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Abstract

Bridges are vital lifelines, and their seismic performance is critical. Many existing Reinforced Concrete (RC) bridges,
especially those with non-prismatic columns, suffer from insufficient lateral strength and ductility due to outdated
design codes or environmental degradation. This study investigates the effectiveness of three types of Fiber
Reinforced Polymer (FRP) — Carbon Fiber Reinforced Polymer (CFRP), Glass Fiber Reinforced Polymer (GFRP),
and Aramid Fiber Reinforced Polymer (AFRP) — in strengthening non-prismatic RC bridge piers under lateral
loading. Using the nonlinear finite element method in ABAQUS (pushover analysis), four models were analyzed:
Unstrengthened, and strengthened with CFRP, AFRP, and GFRP. Results show that CFRP wrapping provided the
highest increase in ultimate strength (67%), energy dissipation (65%), and stiffness (34%), albeit with a 21% reduction
in ductility. AFRP and GFRP also showed significant improvements. The study confirms that FRP wrapping is a
highly effective retrofitting technique for non-prismatic bridge piers, with CFRP being the most efficient.

Keywords: Non-prismatic bridge pier, Fiber reinforced polymer, Carbon fiber reinforced polymer, Glass fiber
reinforced polymer, Aramid fiber reinforced polymer, Lateral loading, Seismic retrofit, Pushover analysis.

1| Introduction

Over the past decades, numerous Reinforced Concrete (RC) bridges have been designed based on older
seismic codes that underestimated lateral loads [1], [2]. Earthquakes such as Northridge (1994) and Kobe
(1995) revealed the vulnerability of RC bridge piers, especially those with non-prismatic geometry (variable
cross-section) [3], [4]. These piers often fail in a brittle manner due to insufficient transverse reinforcement
and low ductility. Strengthening using Fiber Reinforced Polymer (FRP) composites has emerged as a supetior
alternative to traditional steel jacketing due to its high strength-to-weight ratio, corrosion resistance, ease of

installation, and minimal change in cross-section [5-7]. This study aims to evaluate and compare the
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performance of non-prismatic bridge piers strengthened with three types of FRP carbon, glass, and aramid
under lateral monotonic loading.

2| Research Objectives

I. To determine the increase in lateral strength, stiffness, and energy dissipation
II. To evaluate changes in ductility and yield displacement

III. 'To compare Carbon Fiber Reinforced Polymer (CFRP) [8], Aramid Fiber Reinforced Polymer (AFRP) [9],
and Glass Fiber Reinforced Polymer (GFRP) [10] effectiveness

3 | Numerical Modeling
3.1| Reference Bridge and Geometry

The study focuses on the Arora Bridge (USA), a non-prismatic RC pier with a height of 1.7 m (scaled model).
The cross-section varies from larger at the base to smaller at the top, as shown in Fig. 7.
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Fig. 1. Cross-section of non-prismatic pier (bottom and top).

3.2 | Material Properties

Concrete behavior was modeled using nonlinear stress-strain curves in compression and tension (Fgs. 2 and
3). Steel reinforcement (longitudinal ¥12.7 mm, transverse (6.7 mm) was modeled elasto-plastically with
yvield strength of 400 MPa.

Table 1. Concrete material properties (stress vs. strain).

Pure Stress Pure Strain
Strain (m) Stress (N/m?) Strain (m) Stress (N/m?)
0.00000 20972037.3 0 15000000.00

0.00082 24525632.5 0.00082 16650000.00
0.00119 26215046.6 0.0063 12300000.00
0.00274 29186085.2 0.0177 6040000.00
0.00407 31038615.2 0.022 4540000.00

0.00707 33834886.8
0.01070 350000000
0.01270 33834886.8
0.01570 31504660.5
0.01970 26028628.5
0.02170 22183755

0.03000 9367509.99
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Fig. 2. Concrete behavior in compression.
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Fig. 3. Concrete behavior in tension.

FRP materials were modeled as linear elastic up to failure using surface elements (thickness 1.4 mm) [11]. The
mechanical properties are shown in Table 2 and Fig. 4.

Table 2. FRP material properties (elastic modulus, tensile strength).

Property Carbon Fiber (CFRP) Glass Fiber (GFRP) Aramid Fiber (AFRP)
Fiber diameter (um) 7 14 12
Density (g/cm?) 1.8 2.6 1.45
Tensile strength (MPa) 4900 2300 1650
Elastic modulus (GPa) 230 70 60
Ultimate strain (%o) 1.5 2.5 2.8
600
Carbon
S00
§ 400
B —og Aramid
E 200 Glass
100
8.000 0010 0.020 0.030 0.040

Tensile Strain (in./in}

Fig. 4. Stress-strain curve for CFRP, AFRP, and GFRP.
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3.3 | Finite Element Modeling (ABAQUYS)

I. Concrete and longitudinal steel: Solid elements (C3D8R).
II. Transverse steel: Truss elements (T3D2).
III. FRP wrap: Shell elements (S4R).
IV. Perfect bond assumed between FRP and concrete.
V. Boundary conditions: Fixed base, lateral load applied at top (displacement control).

VI. Nonlinear pushover analysis (static, displacement-controlled).

Fig. 5. 3D FE model meshing and boundary conditions.

3.4 | Validation

The FE model was validated against experimental data from a laboratory-scaled Arora bridge model. Good

agreement was found (see Fig. 6).
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Fig. 6. Experimental vs. numerical pushover curve — validation.

4| Strengthening Scenarios

Four models were analyzed:

Table 3. Analyzed models.

Model FRP Type Thickness
M1 None (reference) —

M2 Carbon (CFRP) 1.4 mm
M3 Aramid (AFRP) 1.4 mm
M4 Glass (GFRP) 1.4 mm

5| Results and Discussion

5.1| Failure Sequence and Stresses

In the unstrengthened model (M1), cracking initiated at the pier base (plastic hinge zone) at a lateral
displacement of ~0.0094 m, followed by yvielding of longitudinal steel and concrete crushing. Strengthened
models showed delayed cracking and reduced tensile stress in concrete and steel due to confinement.
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Fig. 7. Stress distribution in steel rebars — M1.
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Fig. 8. Stress distribution in steel rebars — M2 (CFRP).

Table 4. Maximum stresses in concrete and steel at failure.

Model Name FRP Type Max Stress in ~ Max Stress in Max Stress in
Concrete (MPa) FRP (MPa) Steel (MPa)
Non-prismatic bridge column-1 Unstrengthened (Reference) 5.10 — 33.24
Non-prismatic bridge column-2 Carbon (CFRP) 4.14 62.31 28.76
Non-prismatic bridge column-3 Aramid (AFRP) 4.42 62.14 29.36
Non-prismatic bridge column-4 Glass (GFRP) 4.57 59.24 30.04

5.2 | Pushover Curves

The lateral load vs. displacement curves for all models are compared in Fig. 9.
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Fig. 9. Pushover curves — M1, M2, M3, M4.

CFRP (M2) shows the highest load capacity and post-yield stiffness.
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5.3 | Stiffness
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Fig. 10. Stiffness comparison (bar chart).

5.4| Energy Dissipation (Area under Pushover Curve)
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Fig. 11. Energy dissipation comparison (bar chart).
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5.5| Ultimate Lateral Strength
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Fig. 12. Ultimate strength comparison (bar chart).
I. CFRP: +67%.
II. AFRP: +56%.
III. GFRP: +51%.

5.6 | Ductility
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Fig. 13. Ductility comparison (bar chart).
I. CFRP: -21%.
II. AFRP: -15%.
III. GFRP: -14%.

FRP wrapping increases strength but reduces ductility — a known trade-off in confinement.
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5.7|Yield Displacement
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Fig. 14. Yield displacement comparison (bar chart).
I. CFRP: —26%.
II. AFRP: -18%.
III. GFRP: -17%.

Strengthened models yield at smaller displacements due to eatlier activation of FRP confinement.
6| Discussion

All FRP types significantly improved seismic performance. CFRP consistently outperformed AFRP and
GFRP in strength, stiffness, and energy absorption, due to its higher elastic modulus and tensile strength.
However, the reduction in ductility must be considered in design, especially for high seismic zones. The
confinement effect is more pronounced in non-prismatic piers because of the varying cross-section, which
creates stress concentration at the smaller top section — effectively mitigated by FRP wrapping.

7| Conclusion

Based on the numerical study, the following conclusions are drawn:

I. CFRP wrapping increases ultimate lateral strength by 67%, energy dissipation by 65%, and stiffness by
34%.

II.  AFRP and GFRP also provide substantial improvements but to a lesser degree.

III. Ductility decreases by 21% for CFRP, 15% for AFRP, and 14% for GFRP — an acceptable trade-off for
strength gain.

IV. FRP strengthening is highly effective for non-prismatic RC bridge piers under lateral loading.
V. CFRP is recommended for maximum performance; GFRP is a cost-effective alternative.
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