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A B S T R A C T   

Precast socket connections involve connecting precast columns and beams through prefabricated pockets. This 
method is widely used in the precast concrete industry due to its ability to accelerate construction and provide 
strong connections. To enhance their benefits and ensure durability in harsh environments, noncorrodible Glass 
Fibre Reinforced Polymers (GFRP) reinforcement is commonly employed as an effective reinforcement solution. 
The current numerical study investigates the performance of GFRP precast socket connections using epoxy resin 
for assembly. Finite element models were developed and verified against the experimental results of three 
specimens. The numerical model was then employed to investigate the influence of several key parameters 
influencing the behaviour of precast GFRP socket connections. It was found that the performance of the 
connection depends on the socket depth, concrete depth under the socket, size of the beam, and socket-filling 
material. Additionally, the stiffness and capacity of the connection were found to be strongly affected by the 
column reinforcement ratio. The study reveals that the maximum capacity of the connection can be achieved 
using a socket depth equal to 1.4 times the thickness of the column. Moreover, the socket region should be 
properly confined by concrete of thickness at least 0.8 of the column thickness at the overhanging side of the 
beam and 0.5 times the column width in the transverse direction as well as the bottom of the socket, to ensure the 
development of the full capacity at the connection. Although epoxy resin has many advantages, including non- 
shrinkage, high workability, and high strength, it was found that replacing the epoxy resin with ultra-high- 
performance concrete improves the connection performance, and hence the required depth of the socket can 
be reduced. The results of this study can be used to safely work out the minimum size and detailing of the GFRP- 
RC socket connections using epoxy resin for assembly.   

1. Introduction 

In recent decades, precast concrete has been widely utilized in the 
construction of numerous bridges, marine infrastructures and buildings, 
owing to its unique advantages including fast construction, enhanced 
productivity, superior material quality, and increased site safety by 
reducing the number of labourers required in the field. Precast concrete 
is also used as part of Accelerated Bridge Construction (ABC), which 
helps minimize the impact on traffic and road functionality during 

construction [1], and hence significantly reduces the associated costs. A 
precast concrete structure is an assembly of precast beams and columns 
connected at the construction site. The method of connection used for 
assembly can significantly impact the structure’s performance and the 
flexibility of the connection in transferring moments between the beam 
and column [2]. 

Connections in precast concrete structures can be classified as pin, 
rigid, and semi-rigid connections. Pin connections do not allow for the 
transfer of moment between members, while proper rigid (moment- 
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resisting) connections are crucial for an effective load transferring 
mechanism between beams and columns, particularly when lateral loads 
are applied [2]. Different connection systems have been developed 
previously, including grout sleeve [3], grout duct [4], pocket [5], socket 
connections [6], and prestressed tendons [7]. The high-strength prop-
erties of prestressed tendons enable effective energy dissipation and 
self-centring of the column following cyclic loading [7]. However, the 
efficiency of this method can be affected by tendon relaxation. Grout 
sleeve connections can effectively connect the reinforcement between 
precast members [8], but the relative stiffness between the column and 
beam [9], the type of grout used, and defects in grouting [3] can impact 
its efficiency. Grout duct connections require the passing of reinforce-
ment between two elements through a prefabricated duct and filling 
with grout to ensure connection integrity [4]. From a construction 
perspective, pocket and socket connections are regarded as simple 
methods for connecting beams to columns or columns to foundations. 
This is achieved by creating a pocket in the beam or foundation and 
filling it with bonding material [5]. These connections reduce the need 
for precise alignment or adjustments typically required with grout ducts 
and post-tensioning, consequently lowering the risk of installation er-
rors. Socket connections also require less labour-intensive procedures 
compared to the intricate grouting process, where grout defects can 
impact connection performance, or the tensioning of cables, where force 
relaxation can affect the performance. Both connection types exhibit 
similarities as they involve creating a pocket in the beam or foundation. 
However, their execution differs. In a pocket connection, the rein-
forcement of columns passes through the pocket, which is later filled 
with cast-in-place concrete. Conversely, a socket connection entails 
filling the space between the column and the socket wall with con-
necting materials like grout or epoxy (see Fig. 1). 

The performance of pocket and socket connections was experimen-
tally addressed in previous studies. It has been reported that the capacity 
of these types of connections depends on the socket depth (column 
embedded depth), the roughness of the socket surface, the strength of 
filling material, and the gap size between the column and socket wall 
[6]. Sufficient socket depth is essential to ensure well integrity of the 
structure and the development of plastic hinge at the columns [10] while 
oversized socket depth requires larger foundation depth and material 
causing additional costs. Han et al. [11] evaluated the cyclic perfor-
mance of smooth surface socket connections with socket depth equal to 
0.5, 1.0, and 1.5 of the column diameter using high strength grout. It was 
found that the performance of connection with embedded depth not less 
than 1.0 of the column diameters was similar to the cast-in-place 
connection. However, the energy dissipation and ductility were signif-
icantly improved in the case of embedded depth equal to 1.5 of the 
column diameter. An embedded depth equal to 1.1 of the column 
thickness was found sufficient to attain the connection capacity [5]. In 
another study, the socket connection with an embedded depth equal to 
0.8 of the column diameter and using tooth shaped shear key socket 
filled with ultra-high performance concrete showed comparable 
behaviour to the corresponding castin-place one [12]. The socket 
connection with confining corrugated steel pipe and socket depth equal 

to 1.2 and 1.0 of the column diameter performed well where the plastic 
hinge was developed at the column [13,14]. Zhou et al. [15] proposed a 
new socket connection with outer and inner post pour concrete, novel 
shear keys, and a special arrangement of reinforcement for hollow col-
umn connections. It was reported that the connection performed satis-
factorily with an embedded depth equal to about 0.44 of the column 
diameter. 

The long-term performance of steel-RC structures relies on effec-
tively protecting steel reinforcement from corrosion. In harsh environ-
ments, such as jetty structures, the high level of chlorides can cause steel 
reinforcement corrosion, leading to obvious structural failure and 
increased maintenance costs [16]. To address this challenge, 
non-corroding fibre reinforced polymer (FRP) reinforcement has 
emerged as an effective alternative to conventional steel reinforcement 
[17,18]. However, FRP has a comparatively lower elastic modulus and 
exhibits linear elastic behaviour. This results in significant differences in 
the performance of structures reinforced with FRP compared to steel 
reinforced ones [19]. Previous studies have demonstrated the feasibility 
of using glass FRP (GFRP) reinforcement in cast-in-place connections 
[20–22] and examined the influence of various parameters, including 
joint reinforcement, transverse beams, and slab contribution. Mady et al. 
[21] concluded that GFRP cast-in-place connections can be designed to 
satisfy both strength and deformation requirements. However, the en-
ergy dissipation of GFRP cast-in-place connections was less than that of 
steel-reinforced connections due to the linear elastic behaviour of GFRP 
bars, resulting in narrow hysteresis loops [20]. 

While some studies have focused on GFRP cast-in-place connections, 
there is limited research on GFRP precast connections. Ngo et al. [23] 
conducted a study on the cyclic performance of a dry precast GFRP 
connection using a concrete end block and GFRP bolts. It was found that 
the capacity of the proposed connection was superior to that of the 
cast-in-place connection. Recently, the cyclic performance of two 
large-scale GFRP precast frames with socket and connecting reinforce-
ment in ducts was evaluated [24,25]. It was reported that the frame 
connected by reinforcement in ducts outperformed that with socket 
connections due to the premature failure of the socket connection by the 
use of a shallow socket of depth equal to half of the column thickness 
[25]. Additionally, an experimental investigation [26] was conducted to 
evaluate the cyclic behaviour of precast GFRP socket beam-column 
connections using epoxy resin as a socket material [26]. The lateral 
capacity of the connection with a socket depth equal to half of the col-
umn size was significantly reduced compared to that of a connection 
with a socket depth equal to the column thickness. Immature failure of 
the socket connection due to the lack of concrete material around the 
socket area as well as the low elasticity of epoxy material used in the 
socket area, has also been reported [26]. 

Although extensive research on steel reinforced socket connections 
suggested that a socket of depth less than 1.0 of the column thickness is 
sufficient to ensure the development of connection full capacity [11,14], 
the previous study on GFRP socket connection with a socket depth equal 
to the column size indicated that the connection suffered premature 
failure at the socket [26]. Hence, the inherent properties differences of 
the steel and GFRP reinforcements’ behaviour resulted in significant 
differences in the behaviour of socket connection. 

Replacing GFRP with steel will address corrosion issue and help 
mitigating the durability problem of such structures. The GFRP bars 
have a higher strength-to-weight ratio compared to steel reinforcement, 
however, they have a lower modulus of elasticity. The stiffness of the 
structural elements due to the lower modulus of elasticity of GFRP can 
be enhanced by using a higher reinforcement ratio so that they can 
perform similar to steel-RC structures. This has been reflected in the 
well-stablished design standards on GFRP-RC, (e.g. ACI 440.11–22 
[27]). It’s also worth noting that the compression failure of concrete 
(compression-controlled) typically governs the design of GFRP-RC. 
Additionally, in the case of tension failure, due to the elastic behav-
iour of GFRP, it does not exhibit a ductile behavior similar to steel-RC. 

Fig. 1. Pocket and socket connections.  
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These significant differences limit the applicability of available design 
guidelines for socket connections in steel-reinforced structures to 
GFRP-reinforced structures. The lack of understanding the behaviour of 
socket connection in GFRP-reinforced concrete structures has limited 
their real-life applications. However, the combination of benefits from 
precast concrete and noncorrodible nature of GFRP enhance its suit-
ability to be used in jetty structures where it is difficult to use 
cast-in-place concrete at these structures. To address these challenges, a 

numerical model for GFRP-RC precast socket connections was devel-
oped using nonlinear finite element modelling. The experimental results 
adopted from a previous study [26] were used to validate the accuracy 
of the numerical model. The validated model was then employed to 
examine the influence of socket depth, concrete depth under the socket, 
size of the beam, socket-filling material, and column reinforcement ratio 
on the behaviour of socket connections. The results were critically dis-
cussed, and design recommendations were provided to avoid local 

Fig. 2. Test setup for reference connections [26].  

Fig. 3. Geometry and reinforcement details for refence specimens [26].  
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immature failure modes and provide a safe design for the GFRP-RC 
connections with sockets. The results of this study can be used to 
ensure proper design of GFRP-RC socket connections and optimize the 
performance of precast GFRP structures, which can facilitate their 
design and also help reduce construction time and maintenance costs. 

2. Reference experimental tests for validation 

A series of tests on precast GFRP-reinforced socket connections at the 
University of South Australia [26] were considered in this study for the 
model verification. The experimental test setup is shown in Fig. 2. As 
shown, the beam-column assembly was placed upside down on the 
strong floor and was specially designed in a way that the beam could 
rotate at the beam-column end, simulating the real-life scenario in 
frames of jetties. In these structures where GFRP is a perfect reinforce-
ment alternative, the primary design forces come from the lateral loads 
while the axial load is considered minor. In addition, the presence of the 
axial load offers benefits in confining the connection. Therefore, to 
consider the most critical scenario, the lateral load was applied to the 
top of the column while no axial load was provided in the reference 
study [26]. The general dimensions and reinforcement arrangement of 
the beam and columns are shown in Fig. 3-a. The beam cross section was 
400 mm × 320 mm and was reinforced by 3D13 top and bottom GFRP 
bars as well as ligatures of diameter 10 mm each at 100 mm spacing. The 
column cross-section was 200 mm × 200 mm and was longitudinally 
reinforced by 4D16 GFRP bars and transverse ligatures of diameter 
10 mm spaced 70 mm apart. Both columns and beams were cast using 
high-strength concrete of strength 82.4 MPa. The properties of the GFRP 
reinforcement as supplied by the manufacturer are listed in Table 1. 

In this test series, the column and beam were assembled by pre-
fabricated sockets inside the beam. Epoxy resin was utilized to fill the 
20 mm side gap between the beam and the column and the 10 mm from 
the bottom of the column. Epoxy was used instead of conventional grout 
due to its advantages including its non-shrinkage characteristics, high 
workability, high strength, and fast assembly. The compressive strength 
of epoxy was 93.5 MPa which was greater than the strength of the 

connected elements and had a modulus of elasticity of 2.3 GPa. Three 
specimens with different connection details, as shown in Fig. 3, were 
selected to be the basis for this numerical study to validate the accuracy 
and reliability of the developed numerical model under different con-
ditions. The first specimen named EE2. In this specimen, the column 
embedded depth into the socket was equal to 100 mm and with an 
overhanging beam of 200 mm. The second specimen named EE3 had a 
200 mm embedded depth into the socket and a 100 mm overhanging 
length. The last specimen named EE5 had an embedded depth of 
200 mm and an overhanging length of 200 mm. An additional bolt of 
diameter 20 mm was provided in the connection of this specimen using a 
prefabricated duct of diameter 32 mm. The bolt had a length of 360 mm 
and was bonded using epoxy adhesive. 

3. Numerical model 

The nonlinear finite element software ABAQUS was employed to 
develop a numerical model for GFRP-reinforced precast socket connec-
tions. Details about the numerical model are discussed in the following 
sections. 

3.1. Definition of concrete material 

The behaviour of concrete material was simulated in the study using 
the concrete damage plasticity model, which is a continuum-based 
plasticity model [28]. This model considers two main modes of fail-
ure, which are tensile cracking and concrete crushing. This material 
model was extensively used in previous studies and demonstrated its 
efficiency to capture the nonlinear response of various types of cast in 
place and precast connections [29–32]. The employment of this model 
necessitates the definition of several parameters as discussed in the 
following sections. 

- Uniaxial compressive behaviour: The behaviour of concrete under 
uniaxial compression is described by Thorenfeldt et al.’s model [33], 
which can be represented by Eq. (1). This model can be used for a wide 
range of concrete grades from 15 MPa to 125 MPa. 

Table 1 
Properties of GFRP reinforcement.  

Bar No. Bar diameter (mm) Cross section Area (mm2) Tensile Modulus of Elasticity (GPa) Ultimate 
Tensile Strength ffu (MPa) 

Ultimate strain in tension (εfu) 

D 10 9.5 71 62.50 1315 0.023 
D 13 12.7 129 61.30 1282 0.021 
D 16 15.9 199 60.00 1237 0.021 
D 19 19.1 284 60.50 1270 0.021 
Bolt #20 20 314 53.0 890 0.017  

Fig. 4. Concrete material definition.  
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where, fc is the compressive stress corresponding to strain εc, f′
c is the 

cylinder strength, εo is the strain corresponding to a stress equal to f′
c, 

and the other parameters n and k are model’s parameters which were 

taken equal to n = 0.8 +
f′
c

17.25 and k = 0.67+
f′
c

62 ≥ 1 [34]. 
To define the compressive inelastic behaviour of concrete, the input 

data should be introduced in terms of an inelastic crushing strain ̃ε
in
c and 

the corresponding stress fc according to Eq. (2) and Fig. 4-a. 

ε̃
in
c = εc − ε̃

el
oc = εc −

fc

Eo
(2)  

where the initial modulus of elasticity Eo can be taken equal to 4700
̅̅̅̅

f′
c

√

[35], 
- Uniaxial tensile behaviour: The behaviour of concrete under uni-

axial tension is defined using the model proposed by Aslani and Jow-
karmeimandi [36]. According to this model, a linear relation is assumed 
between the stress and strain up to the point where the concrete reaches 
its tensile strength, beyond which the behaviour of the concrete is 
described as, 

σt = ft

[
εto

εt

]0.85

(3)  

where σt is the tensile stress corresponding to tensile strain εt, εtois the 
strain at the point of maximum tensile strength ft which was taken equal 

to 0.33
̅̅̅̅

f′
c

√

[37]. 
Similar to the definition of compressive behaviour, the concrete 

behaviour is introduced to the model in terms of cracking strain 

ϵ̃
ck
t and the corresponding stress σt according to Eq. (4) and Fig. 4-b. 

ε̃
ck
t = εt − ε̃

el
ot = εt −

σt

Eo
(4)  

3.1.1. Damage parameters 
Damage parameters for concrete dc = 1 −

fc
f′
c 

and dt = 1 − σt
ft [22] 

should be also introduced along with the behaviour in both compression 
and tension, respectively, as shown in Fig. 4. The damage parameters are 
included in the model in the strain softening region of the introduced 
stress-strain relationship. These parameters are used to automatically 

convert the inelastic compressive strains ε̃
in
c and cracking strain ε̃

ck
t into 

plastic compressive strains ε̃
pl
c and plastic tensile strain ε̃

pl
t , respectively, 

according to Eq. (5) and Eq. (6). 

ε̃
pl
c = ε̃

in
c −

dc

(1 − dc)

fc

E0
(5)  

ε̃
pl
t = ε̃

ck
t −

dt

(1 − dt)

σt

E0
(6)  

3.1.2. Plasticity parameters 
Certain plasticity parameters should be introduced to reflect the 

behaviour of the concrete in the CDP material model. These parameters 

include dilation angle, eccentricity, coefficient Kc, the ratio of concrete 
biaxial compressive strength to uniaxial compressive strength (σb0/σc0), 
and viscosity parameter μ. The recommended dilation angle for concrete 
is 31 to 42 [37], with 36 being the most appropriate value [29]. The 
eccentricity is commonly taken as 0.1 [28] indicating a consistent 
dilation angle across different levels of confining pressure. The value for 
the ratio (σb0/σc0) is a concrete material parameter which can be 
calculated using laboratory tests. Alternately, a value of 1.16 has been 
widely adopted [28,38]. The coefficient Kc represents the ratio between 
the second stress invariant on the tensile meridian and the compressive 
meridian which should be between 0.5 and 1 at first yield. Table 2 lists 
the used values of the plasticity parameters. In this study, the dilation 
angle, eccentricity value, σb0/σc0 ratio, and Kc coefficient were taken as 
36, 0.1, 0.667, and 1.16, respectively [29,32]. The viscosity parameter μ 
is utilized to address convergence issues in strain-softening material 
models, where a small value is preferred to mitigate non-convergence 
problems and minimize mesh size effects. However, it is crucial to 
control the viscosity parameter appropriately to avoid excessively stiff 
solutions. Therefore, a sensitivity analysis was conducted to determine 
the appropriate value for the viscosity parameter, which will be dis-
cussed in a subsequent section. 

3.2. Epoxy resin 

Samples of epoxy resin were tested during the main experimental 
program, and an average axial compressive strength of 93.5 MPa and 
modulus of elasticity of 2.3 GPa were reported. The experimental results 
for the stress strain curve for the epoxy as reported in [26] were 
considered to accurately define the behaviour of epoxy resin. The tensile 
strength of epoxy was taken according to the manufacturer’s data. CDP 
model was also used to define the behaviour of epoxy resin as recom-
mended by [39]. 

3.3. GFRP reinforcement 

GFRP reinforcement behaves as linear elastic material up to the 
failure. Therefore, the properties of both longitudinal and transverse 
reinforcement were defined as elastic material up to the failure. The 
maximum strength, modulus of elasticity, and Poisson’s ratio for GFRP 
depend on the bar diameter. These properties were taken according to 
the test data presented in Table 1. 

3.4. Elements 

The concrete beam, column, and epoxy volume inside the socket 
were modelled using the eight-node 3D element C3D8R. This element is 
a continuum with reduced integration and hourglass control option with 
three degrees of freedom at each cone. The GFRP reinforcement was 
modelled using the T3D2 truss element, which has two nodes and three 
degrees of freedom per node. 

3.5. Interaction between parts 

Several interactions between different parts of the model were 
considered to effectively simulate the reference specimens. The inter-
action between the epoxy resin and surrounding concrete was simulated 
using surface-to-surface contact. To define the properties of the surface 
contact, hard contact was employed in the normal direction and Penalty 
property was used to define the contact in the tangential direction using 
friction coefficient to account for slippage between the two surfaces. 
Because the coefficient of friction between epoxy and concrete depends 
on the surface condition, the chosen value was calibrated to determine 
the most appropriate value (This will be discussed in the following 
sections). While no slippage of GFRP bars was observed during the 
experimental test, the interaction between the reinforcement and con-
crete was defined using embedded interaction. However, using the 

Table 2 
Plasticity parameters considered in the models.  

Dilation angle Eccentricity Kc σb0/σc0 

36 0.1 0.667 1.16  
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embedded interaction, the use of the CDP model offers a simple indirect 
way to account for the interaction between reinforcement and concrete 
such as bond slippage by considering the tension stiffening model which 
can be applied to simulate the transfer of load across cracks. This 
approach showed its efficiency in previous studies [29]. 

3.5.1. Simulation of test setup 
Fig. 5 shows the geometric model for specimen EE3. Three 3D parts 

were created for the beam, column, and epoxy volume. For the assembly 
of the specimens, surface-to-surface contact was used between the inner 
surfaces of the epoxy and the outer surface of the column. The same 
interaction was used between the outer surface of the epoxy and the 
inner surfaces of the beam socket as shown in Fig. 5-a. The GFRP rein-
forcement was modelled as embedded reinforcement in the concrete. To 
simulate the support conditions of the experimental study, the boundary 
conditions were applied in the model at the location of the beam clamps 
by constraining the translation degree of freedom at these nodes. The 
lateral load was then applied at the top end of the column using a 
displacement control regime. 

4. Verification of the accuracy of the numerical model 

As mentioned, three specimens with different connection details 
were used to better verify the accuracy of the developed numerical 
against different parameters. The model of specimen EE3 was first 
developed and used to perform sensitivity analysis for choosing the 
appropriate values of the viscosity parameter, friction coefficient, and 
mesh size. After determining the most suitable values for these param-
eters, the two other specimens were examined to confirm the capability 
of the numerical model to detect the behaviour of GFRP-RC precast 
socket connections under different conditions. 

4.1. Selection of the friction coefficient value 

The value of the coefficient of friction plays a significant role in 
defining the actual contact behaviour between epoxy and concrete. In 
the experimental tests, the specimen’s failure occurred mainly at the 
socket location due to stress concentration and slippage between the two 
materials. The value of the coefficient of friction between the epoxy and 
concrete is a challenging parameter which is difficult to be measured 
during the reference experimental test. It was reported from previous 
experimental tests on the frictional behaviour of different types of epoxy 

Fig. 5. Details of the developed numerical model.  

Fig. 6. Calibration of model parameters.  
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that the coefficient of friction for epoxy ranged between 0.2 to 1.0 
depending on the loading rate [40]. The use of a high coefficient of 
friction can improve the connection’s integrity and reduce slippage, 
leading to an overestimated strength of the connection. Conversely, 
smaller values may result in underestimated capacity. In this study, 
three different values were examined (0.3, 0.5, and 0.8), and the 
load-displacement curves for each case were compared to the experi-
mental data. Fig. 6-a confirms that as expected, increasing the coeffi-
cient of friction value led to an increase in the capacity of the connection 
due to controlled slippage and improved integrity of the connection. The 
results using coefficients of friction 0.8 and 0.5 gave an approximately 
similar capacity of 15.4 kN, while the test capacity was 14.5 kN. The 
obtained capacity is overestimated by approximately 6% compared to 
the experimental results. The most accurate solution was obtained using 
a coefficient of friction of 0.3, which gave a capacity of 14.45 kN, almost 
equal to the experimental result. This value for the coefficient of friction 
is in agreement with the recommendation from [41], where a value of 
0.3 was found appropriate for the interaction between epoxy and 
concrete. 

Both the finite element analysis and test results exhibited a similar 
trend, characterized by three distinct stages: pre-crack, post-crack, and 
post-peak. Before cracking, the initial stiffness was approximately the 
same in both sets of results. However, in the finite element model, the 
reduction of stiffness was observed at a relatively higher load, with a 
sharp drop in stiffness, while the test results exhibited a smoother 
change in stiffness. At the beginning of the analysis, where the load was 
low, the analysis was conducted within the linear elastic stage of con-
crete with specific loading increments to achieve convergence. Since 
boundary conditions and loads were assumed to be applied to nodes, 
which is a little different from experimental test conditions, and due to 
the perfect sharp re-entrant corners at the socket region, an increased 
risk of artificial stress concentration was expected. This risk stemmed 
from the theoretically infinite stress as well as infinite change in stiff-
ness. The load increment was automatically reduced with several small 
increments until finding a convergence solution. Since a fine mesh was 
used, the solution was converged with a finite magnitude of stress. 
Subsequently, the material began to undergo nonlinear behaviour where 
stresses are controlled by plastic strains. These reasons led to obtaining a 
sharp transection point in the numerical solution that was not observed 
in the test results. 

The discrepancy between the two sets of results can be also attrib-
uted to the idealized material constitutive model used to define both 
concrete and reinforcement, as well as the perfect interaction between 
model components, assuming all contact surfaces were perfectly con-
nected. Additionally, the possibility of forming initial cracks, especially 
shrinkage cracks in concrete during the experimental test could lead to 
early micro cracking which was not simulated in the finite element 

models. Nevertheless, there was acceptable agreement between the pre- 
crack and post-peak behaviour in both sets of results. 

4.1.1. Selection of viscosity parameter value 
The viscosity parameter plays a critical role in the CDP model, 

especially for strain-softening material behaviour. It helps overcome 
non-convergence issues and mitigate mesh size effects. However, the 
value of this parameter needs to be carefully calibrated to ensure an 
accurate solution. If the value of this parameter is relatively large, it may 
lead to overestimated capacity and stiffer non-realistic behaviour and 
crack patterns. Previous research [29,37] has shown that using a smaller 
value can resolve convergence issues and the mesh size effect, but the 
value cannot be specified as it should be related to the size of the loading 
step. In this study, three different values (0.002, 0.003, and 0.004) were 
examined while keeping all other parameters constant, including a mesh 
size of 30 mm and a coefficient of friction of 0.3. The results presented in 
Fig. 6-b confirm the critical impact of the viscosity parameter. The initial 
stiffness for the three cases was almost the same. The lowest examined 
value of 0.002 resulted in the most accurate stiffness after cracking but 
the obtained capacity was 13.3 kN which was underestimated by 8% 
compared to the experimental results. The results using a viscosity 
parameter equal to 0.004 was found non-realistic where the capacity 
was around 16.3 kN (overestimated by 13%). As shown in Fig. 6-b, a 
value of 0.003 provides a reasonable result in terms of initial stiffness, 
ultimate capacity and post-peak degradation and hence is adopted here 
for further investigation. 

4.1.2. Selection of appropriate mesh size 
The CDP model is known for its dependence on mesh size. However, 

previous research suggests that viscoplastic regulations can resolve this 
issue for materials with strain-softening behaviour [29,37]. In this 
study, three mesh sizes were considered 30 mm, 35 mm, and 40 mm. 
Despite the use of viscoplastic regulations, the solution remained mesh 
size dependent, particularly in terms of post-peak behaviour, as shown 
in Fig. 6-c. However, this approach did address the problem of obtaining 
higher stiffness in numerical results, with the initial and post-crack 
stiffness being roughly the same across the three mesh sizes. The 
35 mm and 40 mm mesh sizes were insufficient for detecting post-peak 
behaviour and crack propagation towards failure. The obtained capac-
ities using mesh sizes of 35 mm and 40 mm were 15.3 kN and 15.1 kN, 
respectively. These capacities exceeded the experimental capacity of 
14.5 kN by 5.5% and 4%, respectively. The most accurate results in 
terms of maximum capacity and post-peak behaviour were achieved 
using a mesh size of 30 mm. The capacity obtained in this case was 
14.45 kN, which is nearly identical to the experimental test. However, 
while the three mesh sizes produced acceptable variations between 
numerical and test results in terms of maximum capacity, mesh size had 

Fig. 7. Comparison between obtained load displacement curves and experimental ones.  
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a significant impact on post-peak behaviour. Consequently, based on 
these findings, a mesh size of 30 mm is adopted for further investigation. 

4.1.3. Model verification 
The accuracy of a developed numerical model for different connec-

tions was validated by comparing the load-displacement behaviour and 
crack patterns of models for specimens EE3, EE5, and EE2 to the 
experimental results. The numerical model details were kept the same, 
except for the connections’ geometry and details. The coefficient of 
friction, viscosity parameter, and mesh size were set to 0.3, 0.003, and 
30 mm, respectively, based on calibration. The load-displacement 

behaviour of the specimens is shown in Fig. 7. The obtained peak load 
for specimens EE3, EE5, and EE2 were 14.45 kN, 14.8 kN, and 10 kN, 
respectively, while the maximum capacities from the experimental test 
were 14.5 kN, 15.2 kN, and 10.6 kN, respectively. As shown in Fig. 7, 
the results of the numerical model were in good agreement with the test 
results, except for some discrepancies in the post-peak behaviour of 
specimen EE2, which could be attributed to material deficiencies during 
the test that affected the actual friction coefficient while perfect and 
typical properties were assumed in the numerical models. 

Moreover, the obtained crack patterns from the numerical modelling 
are in good agreement with the experimental crack pattern, as shown in 

Fig. 8. Comparison between obtained crack patterns and experimental ones.  

Fig. 9. Comparison between the behaviour of connections with GFRP and steel reinforced elements.  
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Fig. 8. Specimen EE3 failed due to the formation of column cracks at the 
top surface of the beam and major beam cracks at the overhanging part. 
Specimen EE5 exhibited a similar crack pattern to the experimental ones 
where the connection failed due to column cracks and two beam cracks 
around the socket corners due to stress concentration. Specimen EE2 
with shallow socket depth failed due to the formation of cracks at the top 
corners of the socket, similar to the experimental failure mode. These 
results reflect an acceptable accuracy of the developed numerical model 
for simulating the complex behaviour of GFRP-RC precast socket 
connection. 

5. Behaviour of reference specimens with steel reinforcement 

GFRP reinforcement in the calibrated specimens was replaced by 
conventional steel reinforcement of yield stress equal to 500 MPa in 
order to compare the behaviour of socket connections in the two cases. 
The elastic plastic model was used to define the behaviour of steel 
reinforcement with a modulus of elasticity equal to 200 GPa. The load 
displacement response was obtained for the three GFRP-RC specimens 
and their identical steel counterparts. The force-displacement responses 
are shown in Fig. 9 which indicates that the steel reinforcement resulted 
in a different response in terms of deformations, capacity, and defor-
mation corresponding to maximum capacity. The difference in the 
behaviour is attributed to the linear elastic characteristics of GFRP 
reinforcement and its lower modulus of elasticity. This results in less 
confinement and more moving mechanism in the joint region. Such 
differences are expected between GFRP-RC elements and steel-RC ele-
ments having the same reinforcement ratio. This is accounted for in 
design guidelines and standards for GFRP-RC elements where the ele-
ments are designed with higher capacity reduction factors [27]. The 
initial stiffness of both reinforcement options was roughly equivalent. 

Fig. 10. Investigated parameters.  

Fig. 11. Load displacement curves for connections with different socket depths.  

Fig. 12. failure mode for connections with different socket depths.  
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However, as they reached the cracking point, the stiffness of GFRP-RC 
specimens decreased more rapidly compared to the steel-RC speci-
mens. Additionally, GFRP-RC exhibited more deformations than 
steel-RC due to the lower modulus of elasticity of GFRP reinforcement, 
impacting the serviceability and ductility of these structures. These 
fundamental differences ultimately resulted in the lower capacity of 
GFRP-reinforced connections when compared to their steel-reinforced 

counterparts. While there is no interface reinforcement between the 
beam and column in the socket region, the lateral capacity was 
improved by 27%, 20%, and 12% for specimens EE3, EE5, and EE2, 
respectively by replacing GFRP with steel. Due to such differences in the 
performance, the design recommendations for steel reinforced socket 
connections cannot be simply adopted for GFRP reinforcement. Subse-
quently, this excoriates the need for different column embedded depth 
into the beam to enhance the structural performance of GFRP-reinforced 

Fig. 13. Influence of different socket depths on the connection capacity.  

Fig. 14. Influence of the depth under the socket.  

Fig. 15. Crack patterns for connections with different depths under the socket.  

Fig. 16. Influence of different beam overhanging on the connection capacity.  
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connections in terms of having a stiffer connection with reduced de-
formations and higher capacity. To address this, an extensive parametric 
study was conducted to understand the critical parameters affecting the 
response of socket connection in GFRP reinforced precast concrete 
elements. 

6. Parametric study 

The calibrated numerical model was employed to investigate the 
influence of several parameters affecting the precast connections. The 
purpose of the parametric study was to understand the behaviour of 
GFRP-RC precast connections with socket and develop design recom-
mendations to help to avoid some of the common immature failure 
modes observed previously during the experimental test [26]. The 
model with the same dimensions as specimen EE5 without any 
connection reinforcement at the connection region was considered as a 
reference. The column embedded depth in the reference specimens was 
200 mm which was equal to the column thickness. It should be noted 

that the term column thickness in this study refers to the dimension of 
the column in the loading direction. The variables in the parametric 
study include column embedded depth d1, depth under the socket d2, 
overhanging length d3, and overhanged beam width b (see Fig. 10). 

6.1. Column embedded depth 

Column-embedded depth is a critical parameter that governs the 
performance of the socket connection. A minimum embedded depth is 
necessary to ensure that the connection can transfer forces and moments 
effectively and develop its full capacity. It was found in the reference 
experimental test that an embedded depth equal to 0.5 of the column 
thickness was inappropriate and significantly reduced the connection 
capacity [26]. Also, a premature failure at the socket was observed with 
the embedded depth equal to the column thickness [26]. In contrast, 
previous studies on steel reinforced socket connections reported that a 
column embedded depth of more than 1.2 of the column thickness is 
sufficient to attain the connection capacity [5,11–13]. However, the 
required embedment depth has not been studied in the previous studies, 
and it is essential to examine the behaviour of GFRP-RC socket con-
nections to get insights into the difference in the behaviour compared to 
that of steel reinforced ones. In this study, the behaviour of 
GFRP-reinforced socket connections with embedded depths of 160 mm, 
200 mm, and 240 mm, corresponding to 0.8, 1.0, and 1.2 of the column 
thickness, respectively, were examined and compared. The maximum 
examined value was limited to 1.2 of the column thickness due to beam 
depth limitation. Load displacement curves, crack patterns, and peak 
strength were obtained to evaluate the effect of each embedded depth on 
the connection performance. 

The load-displacement behaviour for connections with different 
socket depths is shown in Fig. 11. It can be noticed that the initial and 
post-crack stiffness remain consistent across the different embedded 
depths. However, the peak strength and deformation capacity are 

Fig. 17. Crack patterns for connections with different beam overhanging length.  

Fig. 18. Influence of different beam widths on the connection capacity.  
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significantly influenced by the socket depth. The connection capacity 
was found to be 11.3 kN, 14.2 kN, and 15.7 kN for embedded depths of 
160 mm, 200 mm, and 240 mm, respectively. The results reveal that 
increasing the embedded depth from 160 mm to 200 mm led to a 25% 
improvement in the capacity. Similarly, increasing the socket depth 
from 200 mm to 240 mm resulted in an 11% increase in capacity. 

The strain of the tensile reinforcement of the column at the peak load 
was found equal to 0.0042, 0.0054, and 0.0063 for embedded depths of 
160 mm, 200 mm, and 240 mm, respectively. The strain in GFRP rein-
forcement increased by 28% and by 17% up on increasing the embedded 
depth from 160 mm to 200 mm and from 200 mm to 240 mm, respec-
tively. Moreover, as the lateral load increases, the column’s rotation also 
increases due to the upward movement of the column’s bottom end on 
the tensile side and the downward movement on the compression side. 
The upward and downward movement of the column was 2.7 mm and 
2.4 mm for the embedded depth of 160 mm, respectively while the 
upward movement was limited to 1.1 mm and 0.88 mm and the 
downward movement was limited to 1.2 mm and 0.94 mm, for the 

embedded depth of 200 mm and 240 mm, respectively. These results 
indicate that this improvement is attributed to the effective transfer of 
forces through friction by increasing the contact area. Increasing socket 
depth offers better integrity of the structure and efficient load transfer 
within the connection. 

The crack pattern for each case is shown in Fig. 12. All connections 
exhibited column flexural cracks at the end of the column. Specimen 
with a socket depth equal to (0.8D) failed due to the formation of cracks 
at the beam due to stress concentration around the socket as shown in 
Fig. 12-a. The visualization of cracks through the saw cut plan passing 
through the socket and the column indicates that the column suffered 
severe damage at the socket region indicating a premature failure at the 
socket. These cracks were approximately at the column base. Also, some 
cracks were propagated at the bottom of the socket due to stress con-
centration at the corners of the socket. The crack pattern for connection 
with a socket depth equal to (1.0D) was approximately similar to that 
with a socket of a depth of 160 mm. However, due to the increased 
socket depth, the developed cracks around the socket were reduced due 

Fig. 19. Crack patterns for connections with different beam widths.  

Fig. 20. Load displacement curves for different socket materials.  
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to the improved load transferring mechanism with increasing socket 
depth. Increasing the socket depth to 240 mm (=1.2D) reduced the 
stress concentration around the top of the socket and limited the left side 
crack. However, a new crack started to propagate from the bottom to-
ward the top of the beam due to the increased stress concentration 
around the corners of the socket bottom. These cracks are attributed to 
the reduced volume of concrete underneath the socket. 

The results confirm the significant impact of the socket depth on the 
capacity and failure mode of the socket connections. It seems none of the 
above connections could fully transfer the applied load due to the 
immature failure of the connections. The socket depth should be opti-
mized to ensure sufficient socket depth while avoiding the formation of 
cracks at the bottom corners of the socket. To investigate this object, the 
beam depth was increased to 460 mm to allow for examining a wide 
range of socket depths. Three different column thicknesses, D, were 
hence considered, 200 mm, 230 mm, and 260 mm. The column width 
was kept constant in order to keep the beam width constant. Five 
different embedded depths were examined for each column thickness, 
and the peak strength was obtained. Moreover, an additional set of 

models with steel reinforcement was also considered to compare the 
results for the column thickness of 200 mm. 

The results in Fig. 13-a confirm that increasing the socket depth 
significantly improves the connection capacity. However, the capacity 
remained relatively unchanged beyond a certain socket depth. The 
relationship between the normalized embedded depth to column 
thickness and the connection capacity is presented in Fig. 13-a. The 
results indicate that increasing the socket depth has a significant positive 
impact on the connection capacity for the examined column sections. 
Specifically, for a connection with a column thickness of 200 mm, a 75% 
increase in socket depth from 160 mm to 280 mm led to a remarkable 
58% improvement in the connection capacity. Similarly, for a connec-
tion with a column thickness of 230 mm, increasing the socket depth by 
60% from 200 mm to 320 mm resulted in a 43% increase in capacity. In 
the case of a connection with a column thickness of 260 mm, a 50% 
increase in socket depth from 240 mm to 360 mm led to a capacity 
improvement of 31%. A 10% increase in the socket depth resulted in an 
approximate capacity improvement of 7.8%, 7.1%, and 6.2% for the 
connections with column thicknesses equal to 200 mm, 230 mm, and 
260 mm, respectively. These results suggest that optimizing the socket 
depth as a ratio of the column thickness can significantly enhance the 
connection capacity as long as the formation of cracks at the bottom 
corners of the socket is prevented. 

The maximum capacity in the case of using steel reinforcement is 
compared with that obtained using GFRP reinforcement for a column of 
dimensions 200 mm × 200 mm (see Fig. 13-b). As shown, while the 
maximum capacity using GFRP reinforcement can be obtained with a 
socket depth of 1.4D, this was equal to 1.2D when steel reinforcement 
was used. However, the improvement of the capacity by increasing the 
socket depth from 1.0D to 1.2D was limited to 6%. These results are in 
good agreement with previous studies on steel reinforced socket con-
nections where the full capacity was found to be achieved with a socket 
of depth of 1.0D to 1.2D [5,11–13]. 

Fig. 13 suggests that a minimum socket depth of 1.4D is needed to 
fully transfer the moment at the connection. Beyond this limit, the ca-
pacity of the connection remained relatively constant. This minimum 
required embedded depth was found greater than that required for steel 

Fig. 21. Crack patterns for connections with different socket materials.  

Fig. 22. Influence of socket material on the capacity of connection with 
different socket depths. 
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reinforced socket connections. GFRP reinforced socket connection 
required greater embedded depth. The low modulus of elasticity for 
GFRP reinforcement affects the formation of cracks at earlier loads with 
relatively wider cracks. These cracks reduced the stiffness of the socket 

connection which resulted in a more flexible behaviour with larger de-
formations. This more flexible behaviour allows for some degree of 
movement which affects the area that the load is distributed on and 
increases the stress concentration due to localized deformations. This 
necessitates the use of greater socket depth to ensure a proper load 
transferring mechanism. 

As shown in Fig. 13-a, in the case of a column thickness of 260 mm, 
increasing the socket depth beyond 1.4 times the column thickness 
resulted in a reduction in capacity. Investigating the stress pattern of this 
specimen, revealed that the failure was partially influenced by the stress 
concentration at the bottom corners of the socket. This was due to the 
reduced concrete depth under the socket. This observation emphasizes 
the importance of having sufficient concrete depth under the socket. To 
better understand this mechanism, additional series of models were 
generated in which the socket depth was set to 1.4D and the depth of 
concrete underneath the socket, d2, was considered as a variable by 
changing the beam depth. The results for d2 ranging from 0.2D to 0.5D 
are shown in Fig. 14. As shown in Fig. 14, the results indicate that 
increasing the depth of concrete underneath the socket gradually from 

Fig. 23. Crack patterns for connections with different column longitudinal reinforcement ratio.  

Fig. 24. Influence of column reinforcement ratio on the capacity of socket connection.  

Fig. 25. Recommended details for GFRP socket connections.  
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0.2D to 0.4D led to an improvement in the connection capacity, beyond 
which the capacity remained unchanged. 

The crack initiation and failure mode of the connection depicted in 
Fig. 15 confirms that the depth underneath the socket has a significant 
impact on the connection’s behaviour. For columns with dimensions of 
200 × 200 mm, cracks began to propagate from the bottom of the beam 
and resulted in severe damage at failure under the socket when the 
depth underneath the socket, d2 was equal to 0.2D or 0.3D. When d2 
increased to 0.4D or 0.5D while initial cracks were still initiated from the 
top surface of the beam (due to stress concentration around the socket 
corners) the stress concentration and damage beneath the socket were 
significantly improved. As shown in Fig. 15, the connection with 
d2= 0.4D experienced a much lower level of damage under the socket, 
while in the connection with d2= 0.5D, such damage was prevented. 
According to these results a minimum d2 value of 0.5D is suggested to be 
considered in the design of GFRP-RC socket connections. 

6.2. Beam overhanging length 

The overhanging length, d3 of the beam (from the edge of the column 
to the free end of the beam: see Fig. 10) is an important factor affecting 
the performance of the connection. In some situations, due to practical 
reasons, the columns are preferred to be located as close as possible to 
the edge of the beam. However, sufficient overhanging is needed to 
confine the socket and avoid immature failure. To investigate this, five 
overhanging lengths, ranging from 0.4D to 1.2D were considered while 
the beam width and socket depth were considered constant as in the 
reference model. The results, as shown in Fig. 16, demonstrate a drop in 
the capacity of the connection when the overhanging length is less than 
0.6D. This is due to less effective confinement to the socket, resulting in 
significant cracks and damage at the overhanging side around the 
socket, as illustrated in Fig. 17. For the connection with an overhanging 
length of 0.6D or less, the crack initiation provides room for the column 
rotation inside the socket and hence results in a noticeable stiffness 
reduction. Subsequently, this results in stress concertation at the top 
level of the socket which led to the formation of cracks especially 
concentrated at the overhanging side, while no cracks developed around 
the socket corners on the other side (see Fig. 17). As shown in Fig. 17, the 
damage at the overhanging side can be limited by increasing the over-
hanging length of the beam to 0.8D or more overhanging length. 

6.3. Beam width 

Beam width is another parameter that can reflect the effect of side 
confinement to the socket. the size of the beam must be larger than the 
column to accommodate the socket, however significantly larger beam 
results in extra cost. The distance b on the side of the socket (see Fig. 10) 
should be large enough to accommodate the required reinforcement and 
prevent local failure of the socket in those regions. The effect of beam 
width on the socket connection was investigated considering five 
different beam widths: 300 mm, 350 mm, 400 mm, 450 mm, and 
500 mm, corresponding to a beam oversize width to column width to (b/ 
B) ratio of 0.25, 0.37, 0.5, 0.63, and 0.75, respectively. The beam 
overhanging length was kept constant as in the reference model and the 
only variation was the beam width. The results presented in Fig. 18 show 
that beyond a b/B ratio of 0.5 the capacity is not negatively affected. 
However, there was a 5% and 12% capacity drop when b/B was reduced 
to 0.37 and 0.25, respectively. This is due to the formation of significant 
cracks around the socket as shown in Fig. 19. According to these results, 
a minimum b/B of 0.5 should be considered for design. In other words, 
the width of the beam should be double that of the column. 

6.4. Socket filling material 

Socket material is responsible for achieving the proper integrity of 
the precast structure. While epoxy resin has various advantages such as 

high strength, fast assembly, high workability, and reduced curing time, 
it has a low modulus of elasticity. To evaluate and compare the per-
formance of the connection with different filling materials, the use of 
ultra high performance concrete (UHPC), normal concrete of strength 
40 MPa, and epoxy resin was evaluated. The material properties 
including stress strain relation, and modulus of elasticity for UHPC are 
different to those of traditional concrete. The constitutive material 
model for UHPC was adopted from [31]. The compressive strength of 
UHPC was 130 MPa and its tensile strength was 7.6 MPa [31]. The effect 
of socket filling material was examined for three socket depths of 
160 mm, 200 mm, and 240 mm. The load displacement behaviour for 
the case of socket depth of 160 and 240 mm is presented in Fig. 20. 
Although normal concrete strength is approximately 45% of epoxy 
strength, the obtained load displacement curves for both materials were 
found almost similar. However, using normal strength concrete caused 
damage to the socket due to its reduced tensile strength compared to 
that of epoxy resin, as shown in Fig. 21. In contrast, the combination of 
high tensile strength and high modulus of elasticity for UHPC led to 
improved performance of the connection in terms of load displacement 
curve and failure mode. Therefore, the study suggests that UHPC can be 
a suitable alternative to epoxy resin in socket connections with the po-
tential to enhance the structure’s overall performance, as long as 
appropriate socket size is taken into consideration. 

The maximum capacity with UHPC is improved by 16% compared to 
the corresponding connection with epoxy resin. Furthermore, Fig. 22 
shows that the connection capacity which was achieved with an 
embedded depth of 240 mm using epoxy resin can be achieved by using 
UHPC with a reduced socket depth, resulting in a savings of about 16% 
of the socket depth. Although UHPC may require a longer curing time 
compared to epoxy resin, it can be a favourable solution to reduce the 
socket depth while maintaining the desired connection capacity. This 
reduction in socket depth can result in a reduction in beam depth and 
thus optimize the overall cost of the precast structure. 

6.5. Column longitudinal reinforcement ratio, ρp 

According to ACI 440.11–22 [27], the minimum and maximum 
longitudinal reinforcement ratio for GFRP in a column should not be less 
than 1% and more than 8%, respectively. In this study, for the reference 
connection, the longitudinal reinforcement ratio ρp was equal to 2%, in 
which a premature failure occurred due to stress concentration at the 
connection region. Decreasing the column reinforcement ratio can lead 
to more capacity reduction due to the failure of the column instead of the 
connection. While increasing its ratio increases the possibility of having 
a failure at the connection region. To examine the effect ρp, a range of ρp 

between 1.27% (provided by four GFRP bars of 12 mm diameter) to 
7.8% (provided by eight GFRP bars of 22 mm diameter. All examined 
values resulted in the failure at the connection region (see Fig. 23). The 
load displacement behaviour of these models is shown in Fig. 24. The 
results show the significant impact of the longitudinal reinforcement 
ratio at the connection region on the obtained response. Increasing the 
column reinforcement ratio at the connection region significantly 
enhanced the stiffness which controls the lateral deformations and 
subsequently contributes to increased capacity. Increasing the column 
reinforcement ratio by 2.6% from (1.3% to 3.9%) resulted in an 
improvement in the connection capacity by 27%, while increasing the 
reinforcement ratio by 3.9% from (3.9% to 7.8%) improved the capacity 
by 15%. The additional reinforcement allowed the column to withstand 
higher loads without experiencing significant deformations. These re-
sults show that column reinforcement plays an essential role in the load 
transfer mechanism which accounts for the increase of the connection 
capacity with increasing the column reinforcement ratio. This increase 
in the column reinforcement ratio can only be locally applied at the 
socket region to improve its performance. 

While the initial stiffness of all connections was almost the same (see 
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Fig. 24), the post-crack stiffness increased with an increase in the col-
umn reinforcement ratio. Additionally, the maximum capacity was ob-
tained at an earlier displacement with an increase in the column 
reinforcement ratio. Fig. 24 also shows that the stiffness was signifi-
cantly improved by increasing the column reinforcement ratio up to 
3.9%. Increasing the reinforcement ratio beyond 3.9% showed a limited 
impact on the obtained stiffness. The increased stiffness of the column 
also resulted in a stiffer connection, which could transfer higher loads 
and moments between the beam and column. However, increasing the 
reinforcement ratio beyond 3.9% showed limited impact on the ob-
tained stiffness, indicating that the optimal reinforcement ratio had been 
achieved. It is worth mentioning that a reinforcement ratio of 4% can be 
considered as the maximum practical ratio to ensure that the maximum 
reinforcement ratio does not exceed 8% at the lap splice location. 

7. Practical outcomes 

The results of this study provide simple practical considerations for 
the safe design of GFRP-RC precast connection and increase its appli-
cation in harsh environment like jetty structures. The outcomes of this 
study are summarized in Fig. 25. which shows the recommended values 
for the safe design of GFRP-RC precast socket connections. A column 
embedded depth of 1.4D is recommended for achieving proper perfor-
mance of the connection. The value is slightly larger than 1.2D which is 
commonly used for steel-reinforced socket connections [5,11–13]. The 
study also recommended that a sufficient depth of 0.5D should be pro-
vided under the socket. This value is also greater than that recom-
mended for steel reinforced elements which is 0.25D [42]. The 
overhanging length is recommended to be not less than 0.8D and the 
beam width is recommended to be twice the column size. Although the 
current study showed that the last two parameters have a critical in-
fluence on the connection performance, no direct recommendations 
were previously mentioned for steel reinforced connections. Further 
studies should investigate the reinforcement detailing as well as the 
column cross-sectional shape and geometry on the behaviour of socket 
connections. 

8. Conclusions 

This study presents a numerical investigation on the behaviour of 
precast socket connections in GFRP-reinforced structures. Finite element 
models were developed and verified against large-scale experimental 
results, followed by a parametric study to investigate the influence of 
several key parameters affecting the socket connection behaviour 
including socket depth, concrete depth under the socket, size of the 
beam, socket-filling material and column reinforcement ratio. According 
to this study, the following conclusions can be drawn.  

1. The utilization of socket connections in GFRP-reinforced structures is 
considered an efficient solution for accelerating the construction of 
jetties. However, achieving the required performance necessitates 
appropriate detailing of the connection.  

2. Increasing the socket depth significantly improves the connection 
capacity. However, sufficient concrete depth underneath the socket 
should be secured to avoid the reduction of the capacity due to stress 
concentration at the bottom corners of the socket.  

3. The connection behaviour is significantly affected by the volume of 
concrete around the socket which offers side confinement to the 
pocket. The proper side confinement by increasing the beam over-
hanging or beam width can enhance the capacity and control the 
propagation of cracks around the pocket corners. 

4. To prevent premature failure in socket connections, design consid-
erations should include a minimum socket depth of 1.4 times the 
column thickness, a minimum depth underneath the socket of 0.5 
times the column thickness, an overhanging length of not less than 

0.8 times the column thickness, and a ratio between the column 
width to the beam width of not less than 2. 

5. Socket-filling material has a direct impact on the connection per-
formance. Connections filled with ordinary concrete or epoxy resin 
achieved approximately similar capacities, while connections filled 
with UHPC allowed for achieving the same capacity with a 16% 
shallower socket depth.  

6. The strength and stiffness of GFRP-RC precast socket connections 
significantly improved by increasing the amount of column longi-
tudinal reinforcement at the connection region. 
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