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A B S T R A C T   

Fiber reinforced polymers (FRP) have been widely investigated and successfully used as internal reinforcement in 
new reinforced concrete (RC) members and structures such as slabs, beams, bridges, multi-storey car parks and 
others as means to overcome the corrosion problem of steel. The linear-elastic behaviour, brittle failure and low 
modulus of elasticity are some of the significant mechanical characteristics of FRP rebars which raise concerns on 
their capability to allow structural members to dissipate energy in seismic zones and thus limit their use in 
earthquake resistant RC structures (such as moment resisting frames). The behaviour of concrete frames rein
forced with FRP bars is still in its early stages of research and development with only a few researchers exploring 
such structures under in-place cyclic loading (seismic loading). As a result, design codes do not provide guidance 
for RC moment frames internally reinforced with FRP. This study attempts to partially fill the gap by investi
gating the behaviour of glass fiber reinforced polymers (GFRP) RC frames under in-plane loading. Six 1/3 scaled 
RC frames were constructed and tested under reversed cyclic loading to simulate seismic loading conditions. 
Three were reinforced with GFRP bent bars and three (their counterparts) with conventional steel. The testing 
was conducted in displacement-controlled mode with the loading history according to ACI 374.1–05. Test pa
rameters included longitudinal reinforcement ratio and arrangement in the columns and presence of links in the 
joints. The experimental results are presented as hysteretic curves, lateral load / drift graphs, stiffness degra
dation and cumulative energy dissipated with the overall indication of the feasibility of GFRP RC frames in 
seismic regions. All GFRP specimens successfully reached 2.75% loading drifts. The energy dissipation of GFRP 
specimens was lower at initial drifts compared to the steel reinforced samples, but it become greater at final drift. 
GFRP frames had approximately the same load bearing capacity as their counterparts and even greater in one 
case. Ultimate loads for G frames were reached at higher level of displacement than for S frames.   

1. Introduction 

It is well known that the corrosion of internal steel reinforcement in 
reinforced concrete (RC) structures is a major concern in terms of service 
life of the developments. In almost half a century, many solutions have 
been studied in order to improve the durability of the structures. As a 
result, fiber reinforced polymer (FRP) reinforcing bars have been seen 
by many researchers as a viable alternative to steel in reinforced con
crete structures [1–3]. The main characteristics that made the FRP bars 
the focus of intensive research are their corrosion resistant nature, light 
weight, high tensile strength and electromagnetic neutrality [4]. In the 

last few decades, through extensive laboratory experiments, field ap
plications and implementations, guides, specifications and design codes, 
FRP bars have gained worldwide acceptance as internal reinforcement 
in new concrete structures [5–7]. Due to their relatively low cost 
compared with other FRPs, glass fiber-reinforced polymers (GFRP) have 
become popular in the construction industry and have been successfully 
used in bridges, parking garages, water tanks, tunnels and marine 
structures [8]. 

The physical and mechanical properties of GFRP rebars and other 
FRPs in general are different from those of the steel rebars. For instance, 
GFRP bars have low modulus of elasticity (40–60 GPa compared to the 
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steel of 200 GPa), which could cause large deformations of the structure. 
Furthermore, the FRP reinforcement shows linear elastic behaviour 
without yielding and a brittle failure [9]. This behaviour significantly 
reduces the ductility of structural elements reinforced with GFRP. In 
seismic areas, the design philosophy and detailing scheme should be 
adopted in such a way that the RC structure exhibits adequate ductility, 
enough to dissipate the energy resulted from seismic activities, thus 
avoiding catastrophic collapse. Accordingly, the feasibility of using 
GFRP rebars in seismic regions as a main reinforcement in concrete 
structures could be considered as questionable. Furthermore, current 
codes and guidelines for design of the FRP-RC structures such as ACI 
440.11–12 [10], fib Model Code 2010[11] and ACI 440.1R-15[12] do 
not provide recommendations and provisions for seismic design of RC 
frames due to a lack of seismic experiments on earthquake resisting 
systems reinforced with FRP rebars as main reinforcement. This lack of 
data and research hinders the use of such materials as sustainable 
reinforcement for new constructions in seismic zones. 

2. Background 

Even though many researchers have focused on investigating the 
behaviour of concrete elements such as slabs, beams and columns 
reinforced with FRP bars, only very few have explored the behaviour 
and performance of RC frames (as earthquake resistant systems) inter
nally reinforced with FRP bars under reversed cyclic loading. In an 
attempt to address this issue and to better understand the behaviour of 
such structures, in a pioneer experiment by Fukuyama et.al [13], the 
applicability of FRP bars as main internal reinforcement for concrete 
frames was investigated. The authors tested under quasi-static loading a 
half-scale three storey concrete frame reinforced with aramid FRP bars 
as main and shear reinforcement. The study concluded that earthquake 
resistant concrete structures reinforced with FRP bars were feasible. 
After that, a few other researchers have studied the seismic behaviour of 
GFRP-RC beam-column joints. Said and Nehdi [14] investigated the 
performance of steel-free GFRP-reinforced beam-column joints. The first 
specimen (as control sample) was steel-reinforced while the second 
specimen was GFRP-reinforced. Both specimens were tested under 
reversed cyclic loading and the results showed that the GFRP-reinforced 
beam-column joint had lower energy dissipation and lower stiffness than 
the steel-reinforced beam-column joint but showed a satisfactory drift 
capacity. Mady et. al. [15] investigated the seismic behaviour of four 
beam-column joints reinforced with GFRP bars and stirrups compared 
with one specimen reinforced with steel. The experimental results 
revealed lower energy dissipation and lower stiffness for the GFRP 
reinforced specimens, but they safely reached drift capacity of 4%, 
which indicates the feasibility of such joints. In both studies, the GFRP 
beam-column joints safely resisted lateral displacements up to 3% drift 
ratio and 4% respectively without exhibiting brittle failure. Also, the 
cumulative energy dissipated for the steel reinforced specimens was 3 to 
4 times greater than for the GFRP reinforced specimens. Likewise, 
Sharbatdar et al. [16] showed that FRP reinforced joints safely reached 
drifts of 3% and could be used in new concrete structures. 

Subsequently, following these promising results, some researchers 
investigated the influence of different parameters. For example, the 
shear capacity of exterior beam column joints reinforced with GFRP bars 
and stirrups was investigated by Hasaballa and El-Salakawy [17]. The 
authors suggested that the joint shear stress should be limited. More
over, similar studies were conducted to evaluate the influence of slabs 
and lateral beams on exterior beam-column joints. GFRP RC joints 
confined with lateral beam showed linear behaviour and minimum re
sidual damage up to a drift ratio of 5% [18], while the presence of slabs 
significantly increased energy dissipation of beam-column connections 
but did not increase the bending moment capacity of the main beam in 
compression [19]. A recent study [20] also pointed out that because of 
the low elastic modulus combined with the high tensile strength of the 
GFRP bars, concrete elements reinforced with GFRP can be subjected to 

significant displacement during an earthquake without exhibiting brittle 
failure. Another research found that frames reinforced with GFRP bars 
showed higher strength than frames reinforced with steel bars under 
seismic loads [21]. 

Another important parameter which can influence the behaviour of 
GFRP RC joints is the anchorage type and performance of FRP rebars. 
The anchorage performance of GFRP headed and bent bars in beam- 
column joints subjected to seismic loading was investigated by Hasa
balla and El-Salakawy [22] and the study concluded that all specimens 
sustained 4% loading drifts, but the specimens with bent bars sustained 
higher drift ratios which resulted in higher energy dissipation. 
High-strength lightweight concrete was also investigated in a beam- 
column connection reinforced with GFRP [23]. The authors found that 
the same ratio of glass fiber bars in the beam using high-strength 
lightweight concrete as opposed to conventional steel reinforcement 
bars with normal strength concrete enhanced the first cracking load by 
about 25%. 

As most of the studies in the literature are mainly focused on sub- 
assemblage such as beam-column joints, a more global evaluation is 
needed to better understand the suitability of GFRP reinforced RC 
frames in seismic areas. So, to date, there is little experimental testing on 
concrete frames reinforced with FRP bars. Consequently, this paper in
tends to investigate the seismic behaviour and performance of scaled 
down GFRP reinforced RC frames under seismic loading compared with 
their steel reinforced control samples. Six RC frames were constructed 
and tested under reversed cyclic loading. Test parameters included 
longitudinal reinforcement ratio and arrangement in the columns and 
presence of links in the joints. 

3. Experimental program 

This study investigates the behaviour of concrete frames reinforced 
with GFRP bars under reversed cyclic loading. The experimental study 
consists of designing, constructing and testing up to failure under 
reversed cyclic loading of six 1/3 scaled reinforced concrete frames. 

3.1. Test specimens and design details 

The specimens were designed to be 1/3 scaled down with the design 
philosophy of the strong column-weak beam concept. The RC beams and 
columns were designed according to the EC2 [24] with additional pro
visions from the EC8 [25] for stirrups arrangements. The GFRP rein
forced frames were constructed with the same amount of reinforcement 
as their counterparts. 

Six specimens were constructed in three series. Each series had one 
control sample, reinforced with conventional steel, and one reinforced 
with longitudinal GFRP bars and steel stirrups. Table 1 identifies the 
specimens names along with the longitudinal and transversal rein
forcement provided, the links and the actual concrete compressive 
strength of the samples. The specimens were identified such that the first 
letter showed if the sample was the control one (reinforced with con
ventional steel) “S”, or if it was the one reinforced with longitudinal 
GFRP bars, “G”. The following digit represents the series that the sample 
is part of. For example, G2 is the specimen reinforced with longitudinal 
GFRP bars from Series 2. 

All specimens had identical geometry. Fig. 1(a) illustrates the overall 
concrete dimensions of the specimens which were 1200 mm by 860 mm. 
The columns measured 860 mm long with a cross section of 120 × 200 
mm while the beam length was 1200 mm with a cross section of 120 ×
180 mm. The rigid foundation, which measured 1430 mm long, 300 mm 
wide and 200 mm deep, was cast with the frame in order to provide fixed 
end conditions at the column bases. The design details of the RC frames 
(bare frames) are shown in Fig. 1(c). 

The cross sections of the samples are showed in Table 2. The first 
series’ specimens (S1 and G1) had eight reinforcement bars in the col
umns and no links at the joints; the second series (S2 and G2) had six 
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reinforcement bars in the columns and no links in the joints and the third 
series (S3 and G3) had six reinforcement bars in the columns and links in 
the joints. Four reinforcement bars were provided for the beams in all 
the series. 

The columns were reinforced with 8 rebars of 6 mm diameter while 
the beam was reinforced with 4 rebars of 6 mm in diameter. The round 
mild steel stirrups were 4 mm diameter. For all specimens, the founda
tions were identical, reinforced with conventional steel bars 8no of 

10 mm diameter as to provide fixed-end conditions to the columns and 
to ensure adequate stiffness and stability is provided to the frame. The 
anchorage bolts were embedded into the footing and cast along with the 
frame. 

3.2. Material properties 

The specimens were constructed (in the laboratory) by using normal 

Table 1 
Specimens details.   

Frames ID Beam 
reinforcement 

Columns reinf Links in the joint Concrete Cube compressive strength (MPa) Standard deviation 

Series 1 
S1 Top 2 ∅6 mm 

Bottom 2 ∅6 mm 
8 ∅6 mm No 

42 5.57 
G1 

T 2 ∅6 mm GFRP 
B 2 ∅6 mm GFRP 8 ∅6 mm GFRP No 

Series 2 
S2 

T 2 ∅6 mm 
B 2 ∅6 mm 

6 ∅6 mm No 
37 2.40 

G2 T 2 ∅6 mm GFRP 
B 2 ∅6 mm GFRP 

6 ∅6 mm GFRP No 

Series 3 
S3 T 2 ∅6 mm 

B 2 ∅6 mm 
6 ∅6 mm Yes 

42 5.33 
G3 

T 2∅6 mm GFRP 
B 2 ∅6 mm GFRP 6 ∅6 mm GFRP Yes  

Fig. 1. Details of test specimens: (a) overall dimensions for all specimens, (b) photo of specimens, (c) reinforcement details.  
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concrete with maximum aggregate size of 10 mm. All specimens were 
cast and cured in a horizontal position for 28 days. The targeted 28-day 
concrete compressive strength was C30/37 with the actual cube con
crete compressive strength taken from testing 18 cubes according to BS 
EN 12390–3[26] and shown in Table 1. 

Two types of longitudinal reinforcement bars were used in this study: 
reinforcing steel bars grade 500 according to BS4449 [27] and GFRP 
bent bars made with polyester resin and E-Glass. All stirrups used were 
∅4 mm diameter mild steel according to BS EN 10277 [28]. The 
anchorage of the steel bars was done by using 90-degree hooks. For the 
steel rebars, the bent was done in the laboratory while for the GFRP, it 
was done by the manufacturer in the factory during the production 
process. Material tests were conducted on eight reinforcing rebars ac
cording to BS EN ISO 6892–1:2019 [29] with the standard deviation of 
15.1. Five GFRP bars were tested by the manufacturer and the obtained 
mechanical properties are shown in Table 3. 

3.3. Test setup, instrumentation and procedure 

The test set up for all tested specimens is showed is Fig. 2. The 
samples were bolted to the strong reaction frame with the anchorage 
bolts from the RC foundation. The cyclic lateral load was applied at the 
beam level in the in-plane horizontal direction by using a screw jack, 
electric motor and inverter. The centreline of the beam was aligned with 
the centreline of the actuator. Vertical load on the frames is not taken 
into consideration as one of possible scenarios of loading, such as top 
floor or single floor building. High strength threaded bars were used 
along the middle longitudinal axis of the beam for the pushing and 
pulling loading mechanism. The actuator was programmed by the data 
acquisition system to apply the cyclic loading in both directions in a 
displacement-controlled mode. The rate of applying the displacement 
was different for small and large amplitudes. Thus, for the initial drifts 
up to 0.75% (or 5.8 mm displacement) the rate was 1 mm/min and 
around 3 mm/min thereafter for larger amplitudes. 

The loading protocol, illustrated in Fig. 3, was based on ACI- 
374.1:05 [30] acceptance criteria and consisted of one 
displacement-controlled phase. During this phase, three identical 
reversed cycles were applied at each drift ratio. The drift ratio was 
calculated as the ratio between the horizontal displacement of the cross 
point between column centreline and the beam centreline. The column 
height was measured from the point of load application down to the 

footing interface and was recorded as 770 mm. The first drift ratio of 
0.2% was selected as to be within the linear elastic response range for 
the control sample. Subsequent drift ratios were established to be values 
not less than one and one-quarter times, and not more than one and 
one-half times, the previous drift ratio [30]. By following this arrange
ment, the displacements were increased gradually in steps that were 
neither too large nor too small. 

A 500 kN capacity load cell was attached to the screw jack in order to 
monitor the load in real time. Eight linear variable displacement 
transducers (LVDTs) were placed at different places to measure the 
displacement of the specimens. Several electrical resistance strain 
gauges were bonded to the surface of the concrete and to the reinforcing 
bars at critical locations (at the top and bottom of columns and at the 
beam-column interface) to monitor and record the strains. Crack for
mation and propagation on concrete was observed and marked out at 
the end of each drift step for both positive (pushing) and negative 
(pulling) directions. Photos of the specimens were taken at each 
amplitude. The tests were stopped after the load dropped more than 64% 
as average for the G series (equipment limitations with maximum 
displacement of 45 mm) and more than 79% as average for the S series 
from the maximum load reached by each sample. 

4. Test results and observations 

4.1. General observations 

The formation and propagation of cracks was marked at the 
maximum displacement in both directions at each cycle for every drift. 
The main damage was localized at the column-beam interface and 
bottom region of the columns and was indicated by flexure and shear 
cracking. In general, the formation of cracks was symmetrical until the 
maximum load was reached and they were concentrated at the beam 
ends as well as column bases. As expected, the failure mode of the 
control specimens was concrete crushing followed by bars rupture. For 
specimens reinforced with GFRP bars, the destruction occurred more 
gradually and at later drifts with spalling and crushing of the concrete 
followed by rupture of reinforcement. Fig. 4 shows the condition of the 
specimens at the point of failure. 

4.2. Hysteretic behaviour (lateral load-drift response) and maximum 
loads 

The hysteretic behaviour for all tested specimens is presented in  
Fig. 5 in terms of lateral load – drift relationship. The load-drift envelope 
is indicated on the hysteretic loops with a red dashed line. The test re
sults for all specimens indicate a stable hysteretic behaviour up to 
maximum capacity, followed by a gradual strength degradation. 

The hysteretic loops were comparatively wider for the control 
specimens than for their counterparts which resulted in larger energy 
dissipation at the initial stages. 

In Series 1, both specimens, S1 from Fig. 5(a) and G1 from Fig. 5(b), 
showed almost symmetric responses in pushing and pulling directions. 

Table 2 
Cross sections and reinforcement details for all samples.  

Table 3 
Mechanical properties of the reinforcement.  

Bar 
type 

Bar 
diameter 
(mm) 

Modulus of 
elasticity 
(GPa) 

Tensile 
Strength 
(MPa) 

Yield 
Strength 
(MPa) 

Yield 
/ultimate 
strain (%) 

Steel ∅4 193a 573a 374a εy = 0.19 
Steel ∅6 204a 629a 472a εy = 0.23 
GFRP ∅6 47.81a 1123.56a - 2.35  

a Experimental values 
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The crack formation and propagation were almost symmetrical in 
pushing and pulling directions for each specimen. S1 reached the 
maximum load of 71 kN in pushing direction and 68 kN in pulling at 
1.75% drift (13.5 mm) and 2.20% (16.9 mm) respectively. The spec
imen exhibited lower resistance in pulling than in pushing at maximum 
load with a difference of 3 kN. The maximum drift was reached by the 
specimen at 4.2% (32 mm) in pushing and at 4.3% (33 mm) in pulling 
direction, associated with a drop in load of 56% and 76% from the 
maximum load in pushing and pulling directions. By comparison, G1 
reached a maximum load of 70 kN at 3.3% drift (25 mm) in pushing and 
64 kN at 3.4% drift (26 mm) in pulling. This indicated that the G1 
carried 3.6% less load than the control sample. The specimen exhibited 
lower resistance in pulling than in pushing at maximum load with a 
difference of 6 kN. The maximum drift reached was at 5.20% (40 mm) in 
both directions corresponding to a drop in load of 55% and 75% 
respectively from pushing and pulling directions. As expected, the graph 
indicates that the G1 frame had initial narrower loops than the S1 frame 
which resulted in lower energy dissipated at initial drifts. 

A summary of these experimental values for the frames is presented 
in Table 4. The maximum load achieved by each frame is presented in 
pushing and pulling directions with their corresponding drifts. 

Similarly, the maximum drift in both directions is shown together with 
the associated load drop. This load in percentage, was calculated from 
the maximum load achieved by the frames and the load at maximum 
drift. 

In Series 2, specimen S2 in Fig. 5(c) reached the maximum load of 
51 kN in pushing direction and 48 kN in pulling at 1.75% drift. At the 
maximum load achieved, the specimen exhibited lower resistance in 
pulling than in pushing with a difference of 3 kN. The maximum drift 
was reached at 4.5% (35 mm) in both directions corresponding to a drop 
in load of 87% and 97% from pushing and pulling. The specimen G2, 
Fig. 5(d), reached a maximum load of 42 kN at 2.74% drift (21 mm) in 
pushing and 46 kN at 3.5% drift (27 mm) in pulling. Compared to the 
control sample, this specimen showed 11.1% less lateral capacity. The 
specimen exhibited higher resistance in pulling than in pushing at 
maximum load with a difference of 4 kN. The maximum drift reached 
was at 5.8% (45 mm) in both directions corresponding to a drop in load 
of 68% and 77% from pushing and pulling. 

In Series 3, specimen S3 in Fig. 5(e) reached the maximum load of 
56 kN in pushing direction and 58 kN in pulling at 1.4% drift (10.7 mm). 
The specimen exhibited higher resistance in pulling than in pushing at 
maximum load with a difference of 2 kN. The maximum drift was 
reached at 2.74% (21 mm) in both directions corresponding to a drop in 
load of 74% and 95% from pushing and pulling directions, respectively. 
Specimen G3 in Fig. 5(f) reached a maximum load of 61 kN in pushing 
and 58 kN in pulling at the same drift of 2.74% which is with 4.2% 
higher than its counterpart. At maximum load, the specimen exhibited 
lower resistance in pulling than in pushing with only 3 kN difference. 
The maximum drift reached was at 5.2% (40 mm) in both directions 
corresponding to a drop in load of 81% and 79% from pushing and 
pulling. 

A summary of the maximum amplitude achieved by the frames in 
this study is presented in Table 5. The corresponding load in both di
rections is also shown along with the total number of cycles. 

The maximum load achieved by each sample from either pulling or 
pushing is compared in Fig. 6. 

The design lateral capacity of the reinforced concrete frames was 
determined by considering the plastic moments at the top and base 
sections of the columns. In the mechanism of the frames S1, S2 and S3, 
assuming that plastic hinges occurred at the bottom and top of the 
columns, the flexural capacity of the frames was calculated using the 
following expression: 

Fig. 2. Test set up: (a) schematic drawing of set up, (b) photo of set up.  

Fig. 3. Loading history.  
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Ff =
4MP

H  

where MP = plastic moment of the column calculated from plastic 
analysis of the sections, H = clear height of the column, which was 
680 mm. The axial load was taken as 0. The analytical calculations and 
experimental values of reinforced concrete frames are summarized in  
Table 6. It could be seen that S1 and S3 reached and exceeded their 
design capacity, while S2 had 1 kN less capacity than in design. 

4.3. Envelope curves and stiffness degradation 

The envelope curves are presented in Fig. 7(a) (b)(c) as lateral load- 
drift relationship which are showed as the maximum load from the 
positive and negative direction of the first cycle of each amplitude. In the 
first two series, the S specimens had higher lateral load capacity than the 
G specimens, but in the last series, G3 had a slightly higher load capacity 
than its steel counterpart. Since the compressive strength of the concrete 
was the same, this load increase could be attributed to the steel stirrups 

Fig. 4. Condition of tested samples at final drifts.  
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which appeared to have a more significant influence in improving the 
capacity of the frame for the G3 sample than for the S3 sample. 
Generally, the S series showed a higher initial stiffness than the G series, 
which was also reported by other researchers [31], due to the higher 
modulus of elasticity of steel compared to GFRP. This lower modulus of 

elasticity of GFRP bars resulted in lower initial stiffness of the G series 
but increased the lateral displacement of the frames. It was also noticed 
that, after the peak load was reached, the S series exhibited a sudden 
drop in lateral load while the degradation in capacity of the G series was 
more gradual. 

Fig. 5. Hysteresis loops of tested specimens: (a) specimen S1, (b) specimen G1 (c) specimen S2, (d) specimen G2, (e) specimen S3, (f) specimen G3.  

Table 4 
Summary of the experimental values for the frames.  

Frame 
Max load 
pushing 

[kN] 

Corresponding drift 
pushing 

[%] 

Max load 
pulling 
[kN] 

Corresponding drift 
pulling 

[%] 

Max drift achieved by the frame pushing / 
pulling 

[%] 

Associated load 
drop 

pushing / pulling 
[%] 

S1 71 1.75% 68 2.2% 4.2% / 4.3% 56% / 76% 
G1 70 3.3% 64 3.4% 5.2% / 5.2% 55% / 75% 
S2 51 1.75% 48 1.75% 4.5% / 4.5% 87% / 97% 
G2 42 2.74% 46 3.5% 5.8% / 5.8% 68% / 77% 
S3 56 1.4% 58 1.4% 2.74% / 2.74% 74% / 95% 
G3 61 2.74% 58 2.74% 5.2% / 5.2% 81% / 79%  
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The maximum average load from pushing and pulling directions at 
different drifts is showed in Fig. 7(d)(e)(f); it was calculated as the 
average of the maximum load from positive and negative directions 
from the 1st cycle at each amplitude. It could be observed that the S 
series reached their ultimate loads at earlier drifts than the G series 
which withstood loads at higher drift ratios. The reinforcement ratio in 
the columns had a direct effect on the ultimate capacity of the speci
mens. A direct comparison of this parameter could be made between 
Series 1 and Series 3. The first Series 1 (S1, G1), which was reinforced 
with 8 bars, had greater capacity than Series 2 and 3 (S2, G2, S3, G3) 
which had only 6 bars. It was also observed that the presence of steel 
links in the joints for the 3rd series had a significant impact on the 
behaviour of the samples, increasing the shear strength of the joints and 
thus the capacity of the specimens. The 3rd series had a bigger maximum 
load carrying capacity than the 2nd series as it could be seen from the 
31% increase in load in G3 compared with G2 and only 12% increase in 
S3 compared with S2. As G3 achieved higher load capacity than S3, it is 
important to notice that the added steel stirrups in the joints had a more 
beneficial contribution to the overall frame capacity of the G3 than of 
the S3 specimen. 

The differences between S and G specimens are captured in Fig. 7(g). 
The data is computed from the average load/drift graph presented 
earlier. As already seen from previous graphs, the S specimens showed 
higher initial stiffness than the G specimens as well as slightly higher 
load carrying capacity than their counterparts. As this was achieved at 
earlier drifts, it can be noticed that when the G specimens reached their 
peak load at 2.75% drift, the load of the S specimens had dropped 42% 
from their maximum load achieved in the experiment. This is due to the 

fact that the G specimens underwent bigger displacements (up to 5.7% 
drift) than the S specimens (up to 4.5%). 

The stiffness degradation over the drift for each sample is presented 
in Fig. 8(a)(b)(c) by comparing the specimens within each series. The 
secant stiffness is defined as the slope of the line between the peak loads 
from the envelope curves graph. The peak-to-peak stiffness was then 
calculated as the ratio of the sum of the peak loads from positive and 
negative direction for each target amplitude over the sum of the corre
sponding drift. It can be noticed that the stiffness of all specimens 
decreased gradually as the drift increased and all of them experienced 
severe degradation by the end of the experiment. As expected, the initial 
stiffness of GFRP reinforced specimens was lower than the initial stiff
ness of their counterparts for the same series which is in accordance with 
the findings of other researchers. This is due to the higher modulus of 
elasticity of steel (204 GPa) compared to the one of the GFRP bars 
(47 GPa). At the initial drift of 0.20%, S1 had 24% more stiffness than 
G1; S2 had 30% more stiffness than G2; S3 had 18% more stiffness than 
G3. The largest difference between the specimens was noticed at a same 
drift of 0.5% for all series; so, S1 had 32% more stiffness than G1, S2 had 
37% more than G2 and S3 had 28% more than G3. However, at the final 
drifts, the G frames had more stiffness than the S frames. Consequently, 
at 4.5% drift, G1 and G2 had 48% and 81% more stiffness than S1 and 
S2; at 2.75% drift, G3 had 83% more stiffness than S3. 

A similar pattern in stiffness degradation could also be observed from 
the average stiffness of the G series and S series from Fig. 8(d); for 
instance, at 1% drift, the average stiffness of the S series was 31% higher 
than that of the G series. However, at 2.20% drift and progressing until 
the final drifts, the GFRP specimens exhibited higher stiffness than the 
control ones. This could be attributed to the steep degradation of the S 
series caused by the yielding of the steel. At 3.5% drift, the average 
stiffness of the G series was 48% higher than their counterparts. 

The residual displacement after various drift levels for the GFPR- 
reinforced frames and their RC counterpart is shown in Fig. 9. 

The residual displacement at each drift is found when the load is 
reaching zero after a whole first cycle. It is evident from the graph that, 
in all three series, the GFRP-reinforced frames exhibited a much lower 
residual displacement than their counterparts. This is a good indication 
that, in a seismic event, the damage induced to the GFRP frames at the 
same level of drift is lower than to the RC frames. Similar findings were 
also reported by other researchers [19]. 

4.4. Cumulative energy dissipation 

A comparison of the cumulative energy dissipated for all tested 
samples is presented in Fig. 9(a). The cumulative energy dissipated was 
calculated by summation of the enclosed area in the hysteretic loops in 
successive load-displacement cycles. For each cycle, the energy dissi
pation was calculated as the area that the loop encloses in that particular 
load displacement graph. Generally, the S series dissipated energy 
through larger hysteric loops than the G series at the first drifts. The 
energy dissipation capacity of the frames was directly influenced by the 
reinforcement ratio in the columns and so the first group (S1, G1) 
resulted in higher values than the rest of the groups at the final drifts. 
The biggest difference between the specimens was recorded at 1.75% 
drift at which S1 exhibited 97%, S2 126% and S3 74% more cumulative 

Table 5 
Summary of the maximum amplitudes achieved by the frames.  

Frame Total no of cycles Amplitude in pushing 
(mm) 

Corresponding Load in pushing 
(kN) 

Amplitude in pulling 
(mm) 

Corresponding Load in pulling 
(kN) 

S1 34 32 31 33 16 
G1 37 40 31 40 16 
S2 34 35 7 35 2 
G2 38 45 13 45 10 
S3 28 21 15 21 3 
G3 37 40 11 40 12  

Fig. 6. Comparison of maximum loads achieved by each sample.  

Table 6 
Analytical calculations and experimental values of reinforced concrete frames.   

Plastic moment 
of column, MP 

(kN*m) 

Analytical 
frame strength, 

Ff (kN) 

Experimental frame 
strength, Ff exp (kN) 

Strength 
ratio, Ff exp / 

Ff 

S1 11.33 66.66 71.00 1.07 
S2 8.86 52.12 51.00 0.98 
S3 9.45 55.59 58.00 1.04  
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Fig. 7. (a)(b)(c) Envelope Curves, (d)(e)(f) average peak load from pushing and pulling cycles, (g) average peak load from S and G series.  
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energy dissipated compared with the GFRP counterparts. However, at 
the final drifts, the G1, G2, and G3 specimens recorded 3%,12% and 
33% more energy dissipation than S1, S2 and S3 respectively. 

Another factor influencing the energy dissipation capacity of the 
frames was the presence of the stirrups at the joints. The highest impact 
was observed for the G3 specimen as the stirrups actively participated in 
the energy capacity of the frame and enhanced it considerably. Conse
quently, even though G1 had higher reinforcement ratio in the columns 
and showed higher lateral load capacity than G3, the latter indicated 
greater energy dissipation than G1 up to 3.5% drift. 

The average cumulative energy dissipated between the S and G 
specimens is summarised in Fig. 9(b). The maximum difference between 
them was highlighted at 1.75% drift, where the average cumulative 
energy dissipated of the S specimens is 49% higher than that of the G 
specimens. With the increase in drift, the difference between them de
creases so that by the end of the experiments the cumulative energy 

Fig. 8. (a)(b)(c) Stiffness Degradation, (d) average stiffness degradation from the S and G series.  

Fig. 9. Residual Displacement for all tested frames.  

Fig. 10. Cumulative energy dissipation: (a) all tested samples, (b) average S and G series.  
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dissipated of the G series is 15% greater than that of the S series. This 
could be attributed to their ability to undergo large displacement as seen 
earlier. 

In this experimental study, three GFRP reinforced concrete frames 
were investigated under reversed cyclic loading and compared with 
steel reinforced concrete frames. As no vertical load was considered on 
the beams or columns, the presented results are with limited applica
bility and could be used for comparison for further research. The effect 
of vertical loads on the frame could have an impact in the damage 
evolution of the specimens resulting in a change in stiffness and energy 
dissipation. 

5. Conclusions 

This paper presented some results from a research program which 
deals with the investigation of GFRP bars as main reinforcement in 
concrete frames. The experimental investigation of concrete frames 
reinforced with steel (S series) and GFRP bars (G series) under reversed 
cyclic loading indicated a range of similarities and differences. Based on 
the results obtained from the testing of six 1/3 scale down frames, the 
following conclusions can be made:  

• The S samples showed a higher initial stiffness than the G samples, 
while the G samples exhibited higher stiffness from 2.20% drift 
onwards.  

• The average stiffness from the G samples at 3.5% drift was 48% more 
than their counterparts.  

• The G frames had approximately the same load bearing capacity as 
the S frames.  

• The G frames reached their ultimate loads at higher level of 
displacement than their counterparts.  

• The G frames exhibited a much lower residual displacement than the 
S frames  

• When the G frames reached their peak load at 2.75% drift, the load of 
the S specimens had dropped 42% from their maximum load 
achieved.  

• After the peak load was reached, the S samples exhibited a sudden 
drop in load while for the G samples it was a more gradual degra
dation in capacity. 

• Series 1 (for both S and G samples) had greater ultimate load ca
pacity than Series 2 and 3 due to higher reinforcement ratio in the 
columns.  

• The ultimate capacity for the G3 was higher than the S3  
• The S samples dissipated energy through wider hysteretic loops than 

the G samples at the first drifts; at 1.75% drift, the average cumu
lative energy dissipated of the S specimens was 49% higher than the 
G specimens; at 5.8% drift, G1, G2, and G3 recorded 3%,12% and 
33% more cumulative energy dissipation than S1, S2 and S3 
respectively. 

In summary, the conducted experiments indicate that GFRP rein
forced frames (G series) can develop approximately the same loading 
capacity as the control frame (S series), with the indication that the 
ultimate values of load appeared to be at higher displacement. Although 
no vertical load was considered on the frames in this study, during an 
earthquake event, the behaviour of a GFRP reinforced frame could allow 
bigger displacements than the conventional RC frames before reaching 
ultimate load values, this way allowing for better distribution of stresses 
and higher energy dissipation before destruction. 

Recommendations for further research 

Recommendations for further research on GFRP-reinforced frames:  

• To investigate the effect of vertical loads on the frames.  
• To investigate the behaviour of frames with infill. 
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