HyFRC, respectively. 

• The 80% IDA curve indicates maximum drift values 

of 1.60%, 1.44%, and 1.43% for PFRC, SFRC, and 

HyFRC, respectively.  

In summary, it is evident that HyFRC is more 

effective in enhancing seismic capacity and reducing 

seismic demands compared to SFRC and PFRC. 

 
4. 3. Seismic Fragility Analysis           In this study, we 

consider four predefined damage states: slight, moderate, 

extensive, and collapse, as previously outlined. Figure 14  

 
Figure 14. Seismic fragility curves of different FRC 

columns for four Performance levels 
 

 

presents the seismic fragility curves for the three FRC 

columns and the four damage states. Overall, there is a 

clear trend of decreasing damage probability as the 

damage state becomes more severe. The HyFRC 

columns are less fragile than the ones where the columns 

are made of SFRC and PFRC.  

For the slight damage state, both HyFRC and PFRC 

demonstrate similar vulnerability. For instance, for 

example, the probability of damage exceedance at 0.2 g 

PGA is reduced from 75% for SFRC, to 4% for both 

PFRC and HyFRC. 

At the moderate damage state, HyFRC exhibits the 

lowest damage vulnerability, with the probability of 

exceedance (for 1.4 g PGA) decreasing to 42.9%, from 

57.3% and 78.9% for SFRC and PFRC respectively. 

In the extensive damage state, PFRC and SFRC 

exhibit similar fragility while HyFRC is the least fragile. 

For a 2.6 g PGA, the probability of exceedance for PFRC 

and SFRC 44.9%, and 38.4% for HyFRC.   

These findings highlight the effectiveness of a hybrid 

combination of steel and Polypropylene fibers with 

appropriate proportions in enhancing seismic 

performance compared to single-type of FRC columns. 

This is in agreement with previous studies (36, 37). 

 

 

5. CONCLUSION 
 

This study proposed a combination of CDP and XFEM 

to investigate the seismic performance of conventional 

reinforced concrete (RC) and fiber-reinforced concrete 

(FRC) columns. A 3D finite element model was 

developed for various FRC columns using appropriate 
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constitutive laws and the XFEM technique to simulate 

cracking behavior. The model was calibrated using 

experimental data. 

Nonlinear static pushover analysis (NSPA) was 

employed to evaluate the flexural damage states, and 

incremental dynamic analysis (IDA) was conducted on 

all FRC columns using a suite of 10 near-fault earthquake 

records. The maximum drift was selected as the 

engineering demand parameter (EDP) to compare the 

seismic behavior of different FRC columns. Based on the 

NSPA and IDA analysis results, the following 

conclusions can be drawn: 

1. From the Pushover curves, it can be seen that there 

is a significant improvement for the FRC column in 

term of shear capacity compared to RC columns for 

all damage states. 

2. By comparing IDA curves in terms of the maximum 

drift ratio, it can be concluded that the HyFRC 

columns experience lower drift ratios than the 

PFRC and HyFRC columns. Thus, it can be 

concluded that HyFRC are more effective to 

improve the seismic capacity and reduce the 

seismic demands of the column, compared to SFRC 

and PFRC. 

3. The Seismic fragility analysis was conducted on the 

three FRC columns and the four damage states. The 

HyFRC columns are less fragile than the ones 

where the columns are made of SFRC and PFRC. 

Which highlights the effectiveness of a hybrid 

combination of steel and Polypropylene fibers in 

enhancing seismic performance compared to 

single-type of FRC columns. 
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Persian Abstract 

 چکیده 
  ی لرزه ا   یطبهبود عملکرد سازه در شرا  یدبخشنو   (FRC)یافشده با ال  یتبتن تقو  یاست. ستون ها   یسازه ضرور  یمنیا  یبرا  یزدر مناطق زلزله خ   یاز مقاومت لرزه ا  یناناطم

  یلن پروپ یپل  یافاز جمله ال FRC یانواع ستون ها یلرزه ا دعملکر  یسهو مقا یابیارز یقتحق  ینا یآنهاست. هدف اصل یجامع رفتار لرزه ا یابیمطالعه به دنبال ارز ینهستند. ا

(PFRC)یفولاد  یاف، ال(SFRC)   یبیترک  یبات و ترک  (HyFRC)   یبتن مسلح معمول  یبا ستون ها  یسهدر مقا  (RC)     .مطالعه از روش    ینهدف، ا  ینبه ا  یابیدست  یبرااست

فشار   یل و تحل یه. تجزکندی استفاده م ینامیکیو د یکیاستات یهاپاسخ  یقدق یبررس یدر آباکوس برا   (XFEM-CDP)بتن یبآس  یسیتههمراه با پلاست یافتهالمان محدود توسعه

با استفاده از     (IDA)یشیافزا  ینامیکی د هاییل نشان داد. تحل  RC  ی با ستون ها  یسهدر مقا   FRCدر تمام انواع   یدر مقاومت لرزه ا  یبهبود قابل توجه  یرخطیغ  یکی اور استات 

  XFEM-CDP  هایسازییه. شبشودیمختلف انجام م   FRCپل    یهاستون  یرالاستیکغ  یالرزه  یهاپاسخ  یابیارز  یبه گسل برا یکنزد  ینحرکت زم  10از    یانتخاب  موعهمج

  ین ا  یلرزه ا  یشکنندگ  یلو تحل  زیه. تجکشندی م  یررا به تصو  یکو رفتار پلاست  یبتن، کاهش سخت  یخوردگ، مانند ترک FRC  یها از ستون  یمتعدد  یهاجنبه   Abaqusدر  

 یفولاد یلهم  یو د( شکستگ ی،فولاد یلهفولاد، ب( خرد شدن بتن هسته، ج( کمانش م یطول یمشود: الف( تسل  یانجام م یببا در نظر گرفتن چهار حالت آس FRC یستون ها

 دهند. ینشان م  SFRCو  PFRCانواع  اب یسهرا در مقا یب آس یریپذ یبآس ینکمتر HyFRC ینشان داد که ستون ها یج. نتایطول
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