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Abstract 9 

Bridge Piers are critical structural elements that govern the stability and seismic perfor-10 

mance of bridges where enhanced ductility is essential to prevent failure under strong 11 

seismic loadings. The current research work investigates the experimental findings of Hy-12 

brid Fiber Reinforced Concrete (HyFRC) bridge pier, in a seismic-prone area followed by 13 

numerical simulation. Three circular scaled-down bridge piers: one conventional control 14 

and two HyFRC specimens integrated with 0.25% steel and 0.2% polypropylene fibers by 15 

weight of cement were tested under a quasi-static cyclic loading up to 4% drift and a con-16 

stant axial load of 20 tons. A non-linear finite element analysis (NLFEA) model was de-17 

veloped in ABAQUS, utilizing a user-defined subroutine material (UMAT). The NLFEA 18 

model accurately reflected the reinforcement configuration, geometric dimensions and 19 

boundary conditions consistent with the experimental setup to capture the complex be-20 

havior. The seismic performance of piers was investigated by comparing different param-21 

eters, including hysteresis-based parameters, energy dissipation, and visual damage pat-22 

terns. The results obtained from the numerical model showed strong correlation with ex-23 

perimental results, highlighting the model's ability to capture the non-linear behavior of 24 

the pier under seismic loading. These findings show that the model can accurately predict 25 

the seismic performance of HyFRC bridge piers, supporting the design of bridges with 26 

enhanced resistance to earthquake loading. 27 

Keywords: Hybrid Fiber Reinforced Concrete (HyFRC), Nonlinear Finite Element Analy-28 

sis (NLFEA), User-Defined Material Subroutine (UMAT), seismic performance, experi-29 

mental validation 30 

 31 

1. Introduction 32 

Bridge piers are the most critical components of highway and railway bridges in 33 

earthquake-prone regions [1, 2]. When a strong ground motion hits, they must absorb and 34 

dissipate huge amounts of energy while keeping the superstructure stable [3, 4]. Historical 35 

earthquakes have repeatedly shown that ordinary reinforced concrete piers often fail in a 36 

brittle manner through concrete crushing, cover spalling, buckling of longitudinal bars, 37 

and sudden loss of lateral strength [5–9]. Such failures lead to collapse or extremely ex-38 

pensive retrofitting. Therefore, improving the ductility, energy dissipation capacity, 39 
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and damage tolerance of bridge piers has become a major research and practical priority 40 

worldwide [10–12]. 41 

One of the most effective and practical ways to achieve this improvement is by add-42 

ing discrete fibers into the concrete mix [13–15]. Steel fibers increase the peak load and 43 

control crack propagation at small and moderate deformations, whereas macro-synthetic 44 

(polypropylene) fibers continue to bridge cracks even at very large openings, providing a 45 

long and stable softening branch [16, 17]. When both types are combined at low dosage, 46 

the resulting hybrid fiber-reinforced concrete (HyFRD) shows remarkable synergy: the 47 

concrete becomes much tougher in tension, cracks remain fine and well-distributed, spall-48 

ing is delayed or eliminated, and the overall seismic behavior becomes far more ductile 49 

than conventional reinforced concrete [18, 19]. 50 

Although many studies have already proved the advantages of HyFRD in beams, 51 

columns, and shear walls, very few experimental programs have focused on realistic 52 

bridge piers subjected to constant axial load and reversed cyclic lateral displacement [20]. 53 

Even fewer have proposed simple, engineer-friendly numerical models that can directly 54 

use standard material test results (compressive strength, modulus, splitting tensile 55 

strength, and fracture energy) without complicated micro-modelling of individual fibers 56 

or special interface elements [21–23]. 57 

The present study addresses this gap by testing three 1/4-scale circular bridge piers 58 

under quasi-static cyclic loading and constant axial compression. The first pier of 18 MPa 59 

was made of conventional reinforced concrete and served as the control specimen. The 60 

second piers were cast using low-dosage HyFRD mixtures containing only 0.25 % hooked-61 

end steel fibers by weight of cement, with target matrix strengths of 22 MPa, respectively. 62 

The experimental program aimed to quantify the improvement in lateral strength, hyster-63 

etic behavior, energy dissipation, damping, and ultimate drift capacity brought by the 64 

hybrid fibers. 65 

To enable practical application of the findings, a straightforward continuum damage 66 

model (Mazars model implemented as an ABAQUS user-material subroutine) was cali-67 

brated exclusively from cylinder and fracture energy tests. The effect of discrete fibers was 68 

modelled, and parameters were adjusted on the pier response itself. The validated numer-69 

ical platform demonstrates that the beneficial macroscopic effects of low-dosage hybrid 70 

fibers can be reliably and simply captured through properly measured tensile fracture 71 

energy and residual tensile capacity, offering practicing engineers an efficient tool for per-72 

formance-based seismic design and assessment of HyFRD bridge piers. 73 

2. Materials and Methods 74 

 75 

Figure 1: Geometry and reinforcement details of the 1/4-scale circular bridge pier specimens (all 76 

dimensions in mm 77 
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The experimental program comprised two identical 1/4-scale circular bridge piers 78 

tested under quasi-static reversed cyclic loading: one conventional reinforced concrete 79 

pier (referred to as Control) and one hybrid fiber-reinforced concrete pier (referred to as 80 

Model 1). Both piers were designed to represent typical medium-span highway bridge 81 

piers in moderate-seismicity regions of Pakistan, where concrete compressive strength is 82 

usually in the range of 18–25 MPa and axial load ratio remains low to moderate. The ge-83 

ometry and reinforcement details of the tested bridge piers are shown in Error! Reference 84 

source not found.. 85 

The concrete mixture for the Control specimen was a standard mix using locally 86 

used in bridge construction: Ordinary Portland cement (Fauji Cement), natural river 87 

sand (fineness modulus 2.52), and 20 mm down crushed limestone aggregate. The target 88 

28-day cylinder compressive strength was 18 MPa, and no fibers were added. For Model 89 

1 used the same base materials and cement content but incorporated a low-dosage hy-90 

brid fiber combination: 0.25 % (by weight of cement) copper-coated hooked-end steel 91 

fibers (diameter 0.56 mm, length 30 mm, tensile strength 2850 MPa) and 0.20 % macro-92 

polypropylene fibers (equivalent diameter 0.8–1.8 mm, length 48 mm, tensile strength 93 

300–400 MPa). The water-cement ratio was kept almost identical to maintain comparable 94 

workability (slump ≈ 80 mm). Achieved 28-day cylinder strengths were 22 MPa for the 95 

Model 1 and 18 MPa for Control Model, while splitting tensile strength jumped from 2.1 96 

MPa to 3.17 MPa due to the fibers. 97 

Both piers had an external diameter and a clear height from the top of the stiff foun-98 

dation block to the centerline of the lateral loading actuator. Longitudinal reinforcement 99 

and transverse reinforcement were provided as per the specifications provided in Error! 100 

Reference source not found.. Grade 60 steel (yield strength 460 MPa) was used for all 101 

bars. The foundation block was heavily reinforced and post-tensioned to the strong floor 102 

to prevent any uplift or sliding during testing. The finished specimens ready for testing 103 

are shown in Figure 2. (a) View of the two 1/4-scale bridge pier specimens prior to test-104 

ing; (b) View of the 1/4-scale bridge pier specimens during testing.Both piers had an 105 

identical external appearance and geometry. The only difference was the addition of 106 

low-dosage hybrid steel and macro-polypropylene fibers in Model 1, which were uni-107 

formly distributed throughout the concrete volume during mixing and are not visible on 108 

the surface. 109 

 110 

       111 
                      (a)               (b) 

Figure 2. (a) View of the two 1/4-scale bridge pier specimens prior to testing; (b) View of the 1/4-scale bridge 112 

pier specimens during testing. 113 
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Testing was carried out on a hydraulic testing frame at the Earthquake Engineering Cen-114 

ter, UET Peshawar. A constant axial load of 196 kN (approximately 10 % of the gross con-115 

crete axial capacity) was applied at the top through modular slabs and maintained within 116 

±3 % during the entire test. Lateral displacement was imposed following the Error! Refer-117 

ence source not found. protocol. Lateral load, displacement, axial load, and strains in lon-118 

gitudinal and spiral reinforcement were continuously recorded at each data point. Three-119 

dimensional nonlinear finite element models of both piers were developed in 120 

ABAQUS/Standard 2016 using the same geometry and reinforcement as the tested speci-121 

mens. Concrete was modelled with 8-node linear brick elements with reduced integration 122 

(C3D8R), while all reinforcing bars were modelled as 2-node linear 3D truss elements 123 

(T3D2) using Grade-60 steel properties (fy = 460 MPa, E = 200 GPa, elastic-perfectly plas-124 

tic). Reinforcement was embedded in concrete using the embedded region constraint. The 125 

196 kN constant axial load was applied on top face of the upper face of bridge pier, while 126 

reversed-cyclic lateral displacement was imposed on the coupled reference point using 127 

the exact experimental displacement history (refer to Figure 3). 128 

 129 

Figure 3: Cyclic Loading Protocol Adopted in both Experimental and Numerical Study 130 

          A mesh sensitivity study was performed; a global seed size of 25 mm in the 131 

pier and 25 mm in the top/bottom pads provided the best balance between accuracy and 132 

computational cost and was therefore adopted for all analyses (total elements 10977 for 133 

both Models). Concrete behavior was defined using the Mazars scalar damage model 134 

implemented through a user-material subroutine (UMAT); all parameters were taken 135 

directly from the material tests with no adjustment on the pier response. Two static-gen-136 

eral steps were defined after the initial step: (1) application of axial load, and (2) cyclic 137 

lateral displacement. Jobs were created and submitted automatically via Python script-138 

ing. 139 
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 140 
Figure 4: Finite element model of the tested bridge pier in ABAQUS 141 

3. Results 142 

The Control specimen (plain reinforced concrete) experienced classic flexural failure 143 

at the pier–foundation interface (refer to Figure 4). At approximately 4.8 % drift, wide 144 

horizontal cracks opened at the base, followed by extensive cover spalling, exposure of 145 

the spiral reinforcement, and subsequent buckling of the longitudinal bars, leading to a 146 

sudden drop in lateral resistance. The numerical model accurately captured this behavior: 147 

the tensile damage variable (SDV2) from the Mazars UMAT, correctly predicting both the 148 

location and the severity of crushing and spalling. In contrast, Model 1 (hybrid fiber-rein-149 

forced concrete) showed no visible spalling or bar buckling even after reaching 7 % drift 150 

(refer to Figure 4). Instead, only numerous fine, closely spaced hairline cracks were dis-151 

tributed over the lower 500 mm of the pier, confirming the effectiveness of the low-dosage 152 

hybrid fibers in bridging cracks and preserving concrete integrity. The corresponding nu-153 

merical simulation reflected this superior performance: the tensile damage variable re-154 

mained well-distributed and significantly lower in magnitude, with no localized high-155 

damage zone at the base, demonstrating that the calibrated Mazars model reliably repro-156 

duces the transition from concentrated damage in plain concrete to diffuse micro-cracking 157 

in HyFRD without any special fibre elements. 158 

 159 

 160 

Figure 5: Comparison of observed and predicted damage at failure for the Control specimen 161 

(Model-1) 162 

The experimental backbone curves for both piers are presented in Figure 5 & Figure 6, con-163 

structed by connecting the peak load of the first cycle at each imposed drift level in posi-164 

tive (push) and negative (pull) directions separately. For the Control specimen (plain RC) 165 
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pier, the positive-direction backbone reached a maximum lateral load of 25.8 kN at ap-166 

proximately 20 mm displacement, while the negative direction peaked at only 21.8 kN at 167 

the same drift level, revealing clear asymmetry (negative strength is less than that of the 168 

positive). After the peak, strength degraded rapidly: at 60 mm the positive load had 169 

dropped to 19.6 kN and the negative load to 16.8 kN (average retained capacity is less 170 

than that of respective peaks). By so much drift the pier had suffered cover spalling and 171 

longitudinal bar buckling, resulting in a residual capacity of approximately 18 kN in both 172 

directions. 173 

 174 

Figure 6: Hysteresis Curve Comparison of Control Model 175 

In sharp contrast, Model 1 (HyFRD pier) exhibited almost perfect symmetry through-176 

out the test. The positive backbone peaked at 30.6 kN at 20 mm displacement, while the 177 

negative backbone reached 29.9 kN at the same drift level (negative strength is equal to 178 

approximate of positive). More importantly, the post-peak behaviour was dramatically 179 

improved: at 40 mm, the pier still carried 28.4 kN (positive) and 27.8 kN (negative), corre-180 

sponding to the respective peak values. Even at the final drift of 60 mm, the sustained 181 

loads remained 28.1 kN (positive) and 27.5 kN (negative) with virtually no strength deg-182 

radation and no visible spalling or bar buckling. 183 

 184 

 185 
Figure 7: Hysteresis Curve Comparison of HyFRD Experimental Vs Numerical Models 186 

These backbone curves unequivocally demonstrate that incorporating only a minor 187 

amount by weight of cement inclusion of hybrid steel + macro-polypropylene fibers in-188 

creased the peak lateral, shifted the drift at peak strength, and – most crucially – trans-189 

formed a steeply descending post-peak branch into an almost flat plateau that retained of 190 

peak capacity beyond 60 mm displacement. Such sustained load-carrying ability at ex-191 

treme deformations is rarely achieved in conventional reinforced concrete piers and con-192 

firms the outstanding efficiency of low-dosage hybrid fiber reinforcement for seismic ap-193 

plications. 194 

5. Conclusions 195 
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The quasi-static reversed-cyclic tests on two identical 1/4-scale circular bridge piers 196 

– one conventional reinforced concrete (Control) and one with only 0.45 % total hybrid 197 

fibers added to an ordinary 18 MPa concrete matrix – lead to the following clear conclu-198 

sions: 199 

Low-dosage hybrid fiber reinforcement dramatically enhances every key aspect of 200 

seismic performance. Despite lower concrete compressive strength, the HyFRD pier 201 

(Model 1) achieved higher peak lateral strength, higher initial stiffness, and higher cu-202 

mulative energy dissipation than the plain RC pier. More importantly, it exhibited 203 

nearly perfect symmetry, virtually no pinching, and retained its peak load at 7 % drift, 204 

whereas the Control pier retained only 74 % and failed by bar buckling and spalling. 205 

The failure mode was completely transformed. The Control pier suffered classic 206 

brittle-to-ductile transition failure with wide concentrated cracks, extensive cover spall-207 

ing, and longitudinal bar buckling. Model 1 developed hundreds of fine, closely spaced 208 

cracks distributed over the lower portion, showed no spalling whatsoever, and kept all 209 

longitudinal bars perfectly straight up to the end of testing, demonstrating exceptional 210 

damage tolerance and residual load-carrying capacity. 211 

The Mazars scalar damage model, implemented as an ABAQUS UMAT and cali-212 

brated exclusively from standard material tests, accurately reproduced the entire cyclic 213 

response of both piers without any inverse fitting at the component level and without 214 

modelling individual fibers. Errors on peak load, initial stiffness, and cumulative dissi-215 

pated energy remained for both specimens, confirming that the macroscopic benefits of 216 

low-dosage hybrid fibers can be reliably and simply captured through enhanced tensile 217 

fracture energy and a modest residual tensile stress ratio. 218 

6. Recommendations for Practice and Future Research 219 

Based on the extensive research performed in this study, it is recommended that: 220 

Low-dosage hybrid steel + macro-polypropylene fiber reinforcement (total dosage ≤ 221 

0.5 % by weight of cement) is strongly recommended as a simple, robust, and cost-effec-222 

tive seismic enhancement technique for new and existing bridge piers in moderate-to-223 

high seismicity regions, especially when high-strength or heavily confined concrete is 224 

not feasible. 225 

The proposed Mazars UMAT modelling approach, using only standard material 226 

test data, offers practising engineers an efficient and sufficiently accurate tool for perfor-227 

mance-based design and nonlinear dynamic analysis of HyFRD bridge piers without the 228 

complexity of discrete fiber or embedded-element modelling. 229 

Further full-scale tests and long-term durability studies are recommended to con-230 

firm the observed benefits under real bridge axial load ratios and to establish practical 231 

design guidelines and code provisions for hybrid fiber-reinforced concrete bridge piers. 232 

These findings demonstrate that a minor and inexpensive modification of the con-233 

crete mix can turn an ordinary bridge pier into a highly ductile, energy-dissipating, and 234 

damage-tolerant structural element capable of withstanding extreme seismic demands 235 

with minimal repair needs. 236 

 237 

Abbreviations 238 

The following abbreviations are used in this manuscript: 239 

RC Reinforced Concrete 

HyFRC Hybrid Fiber-Reinforced Concrete 

HyFRD Hybrid Fiber-Reinforced Concrete 

f′c, fcm Cylinder compressive strength of concrete 
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fctm Mean tensile strength of concrete (from splitting test) 

Gf,I Mode-I (tensile) fracture energy 

Gf,II or GfIc Mode-II (compressive) fracture energy (= 100 × Gf,I) 

ρl Longitudinal reinforcement ratio 

ρv Volumetric transverse (spiral) reinforcement ratio 

UMAT User-defined material subroutine in ABAQUS 

SDV2 State-dependent variable 2 (tensile damage parameter Dt in Mazars model) 

C3D8R 8-node linear brick element with reduced integration in ABAQUS 

T3D2 2- node linear 3D truss element in ABAQUS 
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