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Abstract 

Reinforcement fracture is a critical failure mode that may cause the instability of concrete members and subsequent 

global failure under earthquake loads.  This paper introduces a new ductile fracture model that is capable of simulating 

the reinforcement fracture.  The proposed model quantifies the cumulative damage by the fracture index (FI) which is 

computed from the plastic strain and stress triaxiality history at the fracture loci. 

The state-of-the-art fatigue-fracture method is briefly reviewed, and its limitations are discussed.  Then, the detailed 

finite element models and fiber models are used to simulate the local strain-stress field, based on which the void-growth 

coefficient, symmetric coefficient, and cyclic deterioration coefficient are calibrated such that the resulting FI equals to 

1.0 at the failure points in available monotonic and cyclic tests.  To facilitate the application of the proposed model in 

fiber element analysis to capture reinforcement failure in reinforced concrete members, two closed-form solutions for 

local strain demands with necking-induced and buckling induced strain localizations are developed, i.e., Necking 

Amplification Model (NAM) and Buckling Adjustment Model (BAM).  Both models are calibrated and verified for 

converting the gauge strain-stress histories to the local strain-stress histories.   

The proposed ductile fracture model is also implanted in OpenSees as a new uniaxial material to simulate the stiffness 

degradation and strength loss of reinforced concrete members due to reinforcement fracture.  A validation study is 

presented in which the observed reinforcement ruptures in one shake-table bridge column test can be accurately 

simulated by using the new uniaxial material in the fiber element analysis.  A case study is also presented to (1) 

demonstrate the importance of simulating the reinforcement bar fracture for assessing the seismic performance of 

reinforced concrete bridge columns; and (2) the efficacy of the new ductile fracture model and the new uniaxial 

material.  One archetype single-column-bent bridge is modeled using the calibrated fiber element approach.  The 

incremental dynamic analysis (IDA) is conducted to develop the analytical fragility functions for different curvature-

based damage states as well as the structural collapse fragility.  Then, the analysis is repeated for the same bridge model 

but without using the new fracture material, where the median Sa’s of damage states and the median collapse capacity 

are found to be overestimated. 
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1. Introduction

Reinforcement fracture is a critical failure mode that may cause the instability of concrete members and 

subsequent global failure under earthquake loads.  The global stress and strain responses (so-called the gauge 

stress and strain) are commonly used in predicting catastrophic failure.  The number of cycles before the 

material failure was found to be dependent on the stress amplitude [1, 2].  The concept that the cyclic fatigue 

life relies on the strain range was proposed to address the dilemma that the measured stress range is not a 

reliable measure in cyclic strain-hardening/softening material [3].  The strain-based model is built on the 

assumption that the threshold of irreversible damage is proportional to the amplitude of plastic strain in a 

log-log linear manner.  Its accuracy has been verified and improved by many subsequent investigations [4, 5] 

for the low-cycle fatigue problem with 102 to 105 half cycles [6].  The mean stress and strain effects on the 

high-cycle fatigue failure were studied to correct the prediction bias under the asymmetric loading history [7, 

8].  The rain-flow counting method was developed to count the equivalent half-cycle amplitudes in the 

random loading history [9, 10]. 

More recently, researches were conducted to use the strain-based model for evaluating the cyclic strain 

life of reinforcement.  Mander et al. [11] studied the low-cycle fatigue behavior of A615 grade 40 and A722 

pre-stressing reinforcement with different slenderness ratios or strain ranges.  While validating the existing 

fatigue models at that time (e.g., Coffin-Manson model), a series of hysterical-energy fatigue models were 

proposed and calibrated to their test results. It was noted that the mean stress and mean strain were found to 

have negligible effects in experiments.  It was also found that the cycling can continue after the incipient 

failure (first cracking) and the crack would propagate causing strength deterioration until the rupture occurs 

(defined by the significant in-cycle degradation of force capacity).  Brown and Kunnath [12] conducted an 

experimental study including 34 constant amplitude fatigue tests with bar sizes from #6 (#19 in metric) to #8 

(#25 in metric).  Fatigue cracks were observed to initiate at the base of the rolled-on deformations and then 

propagate in both directions.  They also found that the bar buckling can reduce the fatigue life of 

reinforcement.  

In the past 5 years, the growing industry interest motivated new studies on quantifying the fatigue-

fracture resistance of the relatively brittle high-strength reinforcement [13]. Slavin and Ghannoum [14] 

conducted the experimental study on the low-cycle fatigue resistance of three steel grades (Gr 60, Gr 80, and 

Gr 100) with three different bar sizes (#5, #8, and #11) from two manufacturing procedures.  The average 

fatigue lives of Gr 80 and 100 reinforcing bars were found to be shorter than but still comparable to the 

average fatigue life of Grade 60 bars.  Meanwhile, large variations were seen between different batches and 

different manufacturing procedures.  The experimental observation also indicated that bar buckling can 

shorten the fatigue life of reinforcement.  Moreover, the bar ruptures were typically observed in one to two 

cycles after the major crack formed. 

Driven by the objective to simulate reinforcement fracture under earthquake loads and its consequent 

impacts on the reinforced concrete structures, this paper introduces the development, validation and 

application of a new reinforcement ductile fracture model.  First, the state-of-the-art fatigue-fracture method 

is briefly reviewed, and its limitations are discussed.  Then, the formulation of the new fracture model is 

introduced.  In this study, the new model is also implanted in OpenSees [15] as a new uniaxial-material 

module.  The modeling approach using the new material in the fiber element analysis is introduced.  

Numerical simulation for a recent shake-table bridge column test is presented to validate the use of the new 

fracture model for simulating observed bar ruptures in the test.  Last but not lease, one archetype single-bent-

column bridge is modeled and analyzed using the calibrated fiber analysis approach with the new fracture 

material.  Analysis results are introduced to (1) demonstrate the importance of simulating the reinforcement bar 

fracture for assessing the seismic performance of reinforced concrete bridge columns; and (2) the efficacy of the new 

ductile fracture model and the new uniaxial material. 
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2. Review of the State-of-the-Art Method 

In this paper, the state-of-the-art method for predicting reinforcement fatigue-fracture refers to the empirical 

strain-based mathematical model that is calibrated to available data on bare bar tests.  For instance, in the 

authors’ preceding study [16], the parametric fatigue-fracture model, as shown in Eq. (1), was derived from 

the classical Coffin-Manson model.  The three modeling coefficients (αf, Cf, and εf) were calibrated for 

different types of reinforcement.  Predictive equations were also developed for estimating the modeling 

coefficients based on the basic reinforcement properties, i.e., yield strength fy, young’s modulus Es, tensile-

to-yield strength ratio T/Y, bar diameter db, and bar slenderness ratio s/db. 

( )
1

1

f
N

pi f

i

FI C



=

=       (1) 

( ) ( ) ( )

( )

( ) ( ) ( )

0.080 0.045 60 0.027 0.129

0.5

0.043 60 0.128 0.018 1

 = −  +  + 



=  −


= −  +  + 









f

f y b

f f y s

f y s y b

f ksi s d T Y

C f E

f E f ksi T Y d in

    (2) 

For any specific random reinforcement strain history, the equivalent half-cycle plastic strain 

amplitudes would be computed by the rain-flow counting algorithm.  The reinforcement properties would be 

used to compute the modeling coefficients.  The resulting fracture index (FI) can be computed by 

substituting the counted equivalent plastic strain amplitudes and the modeling coefficients into Eq. (1).  

Based on the statistics of computed FIs for 206 bar bare tests [14], the median value of FIs at observed bar 

rupture points is 1.0.  The advantages of this kind of empirical models include: (1) the capability of capturing 

the differences in different steel grades; (2) the use of T/Y as the proxy of different manufacturing processes; 

and (3) the consideration of buckling effects on fatigue resistance by including s/db in predictive equations.  

These features help to efficiently quantify the bar fracture probability in the post-processing stage and help to 

develop effective design strategies to mitigate buckling effects.   

However, several limitations are also noticed by the authors.  The first constraint is the assumption 

inherited from the classical Coffin-Manson model: the half-cycle number before the failure is a linear 

function of the plastic strain amplitude in the log-log scale.  This assumption was initially proposed for the 

small coupon tests where the bar buckling is excluded.  As will be discussed later, in the cyclic bare bar tests 

and under the real earthquake loads, the bar buckling can cause the strain localization which is dependent on 

the loading history and may not conformed to the log-log linear assumption.  The second limitation is the 

empirical model does not consider the strain concentration after the bar necking.  Therefore, its accuracy 

under large strain amplitudes is replied on the linear extrapolation of the model.  Furthermore, although the 

rain-flow counting is developed and frequently used for high-cycle and low-cycle fatigue problem, there is 

few studies validating its usage for ultra-low cycle problems.  Meanwhile, it is difficult to adapt the rain-flow 

counting algorithm in real-time simulation without introducing simplifications and errors. 

3. New Reinforcement Ductile Fracture Model 

The proposed reinforcement ductile fracture model is established on preceding research thrusts to simulate 

ductile fracture of engineering steel materials [17-22].  As expressed in Eq. (3), the real-time damage is 

quantified by the fracture index FI, which is dependent on the strain history (Fig. 1a) and the stress triaxiality 

history (Fig. 1b) characterized at the fracture loci.  The fracture failure is predicted when the evaluated FI 

reaches 1.0 (e.g., the solid curve in Fig. 1c). 
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where, C is void-growth constant; λ and β are cyclic deterioration coefficient and symmetry coefficient; A 

and A- are triaxiality coefficients for tension and compression cycles, respectively, which are taken as 1.3 
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[21, 22]; T is stress triaxiality as the ratio of hydrostatic stress σm and effective stress σe, i.e., T = σm/σe, and in 

reinforcement under axial loads, T is positive under tension and negative under compression; and dεp is 

absolute incremental plastic strain at the fracture loci. 
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where, β0 and λ0 are material constants to be calibrated; Δεmax is the absolute difference between the 

minimum and maximum strains; Δεth is the threshold strain range that is take as 0.05 in this study; and γ is 

taken as 1.0.   

Following the well-established ductile fracture mechanisms, the material failure under cyclic loads is 

attributed to two major damage processes: (1) the void growth under hydrostatic tension and shrinkage under 

hydrostatic compression [23]; and (2) the capacity degradation due to geometric (e.g., nonuniform void 

deformation or buckling) and material (e.g., degradation of the inter-void ligament) factors [21].  In the 

proposed model, the first damage process is tracked by the cyclic void-growth term (e.g., the dashed curve in 

Fig. 1c).  The second damage process is measured by the cyclic deterioration term (e.g., the dotted curve in 

Fig. 1c), which only decreases under compressive loads.  The materials with larger C or larger β0 are more 

vulnerable to the void growth damage and their failure would usually be earlier under the same loading 

protocol (Fig. 1d and 1e).  The materials with larger λ0 would have faster capacity deterioration; and thus, the 

would also be less ductile under cyclic loads (Fig. 1f). 

 

Fig. 1 – (a) Sample local strain history.  (b) Sample stress triaxiality history.  (c) Fracture index (FI) history 

and its two components, the cyclic void growth term and the capacity deterioration term.  (d) Effect of the 

void-growth coefficient.  (e) Effect of the symmetry coefficient.  (f) Effect of the cyclic deterioration 

coefficient. 

The key difference between the state-of-the-art method and the new fracture model is that the local 

strain, instead of the gauge strain, is used to indicate fracture failure in the new fracture model.  Fig. 2 

illustrates the calibration process of one #11 Grade 60 bare bar test under cyclic constant-amplitude loads.  
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The detailed fiber element is built in OpenSees (Fig. 2a) and analyzed under the testing loading protocol.  

The basic steel constitutive model is calibrated such that the simulated gauge strain-stress response matches 

the test result (Fig. 2b).  The local strain histories at extreme locations (at the mid-span) in the buckled bar 

are recorded (Fig. 2c).  The modeling coefficients are calibrated such that the FI of the most critical fiber in 

the specimen (usually at the compressive side of the mid-span section) equals 1.0 at the reported fracture 

point. 

Fig. 2 – Strain and fracture index histories at different locations (#11 Gr. 60 bar with s/db = 4 under -1%~4% 

cyclic loads which failed during the 19th half cycle).  The calibrated modeling coefficients: C = 0.92, λ0 = 

5.71, β0 = 1.05.   (a) Bar cross-section view.  (b) Gauge strain-stress data in test and simulation.  (c) Local 

strain histories at three extreme locations.  (d) FI histories at three extreme locations. 

This calibration process decouples the damage due to the buckling-induced strain localization and the 

damage due to cumulative strain cycles.  The calibrated modeling coefficients should ideally be the same for 

a specific reinforcing steel material and should be independent with the bar slenderness and the loading 

history.  In the commonly used fiber element analyses for concrete members, one reinforcement is usually 

modeled with one single fiber on each cross section whose material behavior is defined by a uniaxial 

material.  The uniaxial material only has 1D strain-stress responses which are essentially the gauge strain-

stress responses over the corresponding integration length.  In order to apply the developed fracture model, 

which is calibrated to local strain demands, to fiber element analyses, the closed-form solution for local 

strain demands after bar buckling is also developed.  As shown in Eq. (3), the critical local strain is 

computed by subtracting the buckling-induced strain concentration from the gauge strain.  The buckling-

induced strain concentration is the product of the bar radius (db/2) and the equivalent curvature (ϕ*) which is 

defined as a function of the current gauge strain range (Δεgauge), and two modeling coefficients (b1 and b2).  

Fig. 3 shows one example of the calibrated closed-form solution for the equivalent curvature of the #8 Grade 

100 reinforcement with slenderness ratio of 6. 
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Fig. 3 – Calibrated equivalent curvature ϕ* model (#8 Grade 100 reinforcement s/db = 6). 

Following the similar idea, the closed-form solution for local strain and triaxiality demands after bar 

necking is also developed.  As expressed in Eq. (4) and Eq. (5), the local strain and triaxiality are assumed as 

the piece-wise linear functions of the gauge strain amplitude (εgauge) with two modeling coefficients (k1 and 

k2).  Fig. 4 shows one example of the calibrated closed-form solution of the #5 Grade 60 reinforcement. 
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Fig. 4 – Calibrated closed-form solution for necking-induced strain amplification (k1 = 8.67, k2 = 3.45, #5 

Grade 60 reinforcement). 

4. Validation: Shake-Table Bridge Column Test 

To facilitate the use of the proposed reinforcement ductile fracture model in the fiber element analysis, a new 

uniaxial material is coded and implanted into OpenSees.  The modeling command is: uniaxialMaterial 

DuctileFracture $matTag $refTag -c_mono $c_mono -c_cycl $c_cycl -c_symm $c_symm <-E_s $E_s> <-

esu $esu –k1 $k1 -k2 $k2> <-db $db –b1 $b1 –b2 $b2>, where $matTag is the current material tag; $refTag 

is the material tag of steel material; $c_mono, $c_cycl, and $c_symm are the three modeling coefficients C, 

λ0, and β0, respectively; $E_s is the Young’s modulus; $esu is the uniform strain; $k1 and $k2 are the two 

modeling coefficients for necking-induced strain concentration; $db is the bar diameter; and $b1 and $b2 are 

two modeling coefficients for buckling-induced strain localization. 
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The validation study for this new OpenSees material is presented hereafter.  The fiber element analysis 

is conducted in OpenSees to simulate a recent shake-table test of a bridge column [24].  The column design 

was conformed to the minimum requirements of AASHTO [25].  The height of column was 72 in; the 

diameter was 16 in; the axial load ratio was 8%; and the concrete clear cover was 0.75 in.  The column cross 

section was designed with 22 #4 Grade 60 bars; and the core concrete was confined by #3 Grade 60 bars 

with a 1.5 in. tie spacing in the plastic hinge region.  One main-shock and one after-shock ground motions 

from the 2011 Tohoku Earthquake were selected and adapted in the experiment.  The column was tested 

under three 1D ground motion records in sequence: (1) 100% main shock, (2) 100% after shock; and (3) 

125% main shock. 

As shown in Fig. 5, the bridge column is modeled as a force-based fiber element with 6 Gauss-Labotto 

integration points and a zero-length section element using Bond_SP01 material [26] for bar-slip responses.  

The column cap and base-block are explicitly modeled as rigid-link element.  Overall 80 ksi axial load is 

applied and maintained during simulation at the top of the column model.  The mass corresponding to 80 ksi 

force is assigned to Node 5.  All material parameters are adopted from the measured values in the experiment 

[24].  The seven modeling coefficients in ductile fracture model are: C = 1.77, λ0 = 0.92, β0 = 1.02, k1 = 13.2, 

k2 = 5.97, b1 = 0.051, and b2 = 0.047.  Fig. 6(a) shows the simulated hysteresis compared with the test 

hysteresis.  The red dots in Fig. 6 refer to 3 simulated bar ruptures, which is consistent with the total number 

of fractured bars in the experiment.  Fig. 6(b) shows the simulated fracture index histories of 22 bars in 

analysis.  The first simulated bar rupture occurs at the test time of 443 sec, which is very close to the reported 

fracture time at 430 sec in the experiment. 

 

Fig. 5 – Calibrated fiber element analysis for simulating the bar ruptures observed in the shake-table test. 

 

Fig. 6 – (a) Test and simulated column base shear and column drift ratio.  (b) Fracture index histories of 

individual reinforcement in analysis. 
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5. Application: Bar Fracture Simulation and Bridge Collapse Assessment 

This section presents the case study to demonstrate the application of the proposed fracture model in 

evaluating the steel bar fracture fragility and collapse risk of concrete bridge columns.  One archetype singe-

column-bent bridge is examined in this study.  Its two spans have the same length of 100 ft; the column clear 

height is 24 ft; the column diameter is 60 in; and the design axial load is 8% of the nominal axial load 

capacity of the column.  The column cross section is designed with concrete strength of 4 ksi and 36 #11 

Grade 60 longitudinal bars; and the core concrete is confined by #8 Grade 60 hoops with the tie spacing of 

8.4 in (6db).  The design is conformed to the Caltrans Seismic Design Criteria [27] and AASTHO 

specification [25]. 

As show in Fig. 7, the numerical model is built for the entire bridge system in OpenSees.  The 

foundation responses are modeled by two condensed rotational hinges at the column base whose properties 

are based on the detailed fiber element analysis of the pile foundation under combined vertical and lateral 

loads.  The shear keys are modeled by hysteretic hinges following the study by Bozorgzadeh et al. [28].  The 

Abutment responses are modeled by the hyperbolic gap springs following the study by Aviram et al. [29].  

The bearings are modeled using 3D elastomeric bearing elements with material properties suggested by the 

study by Roeder and Stanton [30].  The superstructure is modeled by the elastic beam-column elements.  The 

column is modeled by one force-based fiber element with 6 Gauss-Labotto integration points.  Two 3D zero-

length section elements are used at the two ends of the column to capture the bond slip responses.  The 

Bond_SP01 material is used to define the reinforcement material in the bond slip elements with modeling 

coefficients: Sy = 0.06 in, Su = 2.05 in, bs = 0.3, and R = 0.5.  The new DuctileFracture material is used to 

define the reinforcement material in the column fiber element with modeling coefficients: C = 1.93, λ0 = 

2.42, β0 = 1.02, k1 = 6.64, k2 = 3.49, b1 = 0.05, and b2 = 0.03.   

 

Fig. 7 – Sketch plot of the numerical OpenSees model for the archetype bridge system. 

The incremental dynamic analysis is conducted to evaluate the seismic performance of the archetype 

bridge system.  In the preceding study on the ground motion duration effects on the structural collapse 

performance [31], two supplementary intensity measures were found to influence the structural collapse 

capacity: SaRatio(0.2T1,T1,3T1) and Ds5-75, where T1 is the conditional period selected for the structure.  For 

the archetype bridge system in this study, T1 is taken as 1.0s.  Overall 49 ground motion records are selected 

from available strong motion databases (NGA-West2 [32] and CESMD [33]) such that their 

SaRatio(0.2s,1s,3s)’s and Ds5-75’s cover a wide range of different combinations, as shown in Fig. 8(a).  Fig. 

8(b) shows the unscaled response spectra of the 49 selected records. 
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Fig. 8 – (a) SaRatio(0.2s,1s,3s) and Ds5-75 of ground motion records that are used in IDA.  (b) Response 

spectra (5% damping ratio) of unscaled ground motion records that are used in IDA. 

The incremental dynamic analysis is conducted for the archetype bridge column under each of these 

49 ground motion records until the collapse occurs, which is defined by the maximum curvature ductility 

factor (μϕ) in analysis exceeding 50.  In order to illustrate the importance of simulating the bar rupture failure 

in analysis, the analysis is also conducted for the same numerical model but without explicitly modeling bar 

fracture using the DuctileFracture material.  Fig. 9 compares the simulated column responses under one 

ground motion record from these two modeling approaches.  Referring to Fig. 9(a), because of the 

concessive bar ruptures is captured, the column shear strength degraded in the analysis with the 

DuctileFracture material; whereas, there is no significant strength drop in the analysis without the 

DuctileFracture material.   Similar to the observation in Fig. 9(a), Fig. 9(b) indicates that the DuctileFracture 

material can simulate the column stiffness degradation after bar ruptures; and thus, the analysis captures 

more intense curvature demands than the curvature demands in the analysis without using the 

DuctileFracture material. 

 

Fig. 9 – Comparison between simulated structural responses with and without simulating the bar ruptures in 

analysis.  (a) Hysteresis (column shear versus lateral drift ratio).  (b) Moment-curvature responses at the 

column base.  (c) Time histories of column lateral drift ratio.  (d) Fracture index (FI) time histories of 

individual reinforcing bars. 

Following the preceding study on developing analytical fragility functions for bridge components [34-

36], the component damage threshold (CDT) metrics are used to classify the bridge damage states in this 
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study.  The four damage states (indicated by CDT-0 to CDT-3) are determined by the maximum μϕ in the 

analysis exceeding 1.0, 5.0, 11.0, and, 17.5 respectively; and they refer to (1) cracking; (2) minor covering 

spalling at the top and bottom of the column; (3) major spalling, exposed core, or confinement yield; and (4) 

loss of confinement, longitudinal bar buckling or rupture, core crushing, or large residual drift.  Fig. 10(a) 

shows the resulting analytical fragility functions without simulating the bar fracture, where the median Sa’s 

for the four damage states are 0.49g, 0.81g, 1.29g, and 1.78g, respectively.  Fig. 10(b) shows the same 

fragility functions if simulating the bar fracture in analysis: the median Sa’s for CDT-0 and CDT-1 are found 

to be similar to the results in Fig. 10(a); whereas, the median Sa for CDT-2 is decreases by about 10% and 

the median Sa for CDT-3 decreases by about 23%.  Fig. 10(c) also contrasts the collapse fragility functions 

with and without simulating the bar fracture in analysis.  Similar to the findings for the CDT-2 and CDT-3 

damage states, the analysis without considering bar fracture failure could overestimate the median collapse 

capacity. 

Fig. 10 – (a) Fragilities of four bridge column damage states without simulating bar fracture by 

DuctileFracture.  (b) Fragilities of four bridge column damage states using DuctileFracture.  (b) Comparison 

of the collapse fragilities. 

6. Summary

In this paper, the state-of-the-art fatigue-fracture method is briefly reviewed, and its limitations are 

discussed.  Then, the formulation of the new ductile fracture model is introduced.  The proposed model 

quantifies the cumulative damage by the fracture index (FI) which is computed from the plastic strain and 

stress triaxiality history at the fracture loci.  The calibration process for three modeling coefficients () is 

demonstrated.  Two closed-form solutions for local strain demands with necking-induced and buckling 

induced strain localizations are developed.  The proposed model is implanted in OpenSees as a new uniaxial 

material.  Then, the validation study is presented in which the observed reinforcement ruptures in one shake-

table bridge column test can be accurately simulated by using the new uniaxial material in the fiber element 

analysis.  Last but not least, the case study is also presented to (1) the efficacy of the new ductile fracture 

model and the new uniaxial material to simulate the stiffness degradation and strength loss of reinforced 

concrete members due to reinforcement fracture; and (2) demonstrate the importance of simulating the 

reinforcement bar fracture for assessing the seismic performance of reinforced concrete bridge columns, i.e., 

to avoid the estimation bias in the analysis without considering bar fracture where the median collapse 

capacity is significantly overestimate. 
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