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Abstract. Several recent earthquakes have indicated that the design and construction of bridges based on former seismic design provisions 
are susceptible to fatal collapse triggered by the failure of reinforced concrete columns. This paper incorporates an experimental investigation 
into the seismic response of nonductile bridge piers strengthened with low-cost glass fiber reinforced polymers (LC-GFRP). Three full-scale 
bridge piers were tested under lateral cyclic loading. A control bridge pier was tested in the as-built condition and the other two bridge piers 
were experimentally tested after strengthening them with LC-GFRP jacketing. The LC-GFRP strengthening was performed using two different 
configurations. The control bridge pier showed poor seismic response with the progress of significant cracks at very low drift levels. Test results 
indicated the efficiency of the tested strengthening configurations to improve the performance of the strengthened bridge piers including crack 
pattern, yield, and ultimate cyclic load capacities, ductility ratio, dissipated energy capacity, initial stiffness degradation, and fracture mode.
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upgrading the load-carrying capacity and ductility of structures 
are concrete jacketing [14, 15] and steel jacketing [16–18]. Con-
crete jacketing is the application of a concrete shell surrounding 
a member that is reinforced to enhance the strength and ductility 
of the element [19, 20]. However, the use of concrete jacketing 
involves some disadvantages such as an increase in volume and 
weight, artful detailing, and laborious work to install it on-site. 
In contrast to concrete jacketing, the steel jacketing method 
does not significantly increase the weight and saves construc-
tion time [18]. Nagaprasad et al. [21] used a steel cage to con-
fine the concrete columns of buildings. The results showed 
excellent behavior in terms of flexural strength and ductility 
due to the external confinement from steel cages. Steel jacket-
ing has also proved to be an efficient measure to retrofit bridge 
columns to increase the lateral strength and ductility [17‒19] 
and this method has been extensively put into practice in Cali-
fornia and elsewhere. Despite the successful application of steel 
jacketing in seismic strengthening, this technique involves some 
disadvantages such as high weight of steel plates causing dif-
ficulties during the installation and corrosion problems during 
the service life. There is a definite need to look for alternative 
ways to upgrade the retrofitting practice for the vast number of 
existing deficient bridge structures all over the world.

Composites are usually used as retrofitting materials pri-
marily due to their very high strength to the mass ratio [22]. 
Externally bonded unidirectional fiber-reinforced polymer 
(FRP) systems are composites that have been in use around 
the world since the mid-1980s to reinforce and retrofit concrete 
structures [23]. FRP is a composite material consisting of two 
different independent elements. The key structural element is 

1. Introduction

Several recent earthquakes in California, Japan, Central and 
South America have indicated that the design and construction 
of bridges based on former seismic design provisions are sus-
ceptible to fatal collapse triggered by the failure of reinforced 
concrete columns [1–3]. A significant fraction of concrete 
structures are in an uncertain condition [4, 5] such as columns 
in several existing bridges, which usually have potential prob-
lems like inadequate ductility due to inappropriate transverse 
confinement, improper details and deficient strength of the col-
umn/footing and column/superstructure [6–8].

A current inspection of existing reinforced concrete build-
ings and bridges in Thailand also revealed that most columns 
are designed against gravity loads only and seismic design pro-
visions are not generally regulated [9, 10]. Significant deficien-
cies found in the details of typical bridges include the practice 
of using widely spaced stirrups and the provision of lap splices 
in the potential plastic hinge area [11]. Such columns and bridge 
piers are referred to as nonductile in the literature [9, 11, 12]. 
Therefore, there is a pressing requirement to improve the exist-
ing older buildings and bridges and upgrade them to recent 
seismic design standards. Several approaches have been pro-
posed by various researchers for the purpose of retrofitting and 
repairing the concrete [13]. Generally, traditional methods of 
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the fibers that are encapsulated by a matrix consisting of some 
type of polymer [23–25]. These FRP systems were established 
as substitutes for conventional external reinforcing techniques 
such as steel plate bonding and steel or concrete column jack-
eting. These unidirectional FRP(s) include carbon FRP [26], 
glass FRP [27, 28], aramid FRP [29], polyethylene terephthalate 
(PET) FRP and polyethylene naphthalates (PEN) FRP [30, 31]. 
These types of unidirectional FRP composites are referred to 
as conventional FRPs in this paper. There are several benefits 
of using FRP(s) as a strengthening material, i.e. high strength 
to weight ratio and exceptional resistance to corrosion. The 
polymer is usually an epoxy and vinyl ester and phenol-formal-
dehyde resins are used. Among fibers, carbon fiber is the most 
expensive, and glass fiber is considered as the least expensive. 
Similarly, for polymers, epoxy polymer is considered as the 
most expensive as compared with vinyl ester and phenol-form-
aldehyde. Seible et al. [2] investigated the efficiency of con-
tinuous unidirectional carbon fiber reinforced polymer (CFRP) 
jacketing to increase the seismic performance of substandard 
bridge columns. The CFRP wrapping was applied to the circular 
or rectangular concrete columns with a variable jacket thickness 
along with the column height. The authors concluded that CFRP 
jacketing systems were very effective to improve the seismic 
response of substandard reinforced concrete columns. E-glass 
fiber – a more cost-effective alternative of CFRP – is also 
a composite wrapping material that has been experimentally 
investigated for the retrofitting and repairing of columns [1]. 
Dai et al. [31] carried out an experimental program to examine 
the seismic performance of reinforced concrete (RC) square 
columns retrofitted with polyethylene terephthalate (PET) 
FRP composites. It was concluded that PET FRP significantly 
enhances the displacement ductility of RC columns and hence 
can be taken into consideration as an alternative of conventional 
FRPs. In contrast to the unidirectional FRPs, recently a new 
method, i.e. sprayed glass fiber reinforced polymer composites, 
has been studied by many researchers [32–36]. The sprayed 
FRPs are also found very effective to enhance the strength 
and ductility of the strengthened structures. However, there are 
a few drawbacks in this method such as sprayed FRPs requiring 
special equipment, which is very expensive. Also, sprayed FRP 
required skilled labor because the thickness of sprayed FRP is 
difficult to control during the spraying process.

2. The significance of research

Although the conventional unidirectional FRPs are very suc-
cessful in strengthening or retrofitting concrete structures, the 
cost of conventional FRPs is still considered to be prohibitive 
for the massive retrofit program of the existing buildings, espe-
cially for the developing countries. Hence, there is a need to 
develop more economical and affordable jacketing systems to 
enhance the strength and ductility of substandard structures. 
Currently, in Thailand, the boating industry is frequently utiliz-
ing very low-cost bi-directional glass fiber reinforced polymer 
composite (LC-GFRP) to manufacture the boats. The price of 
the bi-directional glass fiber sheet is only USD 2 per square 

meter. Whereas the unit price of unidirectional carbon fiber 
reinforced polymer composite is USD 60 per square meter. 
A detailed review of the existing literature revealed that so far 
LC-GFRP has not been used to strengthen reinforced concrete 
structures. This study is planned to investigate the strengthening 
efficiency of the LC-GFRP composite to strengthen RC struc-
tures. The salient features of the LC-GFRP composites are low 
cost, wide availability and being more environmentally friendly. 
Also, the proposed LC-GFRP composites are bi-directional, 
thus these LC-GFRPs could protect the concrete against crush-
ing and cracking much more effectively than the traditional 
unidirectional FRPs. Since LC-GFRP composites are low-cost, 
their application in real structures will be much more econom-
ical than carbon FRP composites. Further, a detailed survey of 
the existing bridge piers in Thailand indicates that most of them 
were constructed before the development of the current seismic 
codes in Thailand. Due to lateral reinforcement, the confine-
ment in the existing bridge piers is insufficient. For example, 
in accordance with the code, the minimum required spacing 
for lateral reinforcement is H/2 (where H is section sectional 
height). However, it was found that in most of the bridge piers 
the provided minimum spacing is equal to H or even higher 
than H. A detailed review of the existing literature indicates that 
now there is little research on the seismic strengthening of the 
bridge piers. In the existing research, CFRP composite has been 
employed in different configurations to strengthen the bridge 
piers. However, there is no research on the seismic strengthen-
ing of the bridge piers by using GFRP composite. Therefore, 
it was planned to investigate the strengthening efficiency of 
the LC-GFRP composite to confine the insufficiently detailed 
bridge piers. To achieve the desired objective, an extensive 
experimental program was conducted. Three full-scale bridge 
piers were tested under lateral cyclic loading. One bridge pier 
was tested in the as-built condition, whereas the remaining two 
bridges piers were strengthened using an LC-GFRP jacketing 
system and tested under lateral loading.

3. An experimental program

To investigate the expected performance of bridge piers from 
LC-GFRP jacketing, three full-scale reinforced concrete bridge 
piers were constructed in this experimental study. The first 
bridge pier was tested in the as-built condition under lateral 
loading, i.e. without LC-GFRP jacketing. In this paper, the 
as-built bridge pier is referred to as P-01. The remaining two 
bridge piers, i.e. P-02 and P-03, were strengthened using low-
cost bi-directional glass fiber sheets and tested under lateral 
loading. The strengthening of the bridge piers P-02 and P-03 
was performed using two different strengthening configurations 
(Section 3.4).

3.1. Test specimen details. The details of the tested bridge piers 
also represent typical details of the existing construction practice 
of bridge piers in Thailand (Fig. 1). The details of the bridge 
piers are shown in Figs. 2a and 2b. The bridge piers are divided 
into two levels (Fig. 2a), i.e. lower level and upper level. The 



1459

Seismic strengthening of nonductile bridge piers using low-cost glass fiber polymers

Bull.  Pol.  Ac.:  Tech.  68(6)  2020

lower level consists of the foundation, columns, and middle 
beam. The top-level consists of the top columns and top beam 
as shown in Fig. 2a. The full length at the foundation and height 
of bridge piers were 5000 mm and 3240 mm, respectively. The 
foundation had a cross-Section of 500 (width)£350 (depth) mm. 
Each column (at the lower and upper level) had a cross-section of 
200 (width)£2000 (depth) mm. The middle beam was construct-
ed with a cross-Section of 200 (width)£200 (depth) mm. The 
top beam had a cross-Section of 250 (width)£300 (depth) mm. 
Each column contained 4 longitudinal deformed bars of No. 12 
(4DB12). The transverse reinforcement in columns consisted of 
round bars of No. 6 provided at 200 mm spacing (RB6@200) 
throughout the column height. A lap splice of longitudinal re-
inforcement with a lap length of 400 mm was provided in the 
columns at lower levels. The middle beam contained 3 No. 12 
deformed bars (3DB12) at each face, i.e. at the bottom and 
top faces. Similarly, the top beam consisted of 6 No. 12 de-
formed bars (6DB12) at each face, i.e. at the bottom and top 
faces. The bottom foundation was cast with 8 No. 12 deformed 
bars (8DB12) at each face, i.e. at the bottom and top faces. 
The web reinforcement in the top and middle beam consist-
ed of round bars of No.6 placed at 120 mm (RB6@120) and 
200 mm (RB6@200), respectively. The web reinforcement in the 
foundation consisted of round bars of No. 6 placed at 120 mm 
(RB6@120). The beam-column joints were constructed with ex-
tra reinforcement of 2 No. 12 deformed bars as shown in Fig. 2b. 
A clear 25 mm thick concrete cover was provided on all sides of 
beams, columns, and foundation.

3.2. Material properties. Ordinary Portland Cement (OPC) 
Type I and 19 mm downgraded coarse aggregates were used 
for preparing the concrete mixtures. Two types of mix designs 
were used to cast the bridge piers. The foundation was cast 
using high strength concrete, with 28-day target compressive 
strength of 50 MPa, to avoid any premature failure of the 
foundation. The columns and beams were cast using concrete 
with 28-day target compressive strength of 20 MPa. For each 
concrete mixture, three cylinders (150 mm in diameter and 
300 mm in height) were cast in molds as per standard practice 
ASTM C31/ C31M- 12 [37]. The compressive strength test on 
these cylindrical specimens was conducted according to ASTM 
Standard ASTM C39/C39M [38]. The actual concrete strengths 
obtained during the testing days (around 35–45 days after cast-
ing) were slightly higher than the target design strengths, as 
shown in Table 1. Steel bars were tested in Universal Testing 

Fig. 1. An existing bridge pier constructed in Thailand

Fig. 2. a) Details of tested bridge pier, b) Reinforcement details 
(units in mm)

(b)

(a)

Table 1 
Concrete compressive strength results (at test age)

Cylinder 
specimen

Lower 
column
(MPa)

Middle 
beam
(MPa)

Top 
column
(MPa)

Top  
beam
(MPa)

C-01 22.1 26.0 24.7 22.7

C-02 22.3 22.0 24.3 25.0

C-03 22.0 22.4 16.0 21.2

Average 22.1 23.5 21.6 22.9
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Machine (UTM), as per ASTM standard ASTM E8 [39], to 
obtain the yield strength and ultimate strength of steel bars. 
Three samples were prepared for each size of steel bars and 
the average value was taken as the representative yield strength, 
modulus of elasticity, and yielding strain. The test results are 
su mmarized in Table 2. The strengthening of the bridge piers 
was performed using bi-directional E177 glass fiber sheets of 
0.5 mm thickness (Fig. 3). The epoxy system used in the cur-
rent research work consisted of resin and hardener, mixed in 
the ratio 3:1. Thorough and vigorous mixing of the resin and 
the hardener was carried out for at least 5 minutes using a mix-
ing tool to ensure a consistent and homogenous product. The 
mechanical properties of LC-GFRP composite including the 
tensile strength and the modulus of elasticity were determined 
through tensile testing of flat coupons. The typical details of 
a flat coupon are shown in Fig. 4. The tensile test was per-
formed on three tensile coupons following ASTM specification 
D3039- 75 [40] and the resulting average values of the mechan-
ical properties are su mmarized in Table 3. The typical failure 
of the GFRP strip is shown in Fig. 5a. Moreover, the tensile 
strength and the modulus of elasticity were obtained using the 
area of fiber rather than the gross cross-sectional area of the 
coupons. The stress-strain behavior of the LC-GFRP tensile 
coupon is shown in Fig. 5b.

Table 2 
Tensile properties of reinforced steel

Reinforced 
steel

Specimen
Yield 

strength
fy (MPa)

Modulus of 
elasticity
Es (MPa)

Yielding 
strain

εy (µm/m)

Round steel 
bars

Ø 6 mm

1 420.9 1.26.E+05 335.1

2 426.1 1.26.E+05 339.4

3 430.9 1.26.E+05 343.2

Average 426.0 1.26.E+05 339.2

 Deformed 
steel bars
Ø 12 mm

1 573.2 1.98.E+05 289.8

2 548.2 1.70.E+05 322.2

3 523.4 1.76.E+05 297.6

Average 548.3 1.81.E+05 303.2

Table 3 
Mechanical properties of LC-GFRP

Specimen Maximum tensile 
strength
fu (MPa)

Modulus  
of elasticity

E (MPa)

Ultimate 
strain
εu (%)

1 212.7 14655.0 1.57

2 207.3 14059.0 1.85

3 194.9 13943.0 1.77

Average 204.9 14219.0 1.73Fig. 3. Glass fiber sheet

Fig. 4. LC-GFRP tension coupon details (units in mm)

Aluminium plate

GFRP Coupon
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3.3. GFRP strengthening. In this study, LC-GFRP was 
applied in two different configurations, namely configuration 
A and configuration B. In configuration A, the lower level 
columns were fully wrapped, the upper-level columns were 
partially strengthened (i.e. f iber was only applied in the upper 
and lower regions of the columns), and the middle beams were 
fully wrapped as shown in Fig. 6a. The unstrengthened zones 
in configuration A were mainly beam-column joints and mid-
dle portion of the upper-level columns as shown in Fig. 6a. 
The strengthening configuration B was like the strengthen-
ing configuration A, except for the fact that the beam-col-
umn joints were also strengthened using bi-directional glass 
f iber sheets as shown in Fig. 6b. In previous work of the same 
research group [41], the authors performed different laboratory 
tests on axial compression of the concrete confined with the 
proposed strengthening method using different layers, i.e. 1, 
2, and 3 layers. The results indicated the highest increase in 
the load-carrying capacity with three layers of GFRP. How-

ever, in the current study, four layers of bi-directional glass 
f iber sheets were applied for both strengthening configura-
tions. The LC-GFRP jacket system includes the application of 
bi-directional glass f iber sheets on epoxy saturated surfaces. 
The surface of the concrete members to be strengthened with 
LC-GFRP was grinded before the application of LC-GFRP. 
A thin layer of epoxy was applied to the concrete surface and 
the GFRP sheet was then attached to the surface of epoxy. 
For each layer of glass f iber sheet, two plies of epoxy, one 
on the concrete surface right before installing the sheet and 
the other on the surface of the installed sheet, were applied 
using paintbrush or rollers to ensure fully saturated glass f iber 
layers with epoxy. During the installation of the f iber sheets, 
extreme care was taken to avoid any gaps between the f iber 
sheets and the concrete surface. After the required layers of 
the sheet were installed, the LC-GFRP composite jacket was 
cured in the ambient condition. The installation of LC-GFRP 
sheets is shown in Fig. 7.

Fig. 5, a) Failure of  GFRP strips [41], b) Stress versus strain behavior of  GFRP composite

(a)

(a)

(b)

(b)

Fig. 6. Strengthening configuration: a) A, b) B
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3.4. Instrumentation and load setup. As concrete structures 
are frequently exposed to cyclic loading during the service 
life [42], in this study the tested bridge piers were subjected 
to reverse cyclic tests in the laboratory of the King Mongkut 
University of Thailand. A total of 16 LVDTs were installed at 
different locations of the bridge piers to record the required nec-
essary data at different deformation steps as shown in Fig. 2a. 
In addition to the LVDTs, strain gauges (gauge length = 5 mm) 
were also installed on longitudinal and lateral steel bars to deter-

mine strain values during the test. The bridge pier foundation 
was anchored to the strong floor with steel rods and bolts to 
avoid the overturning movements. The lateral load was applied 
using a horizontally installed hydraulic actuator to simulate 
the seismic demand. The loading set up is shown in Fig. 8a. 
The out-of-plane movement was prevented by using lateral 
supports as shown in Fig. 8b. The quasi-static lateral cyclic 
loading history was employed to apply the cyclic loading as 
proposed by Priestley and Park [43]. The displacement control 
loading scheme consisted of two consecutive cycles at each 
drift level as shown in Fig. 9. The bridge piers were subjected 
to reversed cyclic loads using a target percent drift of ±0.25, 
±0.5, ±0.75, ±1.0, ±1.5, ±2.0, ±2.5, ±3.0, and so on. The drift 
ratio is defined as the lateral displacement normalized by the 
height measured from the top of the bottom plate to the point 
of lateral load application. The hydraulic actuator was manually 
operated in a displacement control mode.Fig. 7. Installation of the glass fiber sheet

Fig. 8. a) Loading setup (units in mm), b) Lateral supports to prevent 
out-of-plane movement of bridge piers

5 

or rollers to ensure fully saturated glass fiber layers with 
epoxy. During the installation of the fiber sheets, extreme 
care was taken to avoid any voids between the fiber sheets 
and the concrete surface. After the required layers of the 
sheet were installed, the LC-GFRP composite jacket was 
cured in the ambient condition. The installation of LC-
GFRP sheets is shown in Fig. 7. 
 
3.4 Instrumentation and load setup. As concrete 
structures are frequently exposed to cyclic loading during 
the service life [39], therefore in this study, the tested 
bridge piers were subjected to reverse cyclic tests in the 
laboratory of the King Mongkut University of Thailand. A 
total of 16 LVDTs were installed at different locations of 
the bridge piers to record the required necessary data at 
different deformation steps, as shown in Fig. 2a. In addition 
to the LVDTs, strain gauges (gauge length = 5mm) were 
also installed on longitudinal and lateral steel bars to 
determine strain values during the test. The bridge pier 
foundation was anchored to the strong floor with steel rods 
and bolts to avoid the overturning movements. The lateral 
load was applied using a horizontally installed hydraulic 
actuator to simulate the seismic demand. The loading set 
up is shown in Fig. 8a. The out-of-plane movement was 
prevented by using lateral supports, as shown in Fig. 8b. 
The quasi-static lateral cyclic loading history was 
employed to apply the cyclic loading, as proposed by 
Priestley and Park [40]. The displacement control loading 
scheme consisted of two consecutive cycles at each drift 
level, as shown in Fig. 9. Bridge piers were subjected to 
reversed cyclic loads using a target percent drift of ±0.25, 
±0.5, ±0.75, ±1.0, ±1.5, ±2.0, ±2.5, ±3.0 and so on. The 
drift ratio is defined as the lateral displacement normalized 
by the height measured from the top of the bottom plate to 
the point of lateral load application. The hydraulic actuator 
was manually operated in a displacement control mode. 
 

 
Fig. 6(a). Strengthening configuration A 

 
Fig. 6(b). Strengthening configuration B 

 
Fig. 7. Installation of the glass fiber sheet 

Fig. 8(a). Loading setup (units in mm) 

 
Fig. 8(b). Lateral supports to prevent out-of-plane movement of bridge 
piers 

Hydraulic actuator

Lateral reaction 
frame

a)

b)

Fig. 9. Loading history

Number of cycles

D
rif

t (
%

)

4. Test results and discussions

In this study, three full-scale bridge piers were tested under 
lateral cyclic loading. The tests were performed using the same 
loading setup. The experimental results are discussed in the 
following sections.

4.1. Failure modes.
4.1.1. As-built bridge pier (P-01). The bridge pier P-01 (as-built 
bridge pier) remained undamaged until the drift level of 0.25%. 
The first visible flexure cracks were observed at the drift level 
of 0.50% on columns and beams, as shown in Fig. 10a. A few 
inclined cracks were also observed on the interior beam-column 
joints. However, the exterior beam-column joints were undam-
aged at this stage. The number of flexural cracks increased 
when the lateral drift ratio was increased. At 0.75% and 1.00% 
drift level, flexural cracks appeared at the location of exterior 
beam-column joints (Figs. 10b and 10c). The increase in lateral 
drift resulted in the increased flexural cracking. During the first 
cycle of 1.5% drift ratio, the peak lateral strength was achieved, 
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and at the same time, the concrete cover began to spall in the 
lower level columns and middle beam. The onset of a major 
shear crack in the plastic hinge zone of lower columns and mid-
dle beams and a corresponding drop in the lateral strength were 
observed during the second cycle of 1.5% drift ratio (Fig. 10d). 
At this stage, the test was terminated to avoid any damage to the 
instruments and other lab facilities. The line diagram of cracking 
in the specimen P-01 is shown in Fig. 11.

4.1.2. LC-GFRP Strengthened Bridge Pier (P-02). The 
LC-GFRP strengthened bridge pier, i.e. P-02 (strengthened 
using configuration A) showed much improvement in behav-
ior in terms of lateral load-carrying capacity and ductility, as 
compared to the unstrengthened bridge pier (i.e. P-01). The 
LC-GFRP strengthened bridge pier (i.e. P-02) was also undam-
aged up to the drift level of 0.25%. Unlike on the bridge pier 
P-01, initial f lexural cracks were observed at the drift level 
of 0.50% at the location of interior and exterior beam-col-
umn joints. The results suggest that GFRP strengthening of 
beams and columns can shift failure from beams and col-
umns towards the joint zone. The increase in the lateral drift 
resulted in increased f lexural cracking. With further increase 
in the lateral drift level, i.e. at drift level of 0.75%, the initially 
observed cracks grew, both in terms of width and length. At 
this stage, new cracks were also observed at the location of 
the interior and exterior beam-column joints. A slight crush-
ing of the concrete at the base of the upper-level columns was 
observed at the drift level of 1.00% (Fig. 12a). Severe damage 
and numerous cracks were observed on the interior and exte-
rior beam-column joints, at the drift level of 2.00% (Fig. 12b). 
With further growth of the drift level, i.e. 3.00% and 3.50%, 
significant crushing and spalling of concrete were experienced 
on the interior and exterior beam-column joints, as shown in 
Figs. 12c and d. However, the unstrengthened portion of the 

Fig. 10. Damage to the bridge pier P-01 at the lateral drift of : a) 0.50%, b) 0.75%, c) 1.00%, d) 1.50%

a

c

b

d

Fig. 11. Line diagram of cracking in the bridge pier P-01
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upper-level columns remained undamaged throughout the test. 
The line diagram of cracking in the specimen P-02 is presented 
here in Fig. 13.

4.1.3. LC-GFRP Strengthened Bridge Pier (P-03). Similar to 
the bridge pier P-02, the LC-GFRP strengthened bridge pier, 
i.e. P-03 (strengthened using configuration B) also showed sig-

nificantly improved behavior in terms of the lateral load-carry-
ing capacity and ductility, as compared to the unstrengthened 
bridge pier (i.e. P-01). The bridge pier P-03 remained undam-
aged until the drift level of 0.25%. In contrast to the bridge pier 
P-02, the first visible cracks were observed at the drift level of 
0.50% in the unstrengthened zone of the upper-level columns, 
indicating that the strengthening of beam-column joints can 
shift the failure from the joint core towards the weak columns 
(Fig. 14a). This further indicated the effectiveness of LC-GFRP 
confinement to the beams, columns, and beam-column joints. 
The increase in the lateral drift resulted in the increased flex-
ural cracking. At 1.25% drift ratio, the peak lateral strength 
was attained, and at the same time, the concrete cover began 
to spall (Fig. 14b). At 2.0% drift ratio, a major shear crack was 
observed along with a corresponding drop in the lateral strength 
(Fig. 14c). At the same drift level, inclined cracks were also 
observed on the top beam. At 4.0% drift ratio (final drift ratio), 
the longitudinal reinforcement buckled due to the complete loss 
of concrete cover, as shown in Fig. 14d. The final failure of the 
LC-GFRP strengthened bridge pier (i.e. P-03) can be charac-
terized as the shear failure of the upper-level columns in the 
unstrengthened middle zones, along with a slight damage to the 
top beam. The line diagram of cracking in the specimen P-03 
is shown here as Fig. 15.

Fig. 12. Damage to the bridge pier P-02 at the lateral drift of : a) 0.50%, b) 0.75%, c) 1.00%, d) 1.50%

a

c

b

d

Fig. 13. Line diagram of cracking in the bridge pier P-02
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4.2. Lateral load versus drift ratio responses. Experimental 
results in terms of the lateral load (Py), displacement at the 
first yield (δy), the maximum load (Pmax), the ultimate dis-
placement (δu) and the displacement ductility factor (µƐ) are 
summarized in Tables 4 and 5. The ultimate displacement (δu) 

Fig. 14. Damage to the bridge pier P-03 at drift level of : a) 0.50%, b) 1.25%, c) 2.00%, d) 4.00%

a

c

b

d

Fig. 15. Line diagram of cracking in the bridge pier P-03

Table 4 
Experimental test results in terms of lateral load

Specimen Yielding 
lateral load

Py (kN)

% Increase 
in yielding 
lateral load

Maximum 
load

Pmax (kN)

% Increase 
in maximum 

load

P-01 45.70 – 96.30 –

P-02 78.40 42.0 104.50 8.0

P-03 101.63 55.0 111.70 14.0

Table 5 
Experimental test results in terms of drift and ductility

Specimen Yielding 
drift
δy 

% Increase 
in yielding 

drift 

Ultimate 
drift⁎

δu

% Increase 
in ultimate 

drift

Ductility 
factor

µƐ = δu/δy

P-01 0.50 – 1.50 – 3.00

P-02 0.75 33.0 3.50 57.0 4.67

P-03 1.00 50.0 3.50 57.0 3.50

⁎ Displacement at which a drop of the load from Pmax to P80% was observed [44, 45]
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was defined as that at which a drop of the load from Pmax to 
P80% was observed [44, 45] and the ductility factor was con-
sidered as the ratio between the ultimate displacement and first 
yield displacement (δu and δy). The experimental responses of 
as-built and LC-GFRP strengthened bridge piers are shown in 
Figs. 16 a-f in the form of lateral load versus drift ratio. The 

envelope curves of the unstrengthened and strengthened bridge 
piers are shown in Fig. 17.

The reference bridge pier specimen (P-01) failed in a brittle 
manner by a rapid widening of diagonal cracks in the plas-
tic hinge zone of the lower columns and beam-column joints, 
leading to a sudden drop of the load-carrying capacity from 

Fig. 16. Lateral load versus drift ratio response of bridge pier: a) P-01, b) P-02, c) P-03, d) P-01 and P-02, e) P-01 and P-03, f) P-02 and P-03

a

c

e

b

d

f
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the peak when the load was applied during the second cycle of 
1.50% drift ratio. The bridge pier P-01 achieved its maximum 
lateral load capacity of 96.30 kN at 1.50% drift ratio. Severe 
cracking and spalling of concrete cover were observed during 
the second cycle of 1.50% drift ratio (Fig. 10d). The test was 
then terminated to avoid damage to the instruments and lab 
facilities. The pier specimen (P-02) mainly failed due to the 
significant crushing and spalling of concrete on the interior and 
exterior beam-column joints. Comparing the bridge piers P-01 
and P-02 (Fig. 16d), the behavior of the bridge pier P-02 was 
more ductile, with a ductility factor μƐ of 4.67. The bridge pier 
P-02 achieved its maximum lateral load capacity of 104.50 kN 
at 1.25% drift level. The maximum lateral load, ultimate dis-
placement, and ductility ratio were found to be 8%, 57%, and 
36% higher, respectively, as compared to the unstrengthened 
bridge pier P-01. It was noted that the descending branch after 
the peak strength at 3.50% drift ratio was very smooth since 
there were no serious damages found, indicating the effective-
ness of LC-GFRP confinement.

Similar to the bridge pier P-02, the behavior of bridge pier 
P-03 was more ductile as compared to the as-built bridge pier 
(P-01), with a ductility factor μƐ of 3.50. By comparing spec-
imen P-01 and P-03, it can be noted that the drift capacity of 
P-03 was greatly enhanced due to the confinement effect. The 
bridge pier P-03 achieved its maximum lateral load capacity 
of 111.70 kN at 1.25% drift level. The maximum lateral load, 
ultimate displacement, and ductility ratio were found to be 
14%, 57%, and 14% higher, respectively, as compared to the 
unstrengthened bridge pier P-01. By comparing specimens P-02 
and P-03 (Fig. 16 f), it can be observed that the lateral load-car-
rying capacity of P-03 was higher than that of the bridge pier 
P-02. However, the ductility of the bridge pier P-03 was found 
lower than that of the bridge pier P-02. This was supposedly 
due to the higher level of confinement of the lower zone of 
the bridge pier (i.e. lower-level columns, middle beam, and 
beam-column joints), thus making the upper-level columns very 
weak in the middle of the not strengthened zone.

It can also be noticed that at 1.25% drift ratio, the descend-
ing branch after the peak strength dropped sharply as com-
pared to the bridge pier P-02, indicating serious damage to the 
bridge pier. This was supposedly due to the shear failure of 
the columns at the upper level. In this bridge pier, i.e. P-03, 
at 3.00% drift ratio until the end of the test, severe crushing 
and spalling of concrete was observed in the middle zone of 
the upper-level columns. The buckling of longitudinal steel 
bars was also seen in the not strengthened zones of the upper-
level columns. It is evident from the experimental results that 
the proposed strengthening method is very useful to alter the 
seismic performance of the nonductile bridge piers in terms 
of ultimate load-carrying capacity, ultimate displacement, and 
ductility. In this study, the maximum increase in the lateral 
load-carrying capacity was found to be 16% for the bridge 
pier 02. A study conducted on the flexural strengthening of the 
bridge piers using three layers of traditional carbon fiber rein-
forced polymer composites reported a maximum increase of 
8.0% as compared to the unstrengthened bridge pier [46]. In 
another study, 10 layers of traditional carbon fiber reinforced 
polymer composites were used to strengthen the bridge pier. 
Experimental results indicated a maximum of 17.0% increase 
in the lateral load-carrying capacity of the CFRP strengthened 
specimen [47]. This is a very clear indication that the proposed 
strengthening method is very effective and could be replaced 
with the existing methods.

4.3. Stiffness of bridge piers. The effectiveness of LC-GFRP 
strengthening techniques used to enhance the stiffness of bridge 
piers was assessed by plotting the stiffness curves (instanta-
neous secant stiffness at a certain displacement) of LC-GFRP 
strengthened bridge piers along with the unstrengthened bridge 
pier, i.e. P-01 in Fig. 18. It can be observed in Fig. 18 that a pos-
itive value of the cycle number corresponds to a loading cycle 
involving upward lateral displacement and negative values are 
related to the cycles involving downward displacement. It can 

Fig. 17. Envelop or skeleton curves of tested bridge piers P-01, P-02, 
and P-03

Fig. 18. Stiffness of tested bridge piers
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be seen that the LC-GFRP strengthening technique was found 
to be very effective in increasing the overall stiffness of LC380 
GFRP strengthened bridge piers. However, the initial stiffness 
of both LC-GFRP strengthened bridge piers exhibited an almost 
similar trend, as shown in Fig. 18.

4.4. Cumulative dissipated energy of LC-GFRP strength-
ened bridge piers. The cumulative hysteretic dissipation 
energy was evaluated for all tests, considering the area of each 
loading cycle in the X and Y direction, and then the total energy 
was calculated as the sum of these two parts. The cumulative 
energy dissipated was then obtained by su mming the energy 
dissipated in consecutive cycles throughout the test. The cumu-
lative energy dissipation versus the lateral drift ratio is pre-
sented in Fig. 19 and it can be seen that LC-GFRP strengthened 
RC columns permit to dissipate more energy compared with the 
un-strengthened specimen. This was mainly due to the addi-
tional confinement provided by the LC-GFRP jackets.

4.6. Effect of the LC-GFRP strengthening configuration. In 
this experimental study, two types of strengthening configura-
tions, i.e. Type A and Type B (Figs. 6a and 6b), were adopted 
to study the structural response of the LC-GFRP strengthened 
bridge piers. To investigate the effect of strengthening con-
figurations, a comparison of lateral load versus lateral drift of 
the unstrengthened and LC-GFRP strengthened bridge pier is 
shown in Figs. 16 d-f. Accumulated energy dissipation of the 
bridge piers P-01, P-02, and P-03 is shown in Fig. 17. A graph-
ical comparison showing the load and displacement of both 
unstrengthened and LC-GFRP strengthened bridge piers is also 
displayed in Figs. 20 and 21. It can be seen that the bridge 
pier (P-02), which was strengthened using strengthening con-
figuration B, showed superior behavior over the bridge pier 
P-01. As compared to the unstrengthened bridge pier (P-01), 
the increase in the lateral yielding load was 71% and 122% for 
the strengthening configurations A and B, respectively. More-
over, the maximum lateral load was increased by 8% and 16% 
for the strengthening configurations A and B, respectively, as 
compared to the un-strengthened bridge pier (P-01). Similarly, 
the yielding displacement was increased by 50% and 100% 
for the bridge piers P-02 and P-03, respectively, as compared 

Fig. 19. Accumulative dissipated energy versus lateral drift ratio for 
different cases considered

4.5. Ductility of the LC-GFRP strengthened bridge piers. The 
displacement ductility ratio µƐ is defined as the ratio between 
ultimate displacement and yielding displacement. The bridge 
piers with a larger ductility ratio had better ductility properties. 
The displacement ductility ratio of the tested bridge piers is 
su mmarized in Table 4. A comparison of skeleton curves of the 
LC-GFRP strengthened and unstrengthened bridge pier is also 
shown in Fig. 17. The experimental test results showed that the 
LC-GFRP strengthening technique is very effective to alter and 
enhance the ductility of strengthened bridge piers. The ductility 
of the LC-GFRP strengthened bridge piers P-02 and P-03 was 
recorded as 56% and 17% higher, respectively, as compared to 
the unstrengthened bridge pier, i.e. P-01. The ductility of the 
LC402 GFRP strengthened bridge pier P-03 was recorded lower 
than the ductility of the bridge pier P-02. This phenomenon is 
associated with the shear failure of the upper-level columns in 
the case of the LC404 GFRP strengthened bridge pier P-03, as 
shown in Fig. 14d. Fig. 21. The effect of strengthening configuration on displacement

Yielding displacement Ultimate displacement⁎

⁎ Displacement at which a drop of the load from Pmax to 80% was observed

D
rif

t (
%

)

Fig. 20. The effect of strengthening configuration on lateral load 
carrying capacity of  bridge piers
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to the bridge pier P-01. Ultimate displacement was increased 
by 133% for both the bridge piers P-02 and P-03, as compared 
to the bridge pier P-01. The strengthening configuration B 
also dissipated higher accumulative energy as compared to the 
strengthening configuration A (Fig. 19). Better performance of 
the strengthening configuration B was due to the confinement 
of the beam-column joint, as compared to the strengthening 
configuration A.

5. Conclusions

This paper presents the experimental study of strengthening 
non-ductile reinforced concrete bridge piers by low cast glass 
fiber reinforced polymers (LC-GFRP) jacketing under qua-
si-static cyclic lateral loading. Three full-scale bridge piers 
were tested under lateral cyclic loading. A control bridge pier 
was tested under the as-built condition and the other two bridge 
piers were experimentally tested after being strengthened with 
LC-GFRP jacketing. Based on the experimental outcome, the 
following conclusions can be drawn:
1. The control or as-built bridge pier showed a poor seismic 

response with the development of significant cracks at very 
low drift levels.

2. LC-GFRP strengthening has proved to every effective in 
altering the seismic response of full-scale RC bridge piers.

3. The test results suggest that LC-GFRP strengthening of the 
beams, columns and beam-column joints in bridge piers can 
shift failure from a brittle mode to a ductile mode.

4. The final failure of the bridge pier strengthened using con-
figuration A (unstrengthened beam-column joints) was 
mainly due to the failure of beam-column joints.

5. The bridge pier strengthened using conf iguration B 
(strengthened beam-column joints) failed mainly due to 
the sheer failure of the columns at the upper level.

6. In terms of lateral load-carrying capacity, the strengthen-
ing configuration B is found superior to the strengthening 
configuration A.
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