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ABSTRACT

The applications of glass fibre reinforced polymers (GFRPs) in reinforced concrete frames made up of precast
elements have remained limited because of a limited understanding of their behaviour and the substantial
challenges associated with testing large-scale structures. To bridge this knowledge gap, a detailed finite element
model was developed and verified against a large-scale precast GFRP-RC frame assembled previously using epoxy
resin and tested under cyclic loads. This was followed by a comprehensive parametric study to understand the
effect of different parameters such as the material of connecting reinforcement, and section failure control
(Tension/Compression) on the cyclic performance of GFRP-RC frames assembled out of individual precast GFRP-
RC elements. Comparisons have also been made with respect to the steel-RC counterpart frames. It was found
that the mechanical properties of the material of connecting reinforcement (dowels) with the same amount of
reinforcement, determine the cyclic behaviour of precast GFRP-RC frames in terms of capacity, stiffness, energy
dissipation, and residual damage. The use of mild stainless-steel dowels improved the energy dissipation capacity
of the frame while high-strength stainless steel, GFRP and CFRP dowels contributed to minimum residual de-
formations. Therefore, the selection of connection reinforcement material relies on whether energy dissipation or
minimum damage is prioritized. Compared with precast steel-RC frames with the same reinforcement ratio, the
GFRP-RC frames exhibited better residual damage performance while exhibiting lower stiffness and energy
dissipation. Among different connection details, the frame with epoxy-filled ducts located at the cap beam
achieved the greatest lateral capacity. However, this was accompanied by a sudden failure resulting from tension
control failure, which changed to a gradual concrete compression failure with increasing reinforcement amount.
This study concluded that precast GFRP-RC frames controlled by concrete compression failure and assembled
through epoxy-filled ducts located at the cap beam can achieve a comparable performance to the counterpart
precast steel-RC frames in terms of initial stiffness and energy dissipation. Also, it can achieve a similar per-
formance to the equivalent cast-in-place counterpart.
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1. Introduction

Glass fibre reinforced polymers (GFRPs) have emerged as an effec-
tive reinforcement alternative to steel in construction. Due to their
noncorrodible nature, high strength-to-weight ratio, electromagnetic
transparency, and durability [1], GFRP have found extensive applica-
tions in different structures, especially in harsh environment [2]. This
can enhance the long-term performance of reinforced concrete (RC)
structures [3], and achieve considerable long-term savings [4] by
reducing the large costs needed for corrosion repair [5]. On the other
hand, GFRP bar behaves linearly elastic up to its ultimate tensile
strength. It also has potentially lower transverse shear strength and
relatively lower stiffness compared to steel reinforcement. The inherent
differences between GFRP and steel bars give rise to the distinct struc-
tural behaviour of reinforced concrete (RC) elements with GFRP
compared to steel-RC elements.

The behaviour of GFRP-RC frame structural systems in cast-in-place
construction, including beams, columns, slabs, and connections, has
been adequately investigated. It was found that GFRP-RC beams exhibit
larger deflection than those with steel reinforcement due to the lower
modulus of elasticity of GFRP than steel at the same reinforcement ratio
[6]. The deflection can be controlled by increasing the reinforcement
ratio [7] and conforming to the serviceability limit for GFRP-RC beams
[7-9]. In columns, it was reported that longitudinal GFRP bars could
resist compression stress of more than 700 MPa and provide good
confinement as lateral reinforcement [10]. A minimum longitudinal
GFRP reinforcement ratio of 1 % was defined as practical; however,
increasing the reinforcement ratio to 2.5 % enhances the post-peak
behaviour of the column [11]. Moreover, under the cyclic load,
GFRP-RC columns exhibit gradual failure despite the brittle nature of
GFRP bars [12]. The detailing of GFRP cross-ties and spirals plays a key
role in the achieved cyclic performance of columns in terms of lateral
strength and deformability [13], whereas the use of
ultra-high-performance concrete enhances their cyclic performance in
terms of stiffness and energy dissipation [14]. Proper connection design
between columns and beams is essential to achieve the integrity and
safety of the structure [15,16]. Plenty of studies have investigated the
effect of different parameters affecting the cyclic performance of con-
nections [17], including anchorage detailing [18], connection rein-
forcement [19], beam-to-column flexural ratio [20], slab [21] and
lateral beams contribution [22]. The overall performance of frames was
also previously evaluated [23,24]. Results of studies on cast-in-place
connections came with suggested estimations for the design capacity
for interior [20] and exterior connections [25,26] to prevent cata-
strophic brittle failure of connections in frames and ensure acceptable
performance.

Although many studies have focused on the behaviour of connections
in cast-in-place GFRP-RC structures, research and application of GFRP in
precast concrete are limited. Precast concrete structures can offer many
benefits, including fast construction, reduced on-site safety and health
risks, and improved concrete production quality [27]. Fibre-reinforced
polymers (FRPs), with their low weight-to-strength ratio, can be more
attractive for precast construction due to the benefits of easier trans-
portation and assembly, especially in structures in aggressive environ-
ments like jetties, where cast-in-place concrete can be challenging.
Research at the University of South Australia has investigated the
behaviour of beam-column connections in precast concrete structures in
the last three years. The cyclic behaviour of beam-column sub--
assemblies utilizing pocket and pocketless connections was experimen-
tally investigated [28,29]. The results confirmed that pocketless
connections utilizing post-installed epoxy anchored reinforcement out-
performed those with pocket connections in terms of capacity, stiffness,
and energy dissipation [28,29]. The pocket connection filled with epoxy
experienced premature failure at the pocket corners due to stress con-
centration and insufficient column embedded length. To overcome this
problem, it was suggested that the embedded length of the column
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should be at least 1.4 times the column thickness [30]. Meanwhile, the
optimum detailing for pocketless connections using epoxy can be ach-
ieved using reinforcement of embedded length 25 times the bar diameter
[31]. At the structure scale, two full-scale frames were tested under
cyclic loads, one with pocket connections and the other with pocketless
connections [32,33]. It was also found that the frame with pocketless
connections achieved better cyclic performance in terms of capacity,
stiffness, and energy dissipation.

Studies examining the cyclic behaviour of precast GFRP-RC large-
scale frames are notably scarce, with only two full-scale frames exam-
ined in existing literature [32,33]. Both frames were case studies of jetty
structures, where GFRP efficiently mitigates corrosion problems. Precast
GFRP-RC columns and cap beams were used in both frames, with dif-
ferences in the assembly methods. In the first frame, the precast ele-
ments were assembled through pockets filled with epoxy resin in the cap
beam, requiring the beam size to exceed the column size to accommo-
date the columns, as seen in jetty designs. Premature failure was
observed around the pockets due to insufficient depth, indicating the
need for larger beam depths. To address this issue, a second frame was
designed with typical geometry, using epoxied GFRP reinforcement
through prefabricated ducts in both the beam and column for connec-
tions. The results of the second frame demonstrated significant im-
provements in cyclic behaviour compared to the first frame with pocket
connections. However, there is a lack of comparative analyses with
counterparts such as cast-in-place and/or steel-RC frames. These studies
also did not thoroughly investigate the effect of different connection
details. This knowledge gap is due to the considerable challenges and
costs associated with conducting experimental tests on large-scale
structures, along with inherent limitations in testing methodologies.
Subsequently this leaves the cyclic behaviour of precast GFRP-RC frames
unclear, thus hindering their practical application. To address this point,
this study employs finite element analysis (FEA) to study the cyclic
behaviour of precast GFRP-RC frames. A calibrated model for a
large-scale frame assembly from the literature was employed to study
the cyclic performance of such frames with different connection details
as well as compare the performance with steel-RC counterparts frames.
The study aims to provide a comprehensive understanding of the cyclic
performance of precast GFRP-RC frames, thereby aiding in the selection
of optimal connection techniques to enhance their performance.

2. Description of the finite element model

Abaqus [34] was employed to develop a finite element model (FEM)
for analysing the nonlinear behaviour of precast GFRP-RC frames. The
test setup of the large-scale frame tested under cyclic load by [32] was
used for model verification and is shown in Fig. 1. The frame consists of
two precast columns and two precast beams reinforced with GFRP bars
and is connected by post-installed reinforcement through prefabricated
ducts of diameter 38 mm. After casting the precast columns and beams,
epoxy resin was used to bond the post-installed reinforcement to achieve
structural integrity. Epoxy was used to accelerate the erection process
which is an ongoing challenge the industry is facing. Epoxy has a higher
early strength than conventional grout and requires less curing time as
well as a high bond strength. A gap between the bottom beam and the
strong floor was ensured using three steel plates to elevate the beam
which enabled the beam to freely rotate. The load was applied hori-
zontally to the top beam as shown in Fig. 1.

A total of six connection reinforcements were used at the upper
connections, each with a diameter of 20 mm, whereas four connection
reinforcements of 19 mm diameter were used at the bottom connections.
The length of all connection reinforcements was the same, measuring
820 mm, with 420 mm embedded inside the beam and 400 mm inside
the column. The precast elements were cast using ready-mix concrete.
The concrete mix proportions are listed in Table 1. Standard cylinders
measuring 100 x 200 mm (Diameter x Length) were tested to deter-
mine the actual properties of the concrete. The average compressive
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Fig. 1. Tested precast frame [32].

Table 1
Concrete mix design.

Table 2
Properties of the GFRP materials [32].

Cement Fly Aggregate Sand Water Water Retarder Bar Modulus of Elasticity Ultimate Ultimate strain in
(kg) ash (kg) (kg) (kg) reducer L) No. (GPa) Tensile Strength tension (egq,)
kg) (9] (MPa)
350 450 992 710 190 2.8 0.35 # 10 62.50 1315 0.023
#13 61.30 1282 0.021
# 16 60.00 1237 0.021
strength was found to be 82.5 MPa, and the modulus of elasticity was #19 60.50 1270 0.021
#20 46.20 625 0.015

39.5 GPa. The average compressive strength and modulus of elasticity of
epoxy resin were 93.9 MPa, and 2300 MPa, respectively. The cross-
section details of the precast column and beam, as well as the arrange-
ment of connection reinforcement, are shown in Fig. 2. The properties of
the GFRP reinforcement are listed in Table 2. Further details can be
found in [32].

Fig. 3 shows the geometric FEM for the tested frame. To reduce the
analysis time, a cutting plane in the XY plane (highlighted in red in
Fig. 4) passing through the middle of the cross-sections of the beams and
columns (see Fig. 2) was used to model only half of the frame geometry,
taking advantage of symmetrical conditions. The geometric model

8¢pl16mm
Stirrup ¢10@S0mm \Sﬁm]p\: 10@150mm
8¢13mm . - ;
\ (=]
3 | ac
| 5l o<
| 540 |

Stirrup ¢10@150mm

(a) Column cross section (b) beam cross section

consisted of four concrete solid components, each containing voids that
represented the prefabricated circular ducts. The connection reinforce-
ment was modelled as solid elements positioned at the centre of these
ducts. To simulate the epoxy resin poured into the ducts, solid hollow
elements were created to fill the remaining space around the rein-
forcement bars. This approach enabled a realistic simulation of the
connection by assigning the mechanical properties of the epoxy resin to
these solid elements. Additionally, adhesive properties between the

Stirrup ¢10@350mm Stirrup ¢10@50mm
\

8013mm 8ol 3!]]1{
2
3 s o

| 300 |

(c) Bottom connections (d) Upper connections

Fig. 2. Cross section details of frame parts [32].
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contacting surfaces were defined using cohesive interaction, ensuring an
accurate representation of the bond behaviour. Further details about the
interaction properties and their implementation are discussed later. The
boundary conditions due to symmetry for the rotations, 6 and
displacement, u (fx = 6, =u, = 0), as well as the boundary conditions
at the clamping points (ux = uy = u, = 0), are shown in Fig. 4. The
displacement control cyclic load was applied to a reference point
(located in the middle of the top beam cross-section) that interacted with
the beam cross-section using a coupling constraint to avoid stress
concentration.

The solid parts of concrete, connection reinforcement, and epoxy
were modelled using the eight-nodded hexahedral C3D8R element. This
element has three degrees of freedom at each node with reduced inte-
gration and the hourglass control option. The reinforcement of the
precast columns and beams was modelled using the T3D2 truss element.
The truss element has two nodes with three degrees of freedom at each
node. The use of fine mesh size is essential for achieving accurate results
that closely align with experimental data. However, this comes at the
cost of significant computational time, creating a challenge to balance
accuracy with reasonable running times. Initial trials were conducted
with various mesh sizes using hexahedral elements to determine the
optimum mesh size, particularly for the connection region, which is the
most critical part due to higher strain concentrations. During these tri-
als, larger mesh sizes resulted in convergence issues, causing the simu-
lation to terminate until an optimal mesh size was identified for the
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connection region. To improve the convergence, a small viscosity
parameter was employed in the Concrete Damage Plasticity (CDP)
model. This approach not only improved convergence but also mini-
mized the mesh size effect when the mesh size was reasonable [35].
Despite achieving convergence, using a uniform fine mesh size for the
entire frame resulted in prohibitively long simulation times. To address
this, the mesh size was increased in regions away from the connection,
where stress and strain demands are less critical. The adopted meshing
strategy utilized a fine mesh size in critical regions of the frame, such as
the connections, while applying a coarser mesh size in the middle of the
elements further from these regions. To ensure compatibility between
fine and coarse mesh regions, transitional elements (C3D10) were used.
The mesh distribution and transition approach are illustrated in Fig. 5,
demonstrating the balance achieved between computational efficiency
and simulation accuracy. These elements are ten-nodded quadratic tet-
rahedron elements. The total number of variables in the model,
including elements and nodes, was 73542. The time increment was set to
automatic, with a minimum time increment set to 10'° to overcome
non-convergence issues due to the many contacts defined, and the
maximum time increment was 0.1 to speed up the simulation when
possible.

The interaction between the several parts was taken according to
[31], which presented a well-calibrated finite element model for precast
GFRP-RC connections using epoxy resin for anchoring at the element
scale. The reinforcement of the beam and column was modelled as
embedded wires within the concrete elements, with common nodes
sharing the same displacements. The interaction between the contacted
surfaces of the beam and column was modelled by using Coulomb
interaction through the coefficient of friction in the tangential direction
and hard contact in the normal direction. Cohesive interaction was
employed to model the interaction between epoxy and concrete or
connection reinforcement to account for slippage. As reported in [31],
the bond strength of epoxy anchored bar 7 can be estimated according to
Eq. (1). This available formula from the literature was developed for
epoxy-anchored bars [36], effectively accounts for key parameters such
as the bar’s embedded length I, bar diameter dp, concrete strength f.:, as
well as modulus of elasticity for both epoxy E,, and bar Ep.

T= 0.5911:0'32 db_o‘ng‘l,"”Eﬂfsz‘Bl o

The behaviour of the concrete elements was defined using the con-
crete damage plasticity model (CDPM). This model effectively simulates
the behaviour of concrete under compression and tension, considering
concrete cracking and crushing as the governing failure modes. The
behaviour of concrete under compression and tension was introduced
according to the models developed by [37] and [38], respectively (see
Fig. 6). The model’s plasticity parameters are listed in Table 3. The
parameters were taken according to [31] except for the viscosity

37 mm

Transition

elements \'

Fig. 5. Meshing of the frame.
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Table 3

Employed values for plasticity parameters in concrete damage plasticity model.

Parameter Value Definition

Dilation angle, y 36 Describes the inclination of the asymptote of the
failure surface with respect to the hydrostatic axis,

measured in the meridian plane

Eccentricity, ¢ 0.1 Describes the rate at which the potential flow
function approaches the asymptote.

K. 2/3 Defines the failure surface shape in the deviatoric
cross section which considered a shape of three
mutually tangent ellipses.

Obo/Gco 1.16 The ratio between the biaxial concrete strength op,
to the uniaxial concrete strength o,.

Viscosity 0.00001 Parameter used to overcome convergence problems

parameter, y and reduce mesh size effect

parameter. A small value of the viscosity parameter is used to overcome
non-convergence issues usually associated with modelling materials
with strain-softening behaviour and using cohesive interaction [34].
Since the increment size was set to automatic, this value was set to the
value listed in Table 2 after initial trials. It should be noted that the
model needed 7376 increments to complete the simulation. According to
[31], CPDM was also used to introduce the stress-strain behaviour of
epoxy from the test. Moreover, the GFRP reinforcement was modelled as
linear elastic up to its maximum tensile strength.

3. Calibration of the finite element model

The experimentally tested precast frame represented a column-to-
cap beam assembly in jetty structures, where GFRP provided a solu-
tion to mitigate corrosion issues. The frame geometry was designed to be
identical to a conventional jetty frame assembled using epoxy-filled
pocket connections. This design requires a larger cap beam compared
to the column to create pockets for the column embedded length. While
the frame with pocket connections experienced premature failure and
demonstrated weak performance, the tested frame was specifically
designed to overcome these shortcomings [33]. The connection details,
involving straight bars passing through the prefabricated ducts in both
the cap beam and column, were designed to eliminate the presence of
reinforcement protruding from the precast elements. This approach fa-
cilitates easier assembly of the structure and reduces the risk of damage
to the bars during handling. Consequently, all connection reinforcement
is inserted on-site. The amount of connection reinforcement was
designed to ensure that the cross-section at the interface between the
column and cap beam can achieve a flexural capacity equivalent to that
of the column, thereby preventing local failure at the connection. The
effect of the position of the connection reinforcement and its modulus of
elasticity was carefully considered in the precise calculations. Epoxy
resin was chosen as the anchoring material due to its specific properties
for the target application, such as minimal shrinkage, high early
strength, and excellent bonding capacity. These attributes enable the
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early use of the structure and reduce the required anchoring length. The
frame was subjected to two phases of cyclic loading. In the first loading
phase, the frame was subjected to the cyclic loading protocol shown in
Fig. 7a. Due to test limitations, the maximum displacement in the push
and pull directions was 75 mm. At the beginning of loading, complete
fully reversed cycles were introduced, and then three fully reversed
cycles were considered at each drift. To go beyond the 75 mm
displacement, a second phase of loading was conducted in the push di-
rection only with the loading protocol shown in Fig. 7b. The same
loading protocol was utilized in the FEM for calibration. To control the
computational time, the repeated cycles at each drift ratio were ignored.
Considering that the three cycles in the experimental test produced
almost identical responses due to the elastic properties of GFRP, the first
cycle at a new drift level often produces the most significant changes in
structural response (e.g., cracking, strains, etc.). A similar approach has
been previously adopted in numerical simulations of GFRP-RC elements
under cyclic loads to reduce computational time while achieving
acceptable results in terms of load-hysteresis behaviour and failure
modes [39,40]. Hence, only the first cycle of each drift was considered.
The introduced load protocol to the model is shown in Fig. 7c.

A comparison between the hysteresis behaviour from the experiment
and the FEM in the two phases is shown in Fig. 8. The results demon-
strate good agreement between the test results and the model results. In
the first loading phase, the response in both push and pull directions
from the model was approximately symmetric, which aligns well with
the test results despite minor discrepancies between the push and pull
directions in the test results with different measured drifts at the last
cycle. Such discrepancies are acceptable, considering that the machine
had reached its maximum drift amplitude in the test. The model was also
able to capture the self-centring behaviour of the frame due to the linear
elastic behaviour of GFRP, as well as the length of pinching, which refers
to the localized region of the hysteresis response where stiffness
degradation and narrowing of the hysteresis loops being observed dur-
ing unloading and reloading. In the second loading phase, the model also
captured the response of the frame effectively. Due to the effect of the
first loading phase, the stiffness of the frame in the second loading phase
dropped, and the response was approximately linear, which is well
captured in the model results.

The envelope load drift curves are shown in Fig. 8. The results
indicate that both test results and model results exhibit almost the same
response. The peak load obtained from the test was 107 kN, while the
peak load obtained from the finite element model was 106 kN. The
model was also able to capture the stiffness variation in both the first
loading phase and the second loading phase. In terms of cracking pat-
terns and failure mode, the model’s results showed a similar failure
mode to the experimental results. Major cracks were observed at the
ends of the columns while beam cracks were localized around the
connection region and especially at the clamping points. As shown in
Fig. 9, both model and test results showed similar crack and failure
patterns in the beam and column. As shown in Fig. 9, the ends of the
right and left columns in both test and model results suffered severe
damage. Also, the crack developed in the beam were also accurately
captured in the model.

For further investigating the accuracy of the finite element model,
the strains in the connection reinforcement at the top and bottom con-
nections were obtained and analysed in comparison to the experimental
test results. As shown in Fig. 10, the model aligns closely with the test
results. The model effectively captures the significant difference in the
maximum positive and negative directions and accurately reflects the
strain differences between the top and bottom connections. For the
maximum strain values, the difference between the model and the
experimental results was 3 % and 9 % at the top and bottom connection,
respectively. Despite the acceptable level of accuracy in the predicted
strains, some discrepancies were observed at different drift ratios. These
differences can be attributed to slight variations in the theoretical po-
sition of the strain gauges during testing, particularly in this sensitive
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region of high strain concentrations. Overall, the results, including
hysteresis behaviour, failure modes, and strain distribution, demon-
strate the capability of the developed model to accurately simulate the
cyclic performance of the investigated precast GFRP-RC frame.

4. Parametric study

The validated model was utilized to examine the impact of various
parameters. Multiple FEA models were then developed to assess the
effect of connection reinforcement material using connection bars. This
included the comparison with cast-in-place frames, as well as investi-
gating the influence of connection location and changes in section fail-
ure control. Finally, the results were juxtaposed with those of steel-RC
counterpart frames. It is important to note that due to steel yielding, the
second loading phase cannot be applied to model steel-RC structures
owing to permanent deformations. Furthermore, since FEA can mitigate
test limitations, the loading protocol was updated to consist of only one
phase with increased drift ratios, as shown in Fig. 11.

The parametric study matrix is listed in Table 4. The examined
frames were named to reflect the type of reinforcement, connection

location, the material of connection reinforcement, and section failure
control. The first letter denotes the reinforcement material for the pre-
cast beam and column, where "G" indicates GFRP, and "S" indicates steel
reinforcement. The subsequent number describes the location of the
connection, where the number "1" indicates the prefabricated ducts
located in both column and beam, the number "2" indicates ducts located
in the column only, and number "3" indicates ducts located in the beam
only. The letters "R" or "C" replacing the numbers indicate whether the
reference frame is subjected to the test loading protocol, or it is a cast-in-
place frame, respectively. The letters following the dash indicate the
material of connection reinforcement, where "G" is GFRP, "C" is Carbon
Fiber Reinforced Polymer (CFRP), "MS" is mild stainless steel, "HS" is
high-strength stainless steel, and "S" is reinforcement steel. Finally, the
star symbol "* " indicates a compression control failure instead of tension
control.

4.1. Effect of changing the loading protocol

The updated loading protocol enables reaching applied displacement
up to 90 mm, corresponding to a drift ratio of 4.1 %, with a reduced
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Fig. 10. Comparison between strains in the connection reinforcement from test and model [32].

number of cycles to save both disk space and running time. The

AAAAAAA

maximum applied drift was set to 4.1 %. Although different interna-
tional codes specify a maximum lateral drift ratio of 2.5 % to prevent
structural instability caused by excessive P-A effects and avoid damage
to non-structural elements [41-43], the Canadian standards for the

~~Ai

design of GFRP-RC structures CSA [44] adopted a maximum lateral drift
ratio of 4 %. Additionally, the majority of experimental studies on
GFRP-RC connections found that the capacity is almost attained at 4 %
drift and found that this limit is suitable to be considered as a reference
point to evaluate the cyclic behaviour [17]. Therefore, the ratio of 4.1 %

Cycle

Fig. 11. Updated cyclic load protocol.

T was considered to evaluate the cyclic behaviour from a practical point of
view that allows for studying the structural behaviour within a reason-
able range, as such levels of drift may occur in extreme seismic events or
unique design cases. The results under the test loading protocol and
updated loading protocol were compared as shown in Fig. 12. The figure
illustrates the previously obtained hysteresis response in the first
loading stage and the hysteresis response under the updated loading
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Table 4
Parametric study matrix.
Investigation Frame Description
Drift amplitude GR-G Reference
G1-G Increased drift amplitude
Material of connection G1-C Carbon fibre-reinforced polymer
reinforcement G1- Mild stainless steel
MS
G1-HS  High-strength stainless steel
Connection details GC Cast in place
G2-G Precast connection in column
G3-G Precast connection in the beam
Section failure control GC* Cast in place-compression control failure
G1-G* Precast connection in beam and column-
compression control failure
G2-G* Precast connection in column-compression
control failure
G3-G* Precast connection in the beam-
compression control failure
Steel reinforced SC Cast in place
counterparts S1-S Precast connection in beam and column
S2-S Precast connection in column
S3-S Precast connection in the beam

protocol. In both cases, similar behaviour was observed in terms of
stiffness, peak load, and overall load-drift envelope. The different
loading protocols had only slight effects on the load-drift behaviour of
the frame. The observed differences in Fig. 12, particularly in the hys-
teresis behaviour, can be attributed to the inclusion of multiple small
drift cycles in the original load protocol, which caused the hysteresis
loops to intersect. In contrast, the updated load protocol eliminates these
small drifts, resulting in a clearer visualization of each loop. However,
when considering the envelope curve shown in Fig. 12¢, the behaviour
remains largely consistent. A slight variation was observed at the peak
drift of the test loading protocol because the drift did not coincide with
the original drift value. The updated loading protocol demonstrates the
advantages of studying the post-peak behaviour, which can be utilized
to conduct further parametric studies, particularly in comparison with
steel-reinforced counterparts.

4.2. Effect of connection reinforcement material

The influence of using connection reinforcement with different ma-
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shows the mechanical properties of the different materials. As listed in
Table 5, GFRP has the lowest modulus of elasticity among the various
options. CFRP was considered to study the effect of the modulus of
elasticity on the cyclic behaviour, despite the similar linear elastic
behaviour of GFRP and CFRP. Two types of stainless steel (high-strength
and mild) were considered to study the effect of early and late yielding
on the hysteresis behaviour of the frame, particularly in terms of
widening hysteresis loops and enhancing energy dissipation capacity.

Fig. 13 shows the hysteresis response of the frame with the four
connection reinforcement options. The results demonstrate significant
differences in the hysteresis behaviour. No bar rupture was observed
when GFRP or CFRP was used as connection reinforcement because of its
high tensile strength. Due to the higher modulus of elasticity for CFRP
than GFRP, both the peak load and initial stiffness were higher. This
enhanced stiffness resulted in a higher peak load at an earlier drift of
2.7 % compared to 3.2 % in the case of using GFRP reinforcement.
Additionally, the hysteresis loops became wider with the use of CFRP.
This can be because of the improved rigidity of the connection that led to
higher capacity and subsequently better contribution of inelastic de-
formations of concrete. The frame with high-strength stainless steel
reinforcement (HS) exhibited similar hysteresis behaviour to that with
CFRP reinforcement. However, the load was peaked at a drift of 2.2 %
for HS, while peaked at a drift of 2.7 % for CFRP due to the higher
modulus of elasticity for stainless steel than CFRP. Significant differ-
ences were identified between the performance of frames with HS and
mild stainless-steel reinforcement (MS). The low yield stress of MS led to
a reduced capacity compared to the frame with HS, and the maximum
load was obtained at a drift ratio of 0.9 %. Despite the reduced capacity
of the frame with MS, the permanent deformations due to reinforcement
yielding led to widening the hysteresis loops and achieved a stable
response up to a drift ratio of 4.1 %.

The failure mode of the four frames is shown in Fig. 14. Main damage
was observed at the end of columns in all frames with less critical cracks
in the beams. The cracks at the lower beam were more severe than those
formed at the upper beams because of the stress concentration at the
clamping points. Since frame G1-MS exhibited the least load-carrying
capacity due to the earlier yield of the connection reinforcement (see

Table 5
Properties of different materials for connection reinforcement.

terials on the cyclic behaviour of the frame was evaluated. In addition to Material l(\ﬁ’su)les of Elasticity Ytield Ttim?gle Reference
the reference connection material using GFRP, the use of CFRP, high- @ Z\:[;S:) Z\:[;Iﬁ
strength stainless steel, and mild stainless steel was considered. All p— 20500 1200 )
considered reinforcement (.)ptIOI'IS have. the same dlamet(?r as in the CFRP 158000 i 1758 [45]
reference frame to enable direct comparison. The chosen reinforcement HS 200000 589 830 [46]
material has high corrosion resistance to be consistent with the rein- MS 200000 230 510 [471
forced used in the precast elements for the harsh environments. Table 5
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Fig. 12. Results with different cyclic load protocol.
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Fig. 13. Hysteresis behaviour of frame with different connection reinforcement.
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Fig. 14. Failure of frame with different connection reinforcement.

Fig. 15a), it suffered the least cracks. Meanwhile, the length of the
damaged region of the column in frames G1-HS and G1-C was greater
than that in G1-G due to higher load capacity led to introducing higher
forces in the connection reinforcement. The earlier yield of the dowels in
frame G1-MS led to a different crack formation and propagation
mechanism as the yielding occurred very early resulting in reduced load-
carrying capacity of the connection. Once the dowels yielded, the
connection experienced stress redistribution, where the load was less
efficiently transferred to the concrete. This reduced the development of
additional stresses in the surrounding concrete and, consequently,
limited the extent and severity of cracking. Additionally, the strain
development in each frame was significantly different. The strains of
frames with stainless steel reinforcement showed a sudden increase after

yielding. As expected, the connection reinforcement of frame G1-MS
yielded at an earlier drift ratio compared to G1-HS. The yielding of
connection reinforcement in G1-HS at delayed drift enables higher
forces to be developed in the connection reinforcement before yielding
takes place. This explains the quite similar capacity obtained in G1-C
and G1-HS where the failure became governed by slippage and split-
ting cracks around the ducts due to high forces, hence, the failure mode
was similar to that of G1-C. This led to the presence of permanent de-
formations in a damaged region with significant slippage thereby, per-
manent deformation did not affect the frame response. Fig. 15a also
shows that the strains in GFRP and CFRP in frames G1-G and G1-C are
significantly less than their rapture limit frames with a gradual increase
in the strains indicating that no rupture failure occurred. This is in line
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Fig. 15. Reinforcement strains and column rotation with different connection reinforcement materials.

with the observation in the experimental study of the GFRP-RC frame.

Column rotation was analysed to evaluate the rigidity of the
connection, which is the column deformation at the extreme points at
each point of the column face divided by the thickness of the column
cross-section. As shown in Fig. 15b, the frame G1-G exhibited the largest
column rotation indicating higher deformation of the column and con-
firming the less rigidity of connection due to reduced modulus of elas-
ticity of GFRP. Significant control of column rotation was observed in
frames G1-C, G1-HS, and G1-MS due to fewer deformations attributed to
higher modulus of elasticity of connection reinforcement for CFRP and
stainless steel. This observation can explain the higher capacity of frame
G1-C compared to G1-G.

The envelope load-drift curves are shown in Fig. 16a. At the begin-
ning of loading, all frames exhibited linear elastic response. This is fol-
lowed by nonlinear behaviour due to inelastic compression
deformations of concrete and the yield of stainless steel until reaching
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(c) Cumulative energy dissipation

the peak load. All frames showed a gradual degradation of strength in
the post-peak behaviour. Despite the linear elastic behaviour of GFRP
and CFRP, no sudden reduction of the strength was reported due to the
absence of bar rupture. The capacity obtained using GFRP, CFRP, HS,
and MS was 99.6 kN, 117.6 kN, 111.6 kN and 60.5 kN, respectively. The
lateral capacity of frames using CFRP, HS, and MS was found to be 1.18,
1.12, and 0.61 of the capacity of the reference frame with GFRP rein-
forcement, respectively. The improvement of capacity by 18 % and 12 %
in the case of using CFRP or HS, respectively is due to offering stiffer
connection. Whereas, the reduction of capacity by 39 % in the case of
using MS is attributed to the early yield of the MS.

The cyclic performance is evaluated through three indexes, namely
residual drift, energy dissipation, and stiffness deterioration. Residual
drift is an important index that reflects the functionality of the structure
after repeated loads. The energy dissipation capacity indicates the
ability of the structure to dissipate the input energy from the cyclic
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Fig. 16. Cyclic performance evaluation of frame with different connection reinforcement materials.
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loads. Under cyclic loads, the area of the hysteresis loops reflects the
amount of energy dissipated in each cycle. The cumulative damage due
to cyclic load can be reflected through stiffness deterioration. Stiffness is
calculated for each cycle by considering the slope of the line passing
through positive and negative peak points.

Fig. 16b shows the residual drift in the four cases of connection
reinforcement. The results demonstrate that no residual drift is observed
up to a drift ratio of 0.5 %, as the frames remained within its elastic
range. Beyond this point, residual drift varies and increases with the
applied drift, depending on the type of connection reinforcement. Frame
G1-G exhibits the minimum residual drift, indicating its high self-
centreing response. This reduced residual damage suggests that the
structure returns to its original shape with minimal damage, requiring
minimal repairs after cyclic loading. Both G1-C and G1-HS exhibited
increased residual drift due to the enhanced inelastic contribution of
concrete. The highest residual drift values exhibited by G1-MS reflect
permanent deformations attributed to reinforcement yielding. While
these higher residual drifts may pose challenges for structural repairs,
they can be advantageous from an energy dissipation standpoint.

The cumulative energy dissipation is shown in Fig. 16¢. Up to a drift
ratio of 0.5 %, the energy dissipation capacity was negligible. The dif-
ference in the energy dissipation capacity among the considered options
began to be noticeable at a drift ratio of 1.0 %. Beyond this point, a
similar trend was observed in all four cases, where the cumulative en-
ergy dissipation increased with the drift ratio. At a drift value of 2.3 %,
the cumulative energy dissipation of the frame G1-C, G1-HS, and G1-MS
was higher than that in G1-1 by 80 %, 88 %, and 35 %, respectively.
Although the capacity of frame G1-MS was only 61 % of that of G1-G, its
energy dissipation was improved. This improvement can be attributed to
the increased residual drift, which resulted in wider hysteresis loops
after yielding resulting in an overall higher energy dissipation. At the
drift ratio of 4.1 %, the energy dissipation capacity of the frame G1-C,
G1-HS, and G1-MS was found to be 60 %, 66 %, and 67 % higher than
that in G1-G, respectively.

Fig. 16d shows the stiffness deterioration of the frames with different
connection reinforcement materials. As expected, the higher modulus of
elasticity for CFRP, HS, and MS led to an improvement in the initial
stiffness of the frame compared to the frame with GFRP. This
improvement in initial stiffness was found to be 46 % in frame G1-C and
reached 63 % in G1-MS compared to G1-G. Frames G1-G, G1-C, and G1-
HS exhibited a lower rate of stiffness deterioration than those G1-MS.
The rapid and increased rate of stiffness deterioration in G1-MS is due
to plastic deformations caused by yielding, in addition to the other
common sources observed in all four cases. These common sources of
stiffness deterioration include concrete cracking, spalling, and the slip-
page of connection reinforcement. At the drift ratio of 4.1 %, all frames
approximately had the same stiffness except for the frame with MS,
which exhibited a final reduced stiffness.

4.3. Effect of connection details

The connection method in the reference frame was designed so that
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the connection reinforcement is assembled at the construction site. This
connection method was referred to as (G1-G) as mentioned before. A
comparison of the efficiency of this connection method with cast-in-
place control frames and other common connection methods in the
precast construction industry was evaluated. In this study, a model for a
cast-in-place frame (GC) was developed, along with two other frames
featuring different common connection methods (see Fig. 17). The
frames were designed to investigate the effect of connection details. In
addition to the reference connection in frame G1-G, where ducts exist in
both the columns and beams, two common connection methods were
considered: one involves using starter L-bars cast with the beam, passing
into prefabricated ducts in the column (G2-G), and the other involves
passing the column reinforcement through ducts prefabricated in the
beam (G3-G), which are then filled with bonding material. Specimen G2-
G was designed to have the same amount of connection reinforcement as
in the reference specimen G1-G. The amount of connection reinforce-
ment and the embedded length of bars in the column for frames G1-G
and G2-G were the same. The primary difference in G2-G was that the
reinforcement at the connection was cast with the cap beam as starter
bars with sufficient anchoring length, leaving the ducts only in the
column. This design enables an investigation into the behavioural dif-
ferences and the contribution of the anchored length within the cap
beam. Conversely, specimen G3-G represented a common conventional
type of precast connection, where ducts were formed only in the cap
beam. In this configuration, the connection reinforcement did not need
to be precast with the column elements, as the extended column rein-
forcement served as the connection reinforcement. This design facili-
tates the study of the effects of having ducts only in the cap beams. In all
cases, the same interaction method was applied by using epoxy resin for
bonding, with the main difference being the connection reinforcement
details.

Fig. 18 shows the hysteresis behaviour of the reference frame in
comparison with the cast-in-place frame and the other two connection
details. The results reveal significant differences in the hysteresis
behaviour among the four cases. The initial stiffness, size of hysteresis
loops, and pinching effect are strongly dependent on the connection
details. While the peak load in frame G1-G was achieved at a drift ratio
of 3.2 %, the peak load was reached at a higher drift ratio of 4.1 % in
frame GC. In frame G2-G, the peak load was achieved at a drift ratio of
2.2 %. In the last frame G3-G, the peak load was reached at a drift ratio
of 3.1 %. Although frame G1-G exhibited the least capacity among the
examined frames, it shows a gradual strength reduction beyond the peak
load. While frame G2-G showed higher capacity than G1-G, the results
showed a higher reduction of strength beyond the peak load. The higher
capacity is attributed to better anchoring of the starter bars with suffi-
cient length inside the beam. Meanwhile, the frame G2-G exhibited
reduced capacity compared to GC and G3-G due to the contribution of
bar slippage at the column. On the other hand, both frames GC and G3-G
did not show any strength reduction up to the maximum drift, and their
response was quite similar. However, frame G3-G exhibited a sudden
brittle failure due to increased stress at the interface between the column
and beam causing the inability of the frame to continue due to bar
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Fig. 17. Considered connection details of frame.
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Fig. 18. Hysteresis behaviour of frame with different connection details.

rupture. The presence of the connecting ducts in the cap beam results in
better performance and is recommended over placing them in the col-
umn due to better confinement to the ducts with larger volumes of
concrete and ducts being away from the critical region in the column
with most of the inelastic deformation occurred. This means that the
column reinforcement should be sticking out from the precast column
and only the connection with the cap beam be implanted using epoxy in
situ.

The failure pattern of each frame is shown in Fig. 19. Each frame
suffered a different crack pattern depending on the connection details.
Frame GC suffered severe cracks at the connection due to higher intro-
duced joint shear forces as well as greater rotation of the bottom beams.
At the same time, the column suffered cracks at the plastic hinge region.
However, the cracks were not as severe as those at the connection region
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at the beam since the column cross-section was designed to fail due to
reinforcement rupture. Hence, the concrete of the column was not
severely damaged. On the other hand, both frames G1-G and G2-G
suffered severe damage at the column ends due to excessive damage
around the unconfined ducts caused by the higher stress concentration
and severe splitting cracks as well as slippage. These sources of damage
when combined with the flexural cracks led to a significant damage and
a reduced efficiency of these connection details. Unlike those two
frames, the severe damage at the column ends was mitigated due to the
elimination of improperly confined ducts at the critical region of the
columns in frame G3-G. The ducts in this case are confined by a large
volume of concrete within the beam. The crack pattern of G3-G was
similar to that of GC; however, the cracks were less severe than those in
GC due to the lower load capacity.
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Fig. 19. Failure of frame with different connection details.

12



M.H. El-Nageeb et al.

The strain of the reinforcement at the interface between the upper
beam and column of the frames is shown in Fig. 20. The strain devel-
opment depends on the connection details. At the same drift ratio, the
reinforcement strains in frames GC and G3-G are higher compared to the
other frames, aligning well with their greater load capacities. However,
the results indicate that the reinforcement strains in frame GC are
slightly below the rupture strain (0.02) of the bars. This is in good
agreement with the theoretical calculation of the flexural capacity of the
column section, which was designed to have tension-controlled failure.
An increase in the applied drift ratio more than the considered drift is
expected to result in a sudden drop in strength due to reaching the bars’
rupture strains. Both frames GC and G3-G had similar values of the
strains up to a drift ratio of 1.4 %. Beyond this limit, frame G3-G
exhibited a higher strain of reinforcement at the interface between the
beam and column. This subsequently caused frame G3-G to fail due to
reaching the bar rupture strains at a lower load compared to that of
frame GC. The earlier rupture of the bars is due to stress concentration at
the interface between the beam and column, which is a common phe-
nomenon in precast connections [31].

Fig. 21a shows the envelope load drift response of the four frames.
The peak load for frame GC was 194 kN, which is greater than the peak
load of the reference frame G1-G by 96 %. Meanwhile, the peak loads for
frames G2-G and G3-G were 132 kN and 150.1 kN, respectively. These
capacities are also greater than that of the frame G1-G by 33 % and
52 %, respectively. The reduced capacity of the reference frame is
attributed to two reasons. Firstly, according to [31], such connection
details should be designed with an amount of reinforcement of 1.25
times the column capacity to account for the effect of joint opening. In
the reference frame G1-G, the amount of reinforcement provided at the
connection was estimated to have the same capacity as the column at the
section located at the interface between the beam and column. Secondly,
as reported in [31], the embedded length inside the column should be at
least 25 times the bar diameter, which is also not satisfied here. These
two reasons also contribute to the obtained capacity of frame G2-G.
However, frame G2-G exhibited a capacity 33 % greater than G1-G
due to preventing the contribution of bar slippage in the beam. The
response of both GC and G3-G followed a similar trend; however, due to
the sudden rupture of the bars, frame G3-G was not able to resist higher
forces. The mitigation of bar rupture can improve this drawback,
potentially enabling the frame to resist higher loads. The subsequent
section will discuss and compare the behaviour of these four frames
when the frame columns are designed to have compression-controlled
failure.

The residual drift of frame GC is greater than that of the three precast
frames due to the greater contribution of inelastic concrete deformations
resulting from the higher load introduced (see Fig. 21b). The energy
dissipation of the four frames was almost the same up to a drift ratio of
1 %. Beyond this limit, the cumulative energy dissipation depended on
the connection details. Both frames G2-G and G3-G dissipated energy
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Fig. 20. Reinforcement strains at the connection interface for frames with
different connection details.
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77 % higher than that of G1-G at a drift ratio of 2.7 %. Despite G3-G
dissipating 13 % higher capacity at 2.7 % drift compared to G2-G, the
overall energy dissipation of G2-G was higher due to the brittle failure of
the bars in G3-G. Fig. 21c shows that all precast frames dissipated
significantly less energy compared to the cast-in-place counterpart (GC).
This difference can be attributed to the less satisfactory cyclic behaviour
of the precast frames, characterized by narrower hysteresis loops,
reduced load-carrying capacity, and lower stiffness, which resulted in
smaller loop areas. The rigidity of the connection also controls the initial
stiffness of the frames. Due to no joint opening in the cast-in-place frame
and no epoxy of low modulus of elasticity being used, the initial stiffness
was higher than that of the precast frames. The G1-G frame had the
lowest initial stiffness among the precast frames, primarily due to the
epoxy-filled ducts in the beam and column (see Fig. 21d). Despite the
higher initial stiffness of the GC frame, the rate of stiffness deterioration
of GC was higher than that in frame G3-G at earlier loading stages.
However, both GC and G3-G followed the same trend beyond a drift
ratio of 1 %. As a result of bar slippage at the columns, both G1-G and
G2-G continued to experience stiffness deterioration beyond a drift of
2 %. However, the deterioration is greater for G2-G, which agrees with
the reduction of capacity beyond the peak.

4.4. Effect of changing the section failure control

The hysteresis behaviour of frames with the four details shown in
Fig. 17 was restudied under different column reinforcement ratios. The
balanced reinforcement amount was first determined. The process of
determining the balanced reinforcement ratio for reinforced concrete
structures with distributed tensile reinforcement may not be straight-
forward with a single formula and requires an iterative approach. The
iterative process begins by inputting the necessary data, such as cross-
sectional size, material properties, and reinforcement details. Initial
values were set for the reinforcement area and neutral axis depth. The
system then checks the force equilibrium and strain compatibility be-
tween the concrete and the reinforcement. If equilibrium is not ach-
ieved, the neutral axis depth is adjusted. If strain compatibility is not
satisfied, the reinforcement area is modified. This process is repeated
until both equilibrium and strain compatibility are met, allowing for the
calculation and output of the balanced reinforcement amount. The
process output indicated that the balanced reinforcement amount is
1144 mm?. The reinforcement amount 8D13 (having a reinforcement
area of 1061 mmz) is below the balanced amount indicating a tension
control failure. While 8D16 resulted in an amount of reinforcement of
1607 mm?, exceeding the balanced amount, leading to compression
control failure. The beam reinforcement, length of the longitudinal bars,
as well as the properties of concrete and epoxy, were kept the same. As
shown in Fig. 22, similar trends for each corresponding connection
detail in the case of tension control failure were observed in the case of
compression control design. However, the sudden failure due to bar
rupture was mitigated, ensuring a more gradual failure mode. The re-
sults also demonstrated the closer response between frame GS* and
frame G3-G*. Both frames G1-G* and G2-G* still experience lower ca-
pacities due to the combination of flexural cracks with splitting cracks
around the unconfined ducts with the reinforcement slippage at the
connection region since the embedded length inside the column was
kept the same.

As shown in Fig. 23, the failure of the frames is quite similar to that
shown previously in Fig. 19. However, due to changing the failure
control from bar rupture to concrete crushing, the damage at the plastic
hinge of the columns was more severe. The reinforcement strains at the
connection interface shown in Fig. 24 confirm that all strain measure-
ments in the four frames were below their rupture strain (0.02). The
frames with ducts in the plastic hinge region of the column still suffered
severe damage. Frame G3-G* failed in a way similar to the cast-in-place
frame GC* despite the less critical cracks due to the 8 % reduction in
capacity attributed to joint opening and slippage at the beam ducts. This
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Fig. 21. Cyclic performance evaluation of frame with different connection reinforcement materials.
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Fig. 22. Hysteresis behaviour of frame with different connection details - Case of compression failure control.

caused the concrete at the plastic hinge region of the column not to reach
its crushing strain. This similarity of behaviour between GC* and G3-
G* was also confirmed in the strain measurement of both frames (see

14

Fig. 24). On the other hand, the maximum strain values in G1-G* and

G2-G* were almost equal to those

of G1-G and G2-G, which confirms

that these frames experienced a local failure upon reaching the
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Fig. 24. Reinforcement strains at the connection interface for frames with
different connection details- Case of Compression control failure.

maximum allowable concrete strength to resist splitting cracks and the
forces necessary to induce slippage.

As shown in Fig. 25a, frame GC* reached its capacity of 241.8 kN ata
drift ratio of 3.7 %, which is earlier than that obtained in GC with ten-
sion control failure as listed in Table 6. The increased reinforcement
ratio of the column increased the capacity of the frame by 24 % and
enhanced the stiffness, leading to achieving the capacity at an earlier
drift ratio. Similarly, the increased reinforcement ratio in frame G1-
G* increased the capacity from 99.8 kN to 132.4 kN (33 %). The
increased amount of reinforcement increased the connection stiffness
and led to achieving the maximum capacity at an earlier drift of 2.3 %
compared to 3.2 % in G1-G with a lower column reinforcement ratio.
Although there is an improvement in the capacity by 23 % for frame G2-
G* compared to the counterpart frame G2-G, the post-peak trend is the
same, where the frame still experiences a drop in capacity after
achieving the maximum capacity. A significant difference in the
behaviour of frames with a higher reinforcement ratio was observed for
the frame G3-G* . The increased reinforcement ratio and mitigation of
bar brittle failure significantly improved the structural performance.
The capacity of frame G3-G* increased by 46 % compared to the coun-
terpart frame G3-G. This increased ratio is due to the mitigation of
reaching the ultimate strains of the reinforcement in compression con-
trol design even with considering the strain concentration phenomenon
at the connection interface. While compared to the cast-in-place frame
GC*, the difference in capacity was limited to 9 % due to the contri-
bution of joint opening and the low modulus of elasticity of bonding
epoxy. It should be noted that this difference was 23 % between G3-G
and GC. It can be concluded that it is desirable to design the precast
GFRP-RC frame with connecting ducts located at the beam and to ensure
that the failure of the column section is governed by concrete
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compression rather than bar rupture under cyclic loads to mitigate the
sudden catastrophic failure due to bar rapture at the connection
interface.

As shown in Fig. 25, the differences in stiffness deterioration and
energy dissipation among the four connection details are similar to the
earlier reported results for frames with tension control failure. Frame
GC* exhibited the highest initial stiffness and overall energy dissipation.
However, both frames GC* and G3-G* exhibited the same value of
stiffness beyond a drift ratio of about 0.5 %. Among the frames, GS* and
G3-G* still have minimum deterioration of stiffness beyond a drift ratio
of 1.5 %, while both G1-G* and G2-G* still experience stiffness deteri-
oration up to the maximum drift ratio due to reinforcement slippage.
Additionally, the energy dissipation capacity of frame G3-G* is the
closest to the energy dissipation capacity of the cast-in-place frame GC* .
As given in Table 6, the initial stiffness and energy dissipation capacity
improved by increasing the column reinforcement ratio and changing
the failure mode from bar rupture to concrete failure. Compared to the
counterpart frames with tension control failure, a significant increase in
initial stiffness by 75 % was found in frame G3-G* compared to G3-G.
Due to changing the bar rupture failure mode of frame G3-G to con-
crete compression failure in frame G3-G*, the cumulative energy
dissipation capacity was improved by 330 % due to the better contri-
bution of concrete cracking and spalling in dissipating the energy. In
terms of residual drift, the four frames exhibited lower values of residual
drifts due to the elastic behaviour of GFPR reinforcement.

4.5. Comparison with steel reinforced counterparts frames

Four frames with the same four connection details in Fig. 17 were
examined to evaluate the performance of GFRP-RC in comparison to
conventional steel-RC frames. The steel-RC frames have the same rein-
forcement ratio as in the GFRP-RC with tension control failure. Concrete
strength and epoxy properties were kept the same. The steel reinforce-
ment used in these frames has a yield stress of 500 MPa as per the
Australian standards AS4671 [48].

Fig. 26 shows the hysteresis behaviour of the four frames. As ex-
pected, the hysteresis behaviour was significantly different from that
observed for GFRP-RC frames due to the inherent difference between
steel and GFRP. Because of the high modulus of elasticity of steel rein-
forcement, the frames were able to reach their design capacity at earlier
drifts. The yielding of steel reinforcement resulted in the residual drift
and the size of hysteresis loops increased compared to those with GFRP-
RC. It should be noted that all four steel-RC frames were able to reach
their capacity, a difference from those with GFRP-RC, where the
connection details had a significant impact on the achieved capacity.
Because the forces in the connection reinforcement are limited by the
yield stress, which is significantly less than the rupture stress of GFRP,



M.H. El-Nageeb et al.

250 ........
200
z
=4
= 150
<
2
E 100
=
< 50
0
5
Drift (%)
(a) Load drift envelope
120
’é .. GC*
=100 o
Z G1-G
< — —G2-G*
= 80 A
& G3-G*
g 60
2
=
E 20
O
O B
0 5

Drift (%)

(c) Cumulative energy dissipation

Engineering Structures 328 (2025) 119732

3
........... GC*
251 --s-- G1-G*
s 2| ——ac
et G3-G*
15
=
ERE
~ 0.5
0 4
0 5
Drift (%)
(b) Residual drifts
16
......... GC*
= | emee G1-G*
Enl: — —G2-G*
z G3-G*
=B A X
\~~ ------
4 - SNesse
~~~§""'-"-I---.
0 . . | .
0 1 2 3 4 5
Drift (%)

(d) Stiffness deterioration

Fig. 25. Cyclic performance evaluation of frame with different connection reinforcement materials.

Table 6
Influence of section failure control on cyclic performance of GFRP-RC frames.
Frame GC* GC G1-G* G1-G G2-G* G2-G G3-G* G3-G
Influence on capacity Capacity (kN) 241.8 194 132.4 99.8 161.7 132 219 150
Corresponding drift (%) 3.7% 4.1 % 23 % 3.2% 2.3 % 22% 4.1 % 31%
Capacity increased (%) 25 % 33% 23 % 46 %
Influence on initial stiffness Initial stiffness (kN/mm) 135 9.5 5.2 4.4 7.6 6.4 9.6 5.5
Improvement (%) 42 % 16 % 19 % 75 %
Influence on energy dissipation Overall cumulative energy dissipation (kN.m) 108.7 76.5 30.7 28.0 37.9 34.9 76.7 23.2
Improvement (%) 42 % 9.5 % 89% 330 %
Influence on residual drift Residual drift (%) 1.2 1.3 1.1 0.9 0.9 0.8 1.0 0.8
Change (%) 8% 22 % 13% 25 %

the effect of splitting cracks and slippage was less pronounced. More-
over, it is noteworthy that the presence of connection reinforcement in
S1-S and S2-S led to achieving higher capacities than S3-S, as it added to
the flexural capacity of the column, enabling the frame to reach its
design capacity. However, the presence of column ducts reduced the
residual drifts in frames S1-S and S2-S, while the hysteresis behaviour of
S3-S was almost similar to the control cast-in-place frame SC.

The envelope load drift curves are shown in Fig. 27a. The predicted
nominal lateral capacity of the columns is 105 kN. All frames achieved
their design capacity. According to the results, frame SC reached a ca-
pacity of 123.8 kN at a drift ratio of 0.9 %. The precast frames reached
their design capacities at different drifts, depending on the details of the
connection. The frame S1-S reached a capacity of 116 kN at a drift ratio
of 1.8 %. Whereas, frames S2-S and S3-S achieved capacities of 137 kN
and 108.4 kN at a drift ratio of 0.9 %, respectively. Compared to frame
SC, frame S2-S achieved a higher capacity by 11 % due to the benefits of
starter bars in increasing the column flexural capacity. Although both
GFRP-RC frames and steel-RC frames have the same amount of
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reinforcement, the steel-RC frames reached their capacities at drifts of
less than 2.5 %, which is usually adopted in RC structures to control
damage to non-structural elements, whereas, it was achieved at greater
drifts than 2.5 % for GFRP-RC frames which is usally the case in GFRP-
RC, as reported in [17]. However, according to [44], deformable
GFRP-RC frames should be able to reach a drift ratio of 4 %.

The results in Fig. 27 followed similar trends to those observed with
GFRP reinforcement regarding the effect of connection details on stift-
ness and energy dissipation capacities. Frame SC exhibited the greatest
initial stiffness and overall energy dissipation. However, residual drifts
became more significant in steel-RC frames due to the penetration of
damage resulting from steel yielding, causing permanent deformations.
At earlier drifts (less than 1 %), the amount of energy dissipation was
negligible among different connection details. However, beyond this,
energy dissipation increased due to steel yielding. Frame S3-S dissipated
energy closer to the cast-in-place frame SC, owing to the large hysteresis
loops, greater residual deformations, and yielding penetration into the
cap beam. The two other frames, S1-S and S2-S, dissipated less energy
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due to the smaller cyclic loop area, despite their higher capacities
resulting from the presence of the connection ducts at the column end. In
terms of stiffness deterioration, the rate of stiffness deterioration was
quicker than that with GFRP, as a result of cumulative excessive damage.
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Fig. 27. Cyclic performance evaluation of frame with different connection reinforcement materials.
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Unlike GFRP-RC frames, where the final stiffness depends on the
connection details, the stiffness of all steel-RC frames became the same,
since all frames failed due to the yielding of column reinforcement.

A performance comparison between the counterpart details of steel-
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RC frames and GFRP-RC frames with tension and compression failure
control was carried out. As shown in Fig. 28, the cast-in-place frames
exhibited the greatest initial stiffness in the three cases, followed by
precast frames with connections in the cap beam. In contrast, the precast
frames with connections in both the column and beam achieved the least
initial stiffness. However, due to the higher modulus of elasticity of steel,
the steel-RC frames exhibited higher initial stiffness in all cases. Mean-
while, increasing the GFRP reinforcement ratio in the columns, which
subsequently led to changing the failure from bar rupture to concrete
compression failure, limited the gap between the initial stiffness of steel-
RC and GFRP-RC frames, especially in the case of a connection in the cap
beam. Although steel-RC frames exhibited the greatest initial stiffness,
the final stiffness of steel-RC frames was the least in all cases. This can be
explained by the excessive cumulative damage due to steel yielding
causing significant stiffness deterioration. In conclusion, from a stiffness
point of view, the precast GFRP-RC frame with a connection in the cap
beam exhibited closer stiffness to the counterpart connection in the
steel-RC frame, and at the same time, it exhibited the least stiffness
deterioration among precast frames, approximately similar to the cast-
in-place GFRP-RC frame.

The functionality of a structure after cyclic loads can be evaluated
through residual drifts. The minimum residual drift indicates that the
structure exhibits minimum damage and requires less repair. Fig. 29a
shows significant differences between steel-RC and GFRP-RC frames. In
general, all GFRP-RC frames exhibited significantly lower residual drifts
compared to steel-RC frames. The minimum residual drifts are attrib-
uted to the linear elastic behaviour of the GFRP bars, which mitigate the
permanent deformations in the structures, enabling the structures to
return to their original condition and subsequently require minimum
repair costs. On the other hand, steel yielding causes permanent de-
formations. However, frames with connections located at the column
exhibited decreased residual drifts for steel-RC frames. In conclusion,
while connection details can control the residual drift of steel-RC precast
frames, GFRP-RC precast frames are advantageous in terms of residual
drift compared to steel-RC frames regardless of the connection details.

A comparison between the energy dissipation capacities of the
frames with GFRP and steel reinforcement is shown in Fig. 29b.
Generally, all cast-in-place frames dissipated the highest amount of
energy compared to the precast frames because of the stable hysteresis
loops. Due to the different hysteresis responses between the cast-in-place
steel-RC frame and GFRP-RC frame with the same amount of rein-
forcement, the steel-RC cast-in-place frame dissipated overall energy
33 % greater than the GFRP-RC frame. With an increase in the amount of
GFRP reinforcement, the energy dissipation of the GFRP-RC frame was
7 % higher than the steel-RC cast-in-place frame because of the capacity
increase as well as the better contribution of concrete in dissipating the
energy. On the other hand, connection details in precast frames deter-
mine the ability of the structure to dissipate the energy regardless of the
reinforcement type. In general, precast frames with epoxy-filled ducts
located in both the column and beam dissipate the least amount of en-
ergy. Compared to the cast-in-place frame, the precast frame with
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epoxy-filled ducts located at the beam and the column dissipated less
energy by 37 %, 28 %, and 41 % for the GFRP-RC frame with tension
control failure, GFRP-RC frame with compression control failure, and
steel-RC frame, respectively. Meanwhile, the precast frame with epoxy-
filled ducts located at the beam dissipates 30 % and 22 % less than the
cast-in-place frame reinforced with GFRP and steel, respectively. Despite
this reduction in energy dissipation, the frame with epoxy-filled ducts
located at the cap beam dissipates energy almost equal to the counter-
part connection in the frame with steel reinforcement.

From the discussed results, it can be confirmed that a precast GFRP-
RC frame with concrete compression control failure, designed with
connecting epoxy-filled ducts located at the cap beam, can achieve su-
perior performance in two different aspects. Firstly, the precast frame is
comparable to an identical steel-RC frame with a typical connection in
terms of initial stiffness and energy dissipation. However, it can
outperform the steel-RC frame in terms of residual drifts and stiffness
after loading, which can be more beneficial in terms of repairs. Sec-
ondly, the precast frame is capable of achieving acceptable performance
compared to the reference cast-in-place frame with GFRP reinforcement.

5. Conclusions

The cyclic performance of precast GFRP-RC frames was investigated
in this study. A finite element model (FEM) was developed and validated
against a large-scale frame tested under cyclic load. Subsequently, the
model was utilized to study the effect of different connection details. The
effectiveness of the examined connections was also evaluated in com-
parison to equivalent cast-in-place models. Finally, a comparison was
made between precast GFRP-RC frames and steel-RC frames, consid-
ering the connection details of each counterpart. The following con-
clusions can be drawn from the current study:

1. The hysteresis behaviour of the precast GFRP-RC frame assembled by
dowels depends on the strength and stiffness of the material of
connection reinforcement. With the same amount of reinforcement,
CFRP or HS can achieve a capacity higher than that with GFRP by
18 % and 12 %, respectively due to their higher stiffness, while MS
with low yield strength led to a reduction in capacity by 39 %
compared to that with GFRP.

. The cyclic performance, in terms of energy dissipation, stiffness
deterioration, and residual damage, depends on the properties of the
connection reinforcement material. Frames with connection rein-
forcement made of CFRP, HS, and MS dissipate significantly more
energy and achieve greater initial stiffness than those with GFRP.
Meanwhile, the frame with GFRP exhibited the minimum residual
drift, whereas the frame with MS exhibited the maximum. Therefore,
based on the design criteria, the connection reinforcement material
can be selected to prioritize either energy dissipation or minimum
residual damage.

. Thelocation of epoxy-filled ducts significantly influences the per-
formance of frames in terms of capacity, stiffness, and energy
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Fig. 28. Comparison between stiffness of GFRP-RC and steel-RC frames with different connection details.
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dissipation. The presence of the connecting ducts in the cap beam
enhances the capacity by 65 % and 35 %, and the energy dissipation
by 149 % and 102 %, compared to connections located in the col-
umns and in both the columns and cap beams, respectively. This
confirms that the embedded length in the column is more critical
than that in the beam, where plastic hinges are formed and splitting
cracks are severe around the unconfined ducts .

. Failure of precast GFRP-RC frames is governed by the stress con-
centration at the interface between the beam and column. This stress
concentration leads to reduced capacity due to either earlier bar
rupture or bond degradation for the connection reinforcement
depending on the location of the connecting ducts.

. The optimum cyclic performance of GFRP-RC frames can be achieved
by ensuring a concrete compression failure rather than bar rapture to
avoid the risk of reaching earlier bar rapture at the interface in case
of locating the connecting unconfined epoxy filled ducts at the beam.

. In comparison to GFRP-RC frames with the same reinforcement ratio,
steel-RC frames exhibited wider hysteresis loops and subsequently
dissipated greater energy and achieved greater initial stiffness.
However, GFRP-RC performed better in terms of residual drift and
stiffness after loading.

7. A precast GFRP-RC frame can achieve comparable cyclic perfor-
mance to that of a precast steel-RC frame and to the equivalent cast-
in-place GFRP-RC frame by ensuring that the compression failure of
concrete is the governing failure while designing the frame with
connection epoxy-filled ducts located at the cap beam.

While the results reported in the current study provide a better un-
derstanding of the cyclic behaviour of precast frames with different
connection details and propose a design philosophy for the optimum
location of unconfined epoxy-filled ducts, there are some limitations due
to the nature of the reference case study. The conclusions are specific to
precast jetty frames assembled using epoxy resin, which failed due to the
flexural failure of columns. Extending these conclusions to multistorey
frames—where beams are typically weaker than columns and columns
are extended on both sides of the beams, leading to beam flexural failure
or other failure modes—requires further investigation. Future studies
should also explore the effects of frame geometry, beam size, and beam
length variations.
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