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Abstract
In this study, a detailed finite element investigation was conducted to evaluate the performance of glass fibre-reinforced 
polymer (GFRP) RC precast cap beam to column connections connected with epoxy-anchored reinforcement (epoxy duct 
connection). The developed model was initially validated against three experimental results with different anchored GFRP 
reinforcement considering the effect of reinforcement slippage. Different interaction models for slippage simulation were 
evaluated and discussed. The validated model was then utilized to investigate the effect of anchored length, bar diameters, 
anchored reinforcement amount, and the geometry of the connection. The results indicate that an optimum anchored length, 
equal to 25 times the bar's diameter, should be provided. It was also found that the precast beam-to-column element connec-
tion should be designed for a moment capacity at least 25% higher than that of the column section. Moreover, a minimum 
beam width, depth and beam overhanging length of 1.75, 1.6 and 0.25 times the column width respectively were recom-
mended to be considered in design. The results from this study can provide direct guidelines for the design of precast GFRP-
RC cap beam to the column connection with epoxy anchored reinforcement, especially in applications where precast elements 
need to be erected quickly, a novel method that can accelerate the construction of jetties and bridges.

Keywords  Anchored reinforcement · Bond simulation · Cap beam · Epoxy · Finite element modelling · GFRP · Precast 
duct connection

List of symbols
D	� Bar number
db	� Bar diameter
dc	� The scaler damage parameter in compression
dt	� The scaler damage parameter in tension
Eb	� Modulus of elasticity of anchored bars
Eep	� Modulus of elasticity of epoxy
E
0
	� Concrete initial modulus of elasticity

fc	� Compressive stress
f ′
c
  	� Concrete compressive strength

ft	� Concrete tensile strength
�	� Parameter representing the eccentricity at 

which the rate of potential flow function 
becomes asymptote.

�c	� Concrete compressive strain
�o	� Compressive strain corresponding to concrete 

compressive strength
�t	� Concrete tensile strain
�to	� The strain corresponding to a stress equal to 

concrete tensile strength
�̃in
c

	� Concrete inelastic compressive strain
�̃el
oc

	� Elastic compressive strain
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�̃
pl
c 	� Plastic compressive strain
�̃ck
t

	� Concrete inelastic cracking strain
�t

el
ot

	� Concrete elastic tensile strain
�̃
pl

t 	� Concrete plastic tensile strain
k	� First concrete model parameter
Kc	� Factor represents the yield surface in the 

deviatoric plane
Knn	� Cohesive stiffness is the normal directions
Kss and Ktt	� Cohesive stiffness is the tangential directions
lb	� Anchored bar embedded length
�	� Viscosity parameter
n	� Second concrete model parameter
PTest	� Ultimate load obtained from the experimental 

test
PModel	� Ultimate load obtained from the numerical 

simulation
�	� Dilation angle measured in the p−q plane at 

high confining pressure
�b0/�c0	� Concrete biaxial compressive strength/ con-

crete uniaxial compressive strength
τmax	� Maximum bond strength
so	� Slippage at maximum bond strength
tn	� Bond stress when the separation is purely in 

the normal direction
to
n
	� Maximum bond stress when the separation is 

purely in the normal direction
ts and tt	� Bond stress in the shear directions
to
s
 and to

t
	� Maximum bond stress when separation is 

purely in the shear directions

1  Introduction

Precast concrete structures have gained great attention in 
recent decades to accelerate construction while maintaining 
high-quality concrete production, reducing in-situ labour, 
and consequently minimizing on-site risks [1]. However, 
achieving structural integrity and optimal performance relies 
heavily on the adoption of appropriate connection details 
[2]. These advantages have expanded the application of pre-
cast concrete structures, encompassing various types of pro-
jects, including concrete bridges, high-rise buildings, coastal 
structures, and jetties. However, in coastal areas and jetties, 
steel reinforcement is highly susceptible to corrosion, lead-
ing to severe structural damage. Repairing corrosion-related 
issues in reinforced concrete structures can be a costly and 
challenging endeavour [3], emphasizing the need for durable 
alternatives to traditional reinforcement [4].

The use of glass fibre-reinforced polymers (GFRP), 
known for their corrosion resistance, offers a solution to the 
problem of corrosion in reinforced concrete structures. Over 
the past few decades, GFRP has found efficient applications 

in various reinforced concrete elements. In cast-in-place 
connections, it has proven to be an effective alternative to 
steel reinforcement in exterior [5] and interior connections 
[6]. However, due to the different behaviour of GFRP, char-
acterized by its lower modulus of elasticity compared to steel 
reinforcement, GFRP-connections exhibit less rigidity and 
larger deformations [6]. In the literature, most research have 
focused on the behaviour of GFRP-RC elements in cast-in-
place structures, leading to comprehensive design guidelines 
in international codes [7]. Nevertheless, the behaviour of 
GFRP-RC elements in precast structures remains less stud-
ied, and specific design guidelines for precast GFRP-RC 
structures are absent from international codes i.e., the most 
recent version of ACI 440.11-22 for the design of GFRP RC 
structures [7]. This knowledge gap limits the application of 
this durable alternative.

In recent years, research efforts have expanded to assess 
the behaviour of GFRP-RC precast connections. An inno-
vative dry connection utilizing GFRP bolts exhibited sat-
isfactory performance when compared to a conventional 
cast-in-place connection [8]. Cyclic behaviour studies were 
conducted on two full-scale precast GFRP-RC frames, with 
each frame featuring different connection types and details 
at every connection point. In the first frame, the connection 
details involved pockets inside the beams to accommodate 
the column [9] while the second frame was pocketless [10]. 
It was observed that the frame with pocketless connections 
displayed superior cyclic performance in terms of capacity, 
stiffness, and energy dissipation when compared to its iden-
tical counterpart with pocket connections. To gain a deeper 
understanding of precast GFRP-RC pocket connections, 
experimental tests were conducted on various pocket con-
nection details [11]. The pocket connections with embedded 
depths equal to or less than the column width experienced 
premature failures around the pocket region due to stress 
concentration [11]. The optimum embedded depth of the 
column was recommended to be set to 1.4 of the column 
width while ensuring a depth under the pocket equal to 0.5 
of the column width [12]. On the other hand, the pocketless 
connection utilizing anchored reinforcement bonded with 
epoxy resin, known as the epoxy duct connection, outper-
formed the pocket connections which agreed well with the 
observations from tests on overall frames [13]. While the 
results on pocketless connections are promising, only limited 
anchored length and amount of anchoring reinforcement was 
examined previously [13]. In this regard, the behaviour of 
the GFRP-RC epoxy duct connection, which depends on the 
anchored length of reinforcement, is not fully understood 
and further research is necessary.

The epoxy duct connection can be considered an 
advanced type of conventional grout ducted connection that 
utilizes epoxy as a bonding material for its high workability 
and ability to accelerate construction with reduced curing 
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time. The grout duct connection is frequently used to con-
nect the precast column to the cap beam or footing through 
connecting reinforcement bonded with grout in prefabricated 
ducts [14]. Both the anchored length and properties of the 
bonding material determine the performance of the con-
nection [15]. In RC-steel precast connections, an anchored 
length of 29 times the bar diameter was found sufficient 
to obtain behaviour similar to a typical cast-in-place con-
nection, enabling the development of a plastic hinge at the 
column [16]. The use of high-performance grout was able 
to reduce the required anchored length to 17 times the bar 
diameter without affecting the performance [17]. The incor-
poration of a small recess in the beam to accommodate the 
bottom of the column can avoid damage at the connection 
interface as demonstrated in [18] and [19]. Because GFRP 
reinforcement behaves as linear elastic with higher tensile 
strength compared to the behaviour of steel reinforcement 
with a defined yield stress, the recommendations from the 
literature cannot be simply adopted for GFRP RC structures.

Several finite element studies have been carried out to 
simulate the behaviour of GFRP-RC elements. For the 
internal GFRP reinforcement in the concrete elements, 
the assumption of a perfect bond in precast elements [8] 
and cast in place structures [20] or introducing a bond-slip 
relation between the contacted nodes using connectors in 
[21] and [22] has been found suitable to model the interac-
tion between reinforcement and concrete. In simulating the 
behaviour of elements with limited anchored length, where 
the behaviour is governed by bond strength, the perfect bond 
assumption cannot be adopted. To better modelling such ele-
ments, the concrete damage plasticity model (CDPM) was 
able to accurately capture the simulation of a conventional 
pull-out test of small specimens using cohesive elements to 
simulate the interface between concrete and GFRP reinforce-
ment [23], GFRP bolts [24] and for different concrete materi-
als [25]. In addition, the surface-to-surface contact approach 
with friction coefficient interaction was also considered in 
simulating small-scale tensile tests on FRP stirrups with 
bends [26]. However, modelling large-scale precast speci-
mens with several interactions between different parts is a 
significant challenge. To the authors’ knowledge, there are 
no developed numerical models that can be employed to 
study the behaviour of precast GFRP-RC connections with 
epoxy-anchored reinforcement. To develop such an accurate 
model, great care should be given to simulating the contact 
interaction between the model’s components.

In this study, a finite element model was developed and 
validated against available test results [13]. To calibrate 
the model, several interaction models were examined and 
critically analysed to better simulate the contact between 
various parts of the specimens. The results highlighted the 
significant role of the considered bond interaction model 
for the connection region at the beam-column joint. The 

finite element model with the proper interactions showed 
higher accuracy in simulating the behaviour of the precast 
connection with anchored reinforcement. The model was 
then employed to investigate the effect of anchored length, 
reinforcement amount, bar diameter, and connection geom-
etry. The outcomes of this study can be applied in the design 
of precast GFRP-RC pocketless connections with epoxy 
anchored reinforcement, thereby expanding the use of GFRP 
in precast concrete structures to accelerate the construction 
and enhance durability in challenging environments like 
jetty structures.

2 � Experimental tests used for model 
validation

Two epoxy duct connections named ED1 and ED2, and one 
pocket connection with a central bolt named EE5 were con-
sidered for modelling [13] to validate the accuracy of the 
finite element model in simulating the behaviour of different 
connection types. The connections were tested considering 
a unique test setup specially designed to enable the capture 
of beam rotation, to simulate the real rotation scenario in 
a cap beam-to-column connection, as illustrated in Fig. 1. 
The reinforcement details and geometric dimensions of the 
beam and column are shown in the figure. Table 1 lists the 
properties of GFRP reinforcement. The beam had a length 
of 1200 mm and a cross-section of 320 mm by 400 mm 
while the column had a square cross-section of 200 mm by 
200 mm. The length of the column for the epoxy duct con-
nections was 1500 mm, while it was 1700 mm for the pocket 
connection, to account for the embedded depth of 200 mm 
inside the beam, so the free length of the column was kept at 
1500 mm. The concrete compressive strength of 82.4 MPa 
was the same for the elements of the three specimens. Epoxy 
resin was utilized for the assembly of the precast elements. 
Tests on 30 mm diameter by 60 mm height cylinder sample 
of epoxy resin were conducted to determine its response 
under compression. Figure 2 shows the relation between 
stress and strain of the epoxy resin under compression. The 
average compressive strength and modulus of elasticity of 
epoxy was 93.5 MPa and 2300 MPa, respectively.

In the epoxy duct connections, high modulus GFRP 
bars with a nominal diameter of 19 mm were utilized in 
specimen ED1, and four GFRP bolts with a diameter of 
22 mm were utilized in specimen ED2 (see Fig. 3). These 
reinforcements were anchored using epoxy that filled the 
prefabricated circular ducts with a diameter of 32 mm in 
both the column and the beam. The anchored reinforce-
ment extended 720 mm in length, with 320 mm within 
the beam and 400 mm within the column. For the pocket 
connection EE5, a pre-formed pocket was incorporated 
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into the beam, accommodating an embedded depth for the 
column, which measured 200 mm (see Fig. 3). The same 
epoxy resin was used to fill the 20 mm wide gap between 
the beam and column and the 10 mm gap from the bottom 
of the column as well as to anchor a central GFRP bolt of 
length 360 mm and diameter 20 mm.

3 � Finite element model

The nonlinear finite element software Abaqus was used 
to develop finite element model for the precast GFRP-RC 
connections [27]. The detailing of modelling including 
material properties, element types, and contact behaviour 
are presented in the following sections.

3.1 � Modelling of concrete elements

The concrete elements were modelled using the 3D eight-
node element C3D8R. This element possesses three 
degrees of freedom at each node and incorporates the 
hourglass control option. The concrete material behaviour 
was defined using the concrete damage plasticity model 
(CDPM), a plasticity-based model that encompasses two 
primary failure modes: concrete crushing and cracking. 
This model, which has been successfully employed in pre-
vious studies, accurately captures the nonlinear behaviour 
of cast-in-place [28] and precast GFRP-RC concrete con-
nections [12] and steel-RC precast concrete connections 
[29]. The CDPM necessitates the definition of concrete 

Fig. 1   Test setup and speci-
mens’ details [13]
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Table 1   Properties of the GFRP 
materials

Bar no. Nominal bar 
diameter (mm)

Nominal cross-
section area 
(mm2)

Tensile modulus of 
elasticity (GPa)

Ultimate tensile 
strength (ffu) (MPa)

Ultimate strain 
in tension (εfu)

# 10 9.5 71 62.50 1315 0.023
# 13 12.7 129 61.30 1282 0.021
# 16 15.9 199 60.00 1237 0.021
# 19 19.1 284 60.50 1270 0.021
#22 22.2 387 46.20 625 0.015

Fig. 2   Stress strain behaviour of epoxy under compression
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stress–strain behaviour in both tension and compres-
sion, along with tension and compression-related damage 
parameters and the model plasticity parameters [27].

3.1.1 � Definition of concrete behaviour under compression

The stress–strain behaviour of concrete under uniaxial 
compression was introduced to the model using the con-
stitutive material model developed by [30], Fig. 4a. The 
described model is presented by Eq. (1) and is applica-
ble for a broad range of concrete strengths, from 15 to 
125 MPa.

where, fc is the compressive stress corresponding to strain 
�c ,  f

′

c
 is the cylinder strength, �o 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 +
fc�

17.25
 

and k = 0.67 +
f
�

c

62
    ≥ 1 [31].

In CDPM, the stress–strain relationship in compression 
is input to the model in terms of an inelastic crushing strain 
�̃in
c

 and the corresponding stress fc according to Eq. (2). As 
shown in Fig. 4a, the damage parameter in compression, dc, 

(1)
fc

f �
c

=

n

[

�c

�o

]

n − 1 +

[

�c

�o

]nk

Fig. 3   Details of considered 
connections [13]
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which is described as ( dc = 1 −
fc

fc�
 ), is also included in the 

model in the strain softening part of the input stress–strain 
behaviour. The software then converts the input inelastic 
strain �̃in

c
 to plastic strain �̃plc  based on the input damage data 

according to Eq. (3).

where the initial modulus of elasticity Eo was taken equal to 
4700

√

f ′
c
  according to [32].

3.1.2 � Definition of concrete behaviour under tension

The constitutive material model developed by Aslani and 
Jowkarmeimandi [33] was used to define the behaviour of 
concrete under uniaxial tension. As shown in Fig. 3b, this 
material model consists of two main parts. The first part 
assumes a linear relation between stress and strain until the 
concrete attains its tensile strength and cracks. This is fol-
lowed by strain softening behaviour beyond cracking. The 
softening part is described according to Eq. (4).

where �t is the tensile stress corresponding to tensile strain 
�t , �to is the strain at the point of maximum tensile strength 
ft.

To define the tensile behaviour of concrete, the input data 
should be introduced in terms of a cracking strain ̃�ck

t
 and the 

(2)�̃in
c
= �c − �̃

el

oc
= �c −

fc

Eo

(3)�̃pl
c
= �̃in

c
−

dc
(

1 − dc
)

fc

E
0

(4)�t = ft

[

�to

�t

]0.85

corresponding stress �t according to Eq. (5). The damage 
parameter in tension, dt, ( dt = 1 −

�t

ft
 ), was also input to the 

model in the descending portion of the defined stress–strain 
behaviour as shown in Fig. 4b. The input data are used to 
automatically convert the introduced inelastic cracking 
strains �̃ck

t
 into plastic tensile strain ε̃plt  according to Eq. (6).

3.1.3 � Plasticity parameters

The CDPM was developed under the assumptions of non-
associated potential flow function, as shown in Fig. 5a 
with a modification of the classic Drucker–Prager plastic-
ity model aimed at better representing concrete behaviour. 
Non-associated plastic flow allows for a more generalized 
depiction of material behaviour, particularly under load-
ing conditions where plastic flow direction may not align 
with the yield surface normal. Here, the dilation angle 
governs material dilatancy independently of yield surface 
orientation. This is different to friction-associated flow 
rules which assume that the plastic flow direction is always 
normal to the yield surface, simplifying the representation 
of materials with significant dilatancy and strain hardening 
but potentially overlooking the full complexity of mate-
rial behaviour. In both approaches, the dilation angle (ψ) 
remains pertinent, but its interpretation differs: in non-
associated flow, ψ directly influences dilatancy regardless 
of yield surface orientation, while in friction-associated 

(5)�̃ck
t
= �t − �̃

el

ot
= �t −

�t

Eo

(6)�̃
pl

t = �̃ck
t
−

dt
(

1 − dt
)

�t

E
0

Fig. 5   CDPM parameters [27]
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flow, ψ may indirectly influence dilatancy through its 
interaction with other parameters governing plastic flow, 
such as the friction angle.

The yield surface in the meridional plane is defined by 
the hyperbolic function, as shown in Fig. 5a [27]. This 
hyperbolic function’s shape is determined by the dilation 
angle ψ and the eccentricity ε, which describes the rate at 
which the hyperbolic function approaches its asymptote. 
The impact of different dilation angles has been inves-
tigated in the literature. A value of 36 was identified as 
the most suitable choice [34]. The eccentricity ε has a 
default value of 0.1, indicating nearly consistent dila-
tion angle behaviour across a wide range of confining 
pressures [27]. A higher value than the default results in 
increased curvature of the hyperbolic function, suggesting 
a rapid change in the dilation angle as confining pressure 
decreases. However, lower values than the default may 
lead to convergence errors at low confining pressures due 
to the hyperbolic function’s tight curvature.

The yield function of CDPM depends on the concrete 
biaxial compressive strength �b0 and the concrete uniaxial 
compressive strength �c0 , as shown in Fig. 5b. A ratio of 
1.16 between �b0 and �c0 is recommended was [27] and 
was found to be the most suitable and provided accurate 
results compared to experimental data [34]. Additionally, 
the shape of the yield surface in the deviatoric plane is 
governed by the coefficient Kc, which represents the ratio 
between the second stress invariant on the tensile merid-
ian and the compressive meridian (see Fig. 5c). For initial 
yield, the condition of 0.5 < Kc ≤ 1 must be satisfied. A 
value of 2/3 was determined to be the most appropriate to 
simulate the behaviour of concrete material [27]. However, 
the strain-softening and stiffness degradation characteris-
tics of concrete can frequently result in non-convergence 
issues in implicit analysis software such as Abaqus/Stand-
ard, particularly when multiple interactions are consid-
ered. A common approach to resolve these problems is 
by assigning a small viscosity parameter (μ) relative to 
the time increment. A value of 0.003 was determined to 
be effective in overcoming these issues, as reported in a 
previous study that utilized the same material properties 
considered in the current investigation [12]. The consid-
ered value for each parameter is shown in Table 2.

3.2 � Modelling of GFRP Reinforcement

The GFRP longitudinal reinforcement and ligatures of the 
column and beam were modelled using the T3D2 truss ele-
ment. This element has two nodes, with each node having 
three degrees of freedom. The behaviour of GFRP longi-
tudinal reinforcement and ligatures was defined using the 
isotropic elasticity model for simplicity which was found 
reasonable assumption with acceptable accuracy in previous 
studies [35] and [36]. These reinforcements were defined as 
embedded elements inside the concrete components since 
no slippage failure was observed for these reinforcements in 
the experimental test. This behaviour is assumed to be linear 
elastic up to the point of maximum strength. The properties 
of the GFRP reinforcement was considered according to the 
reference test details and as shown in Table 1 [13].

3.3 � Modelling of epoxy resin

The 3D C3D8R element with eight nodes was used to model 
epoxy. The properties of epoxy resin were determined during 
the experimental test by testing cylinder samples of epoxy 
under compression. Epoxy resin was assumed to behave 
as a homogeneous material by considering the complete 
stress–strain behaviour of epoxy reported in the experimen-
tal tests [13]. The higher compression strength and tensile 
strength of epoxy than that of concrete mitigated the risk of 
epoxy failure prior to concrete. The modulus of elasticity 
and Poisson’s ratio were taken from the test data. Assum-
ing that the elastic properties of epoxy resin with strain rate 
independent were found suitable in the finite element analy-
sis and can be neglected in most cases without affecting the 
results reported in [37] and [38]. Therefore, the modulus of 
elasticity and Poisson’s ratio were assumed to be constant 
due to the nature of experimental tests used for validation 
where no dynamic loads were applied. The stress–strain 
behaviour obtained from the experimental results was used 
to define the behaviour of epoxy resin. The yield surface of 
epoxy resin follows Drucker–Prager plasticity criteria [37] 
and [38]. While CDPM is based on Drucker–Prager plastic-
ity, it was simply adopted to model epoxy resin as 3D ele-
ments that allow for the definition of complete stress–strain 
behaviour and provide a stable solution without convergence 
with GFRP reinforcement [12] and GFRP wraps [39].

3.4 � Modelling of anchored reinforcement

The anchored GFRP reinforcement is a key element in the 
numerical simulation of precast connections presented here 
which determines the general behaviour of the connection. 
The reinforcement in the anchorage region were modelled as 
3D elements instead of common truss elements to better cap-
ture the stress distribution at the connection area and provide 

Table 2   Plasticity parameters 
considered in the models

Parameter Value

Dilation angle ψ 36
Eccentricity ε 0.1
Kc 0.667
�b0/�c0 1.16
Viscosity parameter μ 0.003
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more insight into the connection behaviour and accurately 
model the amount of epoxy resin filling the ducts around the 
reinforcement and allow for considering the actual interac-
tion properties between the contacted surfaces. The proper-
ties of this reinforcement were taken according to the test 
data discussed in the previous section.

3.5 � Model assembly and verification

The geometric models of both types of connection are shown 
in Fig. 6. A sensitivity analysis was conducted to select the 
proper mesh size. A mesh size of 30 mm was found the most 
suitable for obtaining accurate result with reasonable run-
ning time. The proper interaction modelling of the contacted 
surfaces between the epoxy resin and concrete as well as the 
contacted surfaces between epoxy and reinforcement surface 
play a crucial role in obtaining accurate results compared to 
the experimental results. While the perfect bond assumption 
can be suitable for modelling interactions in scenarios where 
relative slippage can be considered negligible, accurately 
simulating the behaviour of anchored reinforcement with 
relatively short lengths becomes crucial.

Several interaction properties can be considered for 
modelling the surface-to-surface interaction. Tie interac-
tion, Coulomb friction, and cohesive properties are the most 
common interactions describing surface-to-surface contact 
[27]. In each of these interactions, one surface is defined as 
a master surface and the second surface is defined as a sleeve 

surface. In this study, the finite element results using the 
abovementioned interactions were obtained and compared 
with experimental results in terms of load–displacement 
curves, failure mode, and crack patterns to define the most 
appropriate interaction properties.

3.5.1 � Tie interaction

With tie interaction, the translational and rotational degrees 
of freedom in both pairs of surfaces are considered equal. 
Therefore, no slippage between the two parts can occur, 
hence speeding the running time for the model solution. 
This interaction option is more suitable for defining sur-
face pairs in which relative deformation between them can 
be neglected without affecting the results. At the begin-
ning of the finite element simulation, the tie interaction 
was assumed between all contacted surfaces of the model, 
as shown in Fig. 6. The load–displacement curves for the 
three specimens were obtained and compared with the test 
results. Figure 7 shows that the finite element simulation 
overestimated the loads for the three simulated specimens. 
The initial stiffness and post crack stiffness were also higher 
than the experimental stiffness. Especially for the pocket 
specimen EE5, the maximum load from numerical model-
ling was significantly (63%) higher than that of one mainly 
due to the relative movement between the contacted surfaces 
which seems is not captured in the used tie interaction. For 
the epoxy duct connection, the obtained load was higher 

Fig. 6   Geometric finite element 
model
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than the test load by 13% and 8% for specimens ED1 and 
ED2, respectively. The difference between the FEM and the 
experimental results was not significant as for specimens 
EE5 due to the use of embedded depth with suitable length 
inside the column. However as shown in Fig. 7, the post-
peak behaviour indicates a completely different behaviour 
compared to the test results, therefore, it is evident that tie 
interaction is not suitable to simulate the interaction between 
the different components of the precast connection.

3.5.2 � Cohesive interaction

The cohesive interaction model is employed to account 
for interactions between surface pairs by defining a trac-
tion–separation law. This interaction model assumes a linear 
elastic traction–separation behaviour before the initiation of 
damage, followed by the evolution of damage, as illustrated 
in Fig. 8. It takes into account both separation and adhesion 
effects between the contacted surfaces. Additionally, this 
contact model allows for defining the post-failure cohesive 
behaviour if previously failed nodes come into contact again 
during loading. The failure in this model is governed by the 
progressive degradation of the cohesive stiffness, denoted as 
K. The cohesive stiffness is considered in three directions: 

normal (Knn) and two shear directions (Kss and Ktt). The val-
ues of stiffness in the tangential directions are determined by 
the maximum bond strength and the corresponding slippage 
at the initiation of failure, as described by Eq. (7). Typically, 
the normal stiffness is higher than the tangential stiffness and 
is often assumed to be equal to 100 times Ktt [25]. The crite-
ria for damage initiation follow a quadratic stress criterion, 
as defined by Eq. (8).

where tn and to
n
 are the stress and maximum stress when the 

separation is purely in the normal direction, respectively, 
ts and tt are the stress in the shear directions, to

s
 and to

t
 are 

the maximum stress when separation is purely in the shear 
directions.

The values of both the maximum bond strength (τmax) 
and the corresponding slippage (so) are typically determined 
through experimental tests. However, due to the absence of 
such information in the reference test series, the values of 
Kss, Ktt, and Knn for the epoxy-concrete interaction were rea-
sonably adopted from [40], while the constitutive modified 
Bertero–Popov–Eligehanusen (mBPE) bond slip model for 
GFRP reinforcement, as developed by [41], was utilized. 
This model assumes a slippage of 0.6 mm at the point of 
maximum bond strength. The maximum bond strength for 
the anchored FRP reinforcement with epoxy was estimated 
according to Eq. (9) [42]. This equation was primarily devel-
oped for epoxy anchored GFRP reinforcement, and hence 
was adopted in this study. Equation 9 considers several 
parameters, including bar embedded length, bar diameter, 
concrete strength, as well as modulus of elasticity for both 
epoxy and GFRP. By considering these parameters, it is 
expected to effectively simulate the complicated interaction 
of anchored reinforcement.

(7)Ktt = Kss = �max∕so

(8)
�

⟨tn⟩

to
n

�2

+

�

⟨ts⟩

to
s

�2

+

�

⟨tt⟩

tot

�2

= 1
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Fig. 7   Load displacement curves using tie interaction

Fig. 8   Traction separation law
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where lb is bar embedded length, db bar diameter, Eb bar 
modulus of elasticity, and Eep modulus of elasticity of epoxy, 
fc: concrete strength.

As shown in Fig. 9, the predicted connection capacities 
were notably higher when compared to the test results. How-
ever, the stiff response in case of using tie interaction was 
mitigated due to the possibility of slippage for the anchored 
reinforcement. Notably, the pocket connection EE5 exhibited 
a distinctly different behaviour, suggesting that the cohe-
sive interaction model was not effectively capturing the bond 
between epoxy and concrete. This discrepancy also contrib-
uted to the overestimation of the capacity for the pocketless 
connections ED1 and ED2 due to inadequate modelling of 
the contacting surface at the connection interface.

3.5.3 � Coulomb friction interaction

The Coulomb friction model is employed to describe 
the contact interactions between surface pairs, with the 

(9)� = 0.59l−0.32
b

d−0.59
b

E0.23

b
E0.52

ep
f 0.31
c

coefficient of friction characterizing the transmission of 
forces across these interfaces. In the tangential direction, 
the penalty friction property with a friction coefficient 
of 0.3 for the epoxy resin was used which was adopted 
from [12]. For the normal direction, a hard contact condi-
tion was assumed, signifying that there would be no pen-
etration between the contacting surfaces. The obtained 
load–displacement curves in Fig. 10 indicated that this 
type of interaction was not suitable for defining the bond-
ing of epoxy within the ducts for pocketless connections, 
where forces are primarily transferred vertically along the 
GFRP reinforcement. On the other hand, the results of the 
pocket connection EE5 demonstrated that the Coulomb 
interaction model was capable of defining the interactions 
between the epoxy and concrete surfaces at the connec-
tion interface. However, the capacity of the pocket connec-
tion EE5 was slightly lower (by approximately 6%) than 
the experimentally obtained capacity. This discrepancy 
was attributed to the ineffective simulation of the central 
anchored bolt, as the Coulomb interaction model could not 
effectively simulate the behaviour of anchored reinforce-
ment as clearly confirmed by specimens ED1 and ED2.

(a) Specimen ED1 (b) Specimen ED2 (c) Specimen EE5
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Fig. 9   Load displacement curves using cohesive interaction
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Fig. 10   Load displacement curves using Coulomb friction interaction
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3.5.4 � Selected interactions and validation

Based on the outcomes discussed in the preceding sections, 
it becomes evidently clear that tie interaction proves entirely 
inadequate for modelling the contacted surfaces. Tie inter-
action can offer a simple way of simulating the interaction 
in situations where a perfect bond can be guaranteed, effec-
tively controlling the running time while obtaining accepta-
ble accuracy. It may be reasonable to simulate the interaction 
if the embedded length of reinforcement is sufficiently long. 
However, due to the critical effect of the embedded length 
in this study, tie interaction was not suitable to simulate the 
behaviour of the test specimens. In contrast, Coulomb fric-
tion interaction emerges as a suitable choice for faithfully 
simulating the bond behaviour between concrete and epoxy 
at the connection interface. Meanwhile, cohesive interaction 
is reliable when it comes to accurately capturing the bond 
behaviour of the anchored reinforcement within the duct. 
The load–displacement curves, incorporating cohesive inter-
action for the anchored reinforcement and Coulomb inter-
action for the concrete–epoxy interface at the connection 
interface, are shown in Fig. 11. These results convincingly 
demonstrate the high accuracy of the models in simulat-
ing the connection behaviour before and beyond the peak 
strength for both pocketless connections ED1 and ED2, as 
well as pocket connection EE5 (see Fig. 11).

The predicted capacity using the FEM well predict 
the behaviour of the test results, as given in Table 3. The 

obtained capacities from the finite element simulation were 
20.0 kN, 21.9 kN, and 15.0 kN for specimens ED1, ED2, and 
EE5, respectively. In comparison, the test capacities were 
19.6 kN, 21.4 kN, and 15.2 kN, respectively, all of which are 
within 2% of the predicted values in average. Furthermore, 
the observed crack patterns closely align with the test results 
(see Fig. 12).

For the pocketless specimens, ED1 and ED2, the 
observed failure mode was governed by the column failure, 
with some cracks appearing on the south side of the column 
at the beam. In contrast, the pocket connection, EE5, expe-
rienced premature failure around the pocket, accompanied 
by beam cracks on both sides of the column due to stress 
concentrations around the pocket which was also captured 
in the simulation (see Fig. 12). The developed model demon-
strated high accuracy in predicting the progression of failure. 
Both pocketless connection ED1 and ED2 exhibited simi-
lar failure mechanisms, as reported in the experimental test 
[13]. Early crack formation was observed at the column end 
during the initial loading stages in both the experimental test 
and the developed model (see Fig. 13). As the applied load 
increased, the column cracks extended and appeared around 
50–100 mm above the column end. The location of these 
column cracks, approximately 100 mm above the column 
end, confirms the high accuracy of the developed model in 
capturing the cracking behaviour of the specimens. Subse-
quently, beam cracks formed at the clamped side of the beam 
at displacements around 40–42 mm in the experimental test, 
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Fig. 11   Comparison between obtained load displacement curves and test results

Table 3   Comparison between 
test and model results

Specimen Capacity comparison Displacement at maximum load 
(mm)

Test capacity 
PTest (kN)

Model capacity 
PModel (kN)

Error (%) Test Model Error (%)

ED1 19.6 20.0 2 65 67 3
ED2 21.4 21.9 2.3 78 79 1.4
EE5 15.2 15.0 1.5 52 49 6
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while in the developed model, the initiation of the first beam 
crack was observed at displacements of 44 mm and 42 mm 
for specimens ED1 and ED2, respectively. As the applied 
load further increased, the beam cracks continued to propa-
gate along with significant cracking and crushing at the col-
umn, ultimately resulting in failure. The final failure mode 
of the specimens, as well as the initiation and propagation 
of cracks, closely represents the failure mechanism obtained 
from the model, as shown in Figs. 12 and 13.

3.6 � Mesh size influence

Mesh size is one of the most critical parameters that affects 
the accuracy of the finite element solution. The finer the 
mesh size, the more accurate the solution. However, a 
finer mesh size can increase the running time. Specifically, 
CDPM is known for its dependency on mesh size. Several 
techniques can be adopted to reduce the mesh size effect, 
mong which is the inclusion of a small value for the viscos-
ity parameter [34].

Initially, to obtain an accurate solution, a uniform mesh 
size of 30 mm was used for the entire model, as reported in 
[12]. To evaluate the effect of different mesh sizes and to 
control computational costs, the results using a mesh size 
of 40 mm and 50 mm were compared with that of 30 mm. 
However, while the mesh size was increased to 40 mm 
and 50 mm for both the column and beam, it was kept at 
30 mm in the horizontal plane to obtain a fine mesh at 
the connection region, as shown in Fig. 14. The results in 
Fig. 15 showed that the maximum capacity of the pocket-
less connections ED1 and ED2 does not depend on the 
mesh size. However, the post-peak behaviour was slightly 
different compared to the experimental results with an 
increase in mesh size. This is because the mesh size was 
kept the same at the connection region where the cracks 
were mainly developed. In contrast, for the pocket con-
nection EE5, the mesh size effect had a direct influence on 
both the maximum capacity and post-peak behaviour. This 
is due to the failure mechanism in the pocket connection, 
where the main cracks were developed around the beam in 

Fig. 12   Comparison between obtained crack patterns and test results
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Fig. 13   Cracking and failure 
mechanism from the experimen-
tal tests and model for pocket-
less connections

(a) Mesh 30 mm (b) Mesh 40 mm (c) Mesh 50 mm
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Fig. 14   Different meshing options
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the zone with larger mesh sizes. To ensure accurate results, 
the mesh size was set to be uniform at a size of 30 mm for 
the rest of the study.

4 � Parametric study on the anchored 
reinforcement

The verified numerical model for pocketless connections 
was utilized to investigate the influence of different rein-
forcement detailing for the connections through a paramet-
ric study with the target of determining the optimum con-
nection details. Pocketless connections exhibited higher 
capacity compared to pocket connections, where issues 
related to stress concentration around the pocket could 
be mitigated. Nevertheless, the effectiveness of pocketless 
connections fundamentally depends on the efficiency of 
the connecting reinforcement, which is influenced by fac-
tors such as embedded depth and reinforcement quantity. 
To comprehend the behaviour of pocketless connections, 
four sets of connections were examined, each with vary-
ing amounts of connection reinforcement (4D13, 4D16, 
4D22, and 4D25). In each set, the anchored length inside 
the column was changed, ranging from 150 to 650 mm 
with 100 mm increments, as outlined in the Table 4. These 
lengths correspond to an anchored length into the column 
ranging from 6 to 50 times the bar diameter.

4.1 � Crack patterns and failure modes

A comprehensive analysis of crack patterns and failure 
modes was conducted to gain insights into the behaviour 
of precast GFRP-RC pocketless connections with different 
design parameters. As shown in Fig. 16, three different 
failure modes were observed consistently across the four 
examined sets. In cases where short-anchored length of 
150 mm was employed, as expected, a predominant failure 
mode resulted from slippage. Notably, this anchored length 

corresponded to 11.5db (db is the diameter of the bar) in 
Set I and 6db in Set IV, which had the largest diameter. 
Importantly, in such cases, no signs of beam cracks were 
observed, indicating a connection characterized by low 
bending stiffness and an inability to effectively transmit 
forces between the column and beam. Upon extending the 
anchored length to 250 mm, the influence of slippage was 
somewhat mitigated in Set I, characterized by a smaller bar 

(a) Specimen ED1 (b) Specimen ED2 (c) Specimen EE5

0

5

10

15

20

25

0 30 60 90 120 150

Lo
ad

(k
N

)

Displacement (mm)

Experimental
Mesh 30 mm
Mesh 40 mm
Mesh 50 mm

0

5

10

15

20

25

0 30 60 90 120 150

Lo
ad

(k
N

)

Displacement (mm)

Experimental
Mesh 30 mm
Mesh 40 mm
Mesh 50 mm

0

5

10

15

20

25

0 30 60 90 120 150

Lo
ad

(k
N

)

Displacement (mm)

Experimental
Mesh 30 mm
Mesh 40 mm
Mesh 50 mm
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Table 4   Parametric study matrix

Set Reinforcement 
amount

Anchored length into 
column (mm)

Length/diameter

I 4D13 150 11.5
250 19.2
350 26.9
450 34.6
550 42.3
650 50.0

II 4D16 150 9.4
250 15.6
350 21.9
450 28.1
550 34.4
650 40.6

III 4D22 150 6.8
250 11.4
350 15.9
450 20.5
550 25.0
650 29.5

IV 4D25 150 6.0
250 10.0
350 14.0
450 18.0
550 22.0
650 26.0
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diameter corresponding to 19.2 db. However, Set II, with 
a larger bar diameter, exhibited slippage-related cracks, 
corresponding to an anchored length of 15.6db. Sets III and 
IV, with even larger diameters, suffered significant slip-
page cracks at anchored lengths corresponding to 11.4db 
and 10db, respectively. In this context, the initiation of 
beam cracks became evident, signifying an improved 
load transfer mechanism. With the further extension of 
the anchored length to 350 mm, increased beam cracks 

were observed across all sets due to improved structural 
integrity. Nevertheless, it is important to note that some 
cracks related to slippage are still observed in Sets III and 
IV, corresponding to anchored lengths of 15.9db and 14db, 
respectively.

Providing anchored lengths of 450 mm or greater led to 
shifting the column cracks away from the connection inter-
face, highlighting the robustness of the connection details 
across all four sets. It is noteworthy that, in Set I, there was 

L=150 mm L=250 mm L=350 mm L=450 mm L=550 mm L=650 mm
(a) Set I

L=150 mm L=250 mm L=350 mm L=450 mm L=550 mm L=650 mm
(b) Set II

L=150 mm L=250 mm L=350 mm L=450 mm L=550 mm L=650 mm
(c) Set III

L=150 mm L=250 mm L=350 mm L=450 mm L=550 mm L=650 mm
(d) Set IV

Fig. 16   Crack patterns for the four sets with different anchored length within the column
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no noticeable differences in failure modes between anchored 
lengths of 450 mm, 550 mm, and 650 mm, equivalent to 
34.6db, 42.3db, and 50db respectively. This similarity in 
behaviour implies that these excessive lengths had an insig-
nificant impact on the connection’s performance. Similarly, 
Set II exhibited similar behaviour, with anchored lengths 
corresponding to 28.1db, 34.4db, and 40.6db for 450 mm, 
550 mm and 650 mm, respectively. In both instances, the 
failure mode remained unaltered by the variation in anchored 
length. In contrast, Sets III and IV demonstrated distinct 
behaviour with anchored lengths of 450  mm, 550  mm 
and 650 mm. While these lengths effectively shifted col-
umn cracks away from the connection interface, the cracks 
observed in the beams were notably different. An intriguing 
development was the emergence of additional diagonal shear 
cracks in both Sets III and IV, specifically with anchored 
lengths of 550 mm and 650 mm, corresponding to 25db and 
29.5db in Set III and 22db and 26db in Set IV, respectively. 
The presence of diagonal cracks signifies that the connec-
tion behaves similarly to a cast-in-place connection, where 
the governing failure mode is joint shear failure. It is worth 
mentioning that, even though Set II had the same amount 
of reinforcement as the column, it did not exhibit similar 
behaviour, even at anchored lengths of up to 40.6db. These 
findings emphasize the critical role played by the amount of 
reinforcement in governing connection behaviour, particu-
larly when sufficient anchored length is provided.

4.2 � Load–displacement behaviour

The load–displacement behaviour of the four sets is illus-
trated in Fig. 17. Initially, all models within each set exhib-
ited similar responses before reaching the cracking point. As 
the amount of connection reinforcement increased, a slight 
increase in the cracking load was observed. After crack ini-
tiation, the behaviour of each model, including maximum 
strength, corresponding displacement, and secant stiffness, 
was profoundly influenced by the anchored length within 
the column.

In Set I, increasing the anchored length from 150 to 
250 mm notably enhanced the connection capacity by 57%. 
Furthermore, it led to improvements in deformation capacity 
and secant stiffness. While increasing the anchored length 
beyond 250 mm had a relatively limited effect, resulting in 
only an 11% increase in maximum capacity. Set II displayed 
a similar pattern, with an increase in anchored length from 
150 to 250 mm resulting in a 46% capacity increase. Further 
increase of the anchored length into the column to 350 mm 
led to an 18% improvement, which was more pronounced 
than that in Set I. Minor impacts of 5% on capacity and 
secant stiffness were observed when extending the anchored 
length from 350 to 450 mm.

In both Set III and Set IV, the influence of varying 
anchored length was more significant than that in Sets I and 
II. Unlike these two sets, increasing the anchored length by 
more than 350 mm will have a noticeable impact on both 
capacity and secant stiffness. Interestingly, an anchored 

Fig. 17   Load displacement 
curves of the four sets
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length of 550 mm and 650 mm led to a stable behaviour after 
reaching maximum capacity without any strength reduction 
in Sets III and IV, in contrast to Sets I and II. This result 
emphasizes the role of reinforcement amount on the behav-
iour of pocketless connections. This is in good agreement 
with the obtained failure mode in Fig. 16 where the connec-
tion behaved similar to a cast in place connection.

4.3 � Influence on the capacity

The maximum capacity of connections with different 
anchored lengths in the four sets is listed in Table 5 and is 
presented in Fig. 18. The results clearly demonstrate that the 
connection’s capacity is influenced by both the amount of 
reinforcement and the anchored length. In all sets, anchored 
lengths of 150 mm and 250 mm resulted in approximately 
similar capacities. However, beyond the 250 mm length, 
the capacity was significantly affected by the amount of 
reinforcement.

In Set I, the connection with anchored reinforcement 
of 4D13, which was less than the column reinforcement 
(4D16), could not reach the maximum column capacity. 
Nevertheless, the capacity remained nearly unchanged 
with further increases in anchored length beyond 250 mm. 
Set II, with the same amount of anchored reinforcement 
as the main column (4D16), was also unable to achieve 
the column’s design capacity. However, increasing the 
anchored length by more than 350 mm had a negligible 
impact on capacity. Conversely, in Sets III and IV, the 
capacity was still noticeably influenced by the increase 
in anchored length by more than 350 mm. Notably, in Set 
IV, the maximum capacity surpassed that of Set III for the 
same anchored lengths.

Figure 18b illustrates the relationship between the nor-
malized anchored length to the bar diameter and the result-
ing capacity. The results of all four sets followed a similar 
trend as the anchored length within the column increased. 
At the same normalized anchored length, the connection’s 
capacity was governed by the amount of anchored rein-
forcement. Regardless of the anchored length, Sets I, II, 
and III, with reinforcement amounts equal to 0.6, 1.0, and 
1.9 times that of the column longitudinal reinforcement, 
respectively, were unable to reach the column’s design 
capacity. In contrast, Set IV, with reinforcement amount 
of 2.4 times that of the column reinforcement, success-
fully achieved the column’s design capacity with a larger 
anchored length. These findings highlight the substantial 

Table 5   Maximum capacity obtained with different reinforcement 
details

Set Reinforcement 
amount

Anchored length into 
column (mm)

Capacity (kN)

I 4D13 150 10.24
250 16.07
350 17.91
450 18.28
550 18.34
650 18.45

II 4D16 150 11.17
250 16.37
350 19.25
450 20.16
550 20.25
650 20.46

III 4D22 150 11.82
250 16.48
350 19.97
450 22.25
550 23.47
650 23.60

IV 4D25 150 12.80
250 17.19
350 21.01
450 23.63
550 24.43
650 24.65

Fig. 18   Effect of anchored 
length on connection capacity

(a) Anchored length effect (b) Normalized Anchored length effect
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impact of the amount of anchored reinforcement on con-
nection capacity, primarily due to the increased stiffness 
and integrity of the connection, which will be discussed 
in further detail in subsequent sections.

In all sets, a significant increase in connection capac-
ity was observed when the anchored length reached 15db. 
However, between 15 and 25db, the effect on connection 
capacity was less pronounced. Anchored lengths exceed-
ing 25db had a negligible impact on connection capacity 
(see Fig. 18b). These observations can be explained by 
the effective anchored length required to transfer forces 
between the column and beam through the anchored rein-
forcement. A detailed discussion of the force transferring 
mechanism is presented in the following sections.

4.4 � Influence on beam rotation

One of the primary advantages of the test setup employed 
is its ability to measure the beam rotation. Beam rotation 
serves as a vital indicator of how effectively the connection 
can transmit forces between the column and beam. Essen-
tially, a higher degree of beam rotation signifies a greater 
level of connection rigidity and increased moment capacity. 
This increased rigidity, in turn, contributes to more efficient 
structural integrity by supporting an effective force transfer 
mechanism. To quantify beam rotation, the vertical move-
ment at the free end of the beam is measured and divided by 
the distance from the free end to the initial clamping point.

Figure 19 presents the maximum rotation observed in 
the connections for all four sets. The results make it abun-
dantly clear that both the amount of anchored reinforcement 
and the anchored length are critical factors in determining 
the achieved degree of beam rotation. These findings offer 
insights into why increasing the anchored length beyond 
25db has a negligible impact on connection capacity where 
there is no further gain in beam rotation beyond this limit.

Conversely, a substantial increase in beam rotation was 
observed as the amount of anchored reinforcement increased 
for connections with similar anchored lengths, expressed in 
terms of N-times the bar diameter. Specially, Set III and 
IV exhibited significantly higher beam rotation compared 
to Set I and Set II due to better integrity confirmed by the 
failure mode shown in Fig. 16. These results highlight the 
pivotal role played by the amount of anchored reinforcement 
in providing robust connection details that can achieve the 
column’s design capacity through an efficient force transfer 
mechanism offered by the anchored reinforcement.

4.5 � Interfacial stress and reinforcement forces

The analysis of interfacial stress between the anchored 
reinforcement and the epoxy, as well as the stresses within 
the reinforcement itself, provides valuable insights into the 
role of both the amount and length of anchored reinforce-
ment in the force transfer mechanism of the connection. The 
distribution of the interfacial stresses along the anchored 
bar length is shown in Fig. 20. The results indicate that the 
interfacial stresses decreased with the increase in anchored 
length in the four sets with varying amounts of reinforce-
ment. Additionally, the distribution of stresses along the 
reinforcement became steeper with a reduction in anchored 
length which indicates that the anchored reinforcement suf-
fered greater slippage causing the inability of the connection 
to reach its maximum capacity. Both the anchored lengths of 
450 mm and 550 mm resulted in a more uniform distribution 
across the anchored length without sudden reductions in the 
four sets. However, the latter provided a larger distributed 
length. On the other hand, with an increase in the amount of 
anchored reinforcement for the same anchored length, the 
maximum interfacial stress decreased because of offering a 
larger surface area to transfer the load with a greater amount 
of reinforcement.

The stress within the anchored reinforcement reflects 
the efficiency and integrity of the structure. The induced 
stresses inside the anchored reinforcement along their length 
are shown in Fig. 21. The stresses in all models of the four 
set were less than the ultimate strength of the anchored 
reinforcement, indicting no failure of the bars itself. The 
results of the four sets indicate that increasing the anchored 
length enables the development of higher stress within the 
anchored reinforcement, as well as offering a larger distribu-
tion length, indicating a uniform force transferring mecha-
nism without significant slippage.

In Set I, the maximum induced stress increased with the 
increase in anchored length from 150 to 250 mm. However, 
the maximum stresses remained nearly constant beyond 
this length. This observation is in good agreement with the 
obtained capacity in Set I where an increase in the anchored 
length by more than 250 mm in Set I had a negligible impact 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 10 20 30 40 50 60

B
ea

m
R

ot
at

io
n

(%
)

Length/Diameter 

Set I
Set II
Set III
Set IV

Fig. 19   Influence of anchored length on beam rotation



Archives of Civil and Mechanical Engineering (2024) 24:131	 Page 19 of 26  131

Fig. 20   Distribution of interface 
stress between anchored rein-
forcement and epoxy
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on the connection capacity. In Set II, the maximum induced 
stress increased with increasing the anchored length up to 
350 mm. Beyond this length, the maximum induced stress 
remained approximately constant. However, the increase in 
length offered a more uniform distribution, in line with the 
previously discussed interfacial stress.

In Sets III and IV, the maximum induced stresses 
increased with increasing the anchored length. Especially 
in Set IV, the variation of the stress was more noticeable for 
different anchored lengths, which aligns with the continu-
ous improvement of the connection capacity with varying 
anchored lengths. Notably, due to the increased amount of 
anchored reinforcement in Sets III and IV, the induced stress 
was significantly less than that of Sets I and II.

While the stress decreased with increasing the amount 
of anchored reinforcement, the maximum force in the 
anchored reinforcement showed a notable rise with greater 
reinforcement amount for the same anchored length in terms 
of N-times the bar diameter. The maximum force in each 
anchored length for each set, as shown in Fig. 22, is consist-
ent with the obtained capacity in Fig. 18 and beam rotation 

in Fig. 19. Clearly, from the discussed findings, the results 
demonstrate that the amount of anchored reinforcement 
significantly influences the behaviour of precast GFRP-
RC pocketless connections. Specifically, a greater amount 
of anchored reinforcement plays a transformative role in 
enhancing beam rotation. This enhanced beam rotation not 
only increased the moment capacity of the connection but 
also led to a more efficient force transfer mechanism and 
overall improved structural performance and integrity.

4.6 � Influence of anchored reinforcement location

Based on the previously discussed findings, it is evident that 
increasing the amount of connection reinforcement enhances 
the performance of the connection. To gain a deeper under-
standing of the effect of this, a comparison was made with 
the model having the same amount of anchored reinforce-
ment as the column (with adequate anchorage length within 
the column). This comparison was made against an identical 
model representing a cast-in-place connection without slip-
page at the connection interface, without ducts, and with 
the connection reinforcement placed in the same location. 
The results, as shown in Fig. 23a, indicate that the cast-in-
place model exhibited a 3% higher capacity compared to the 
precast one as well as a relatively higher stiffness. A higher 
amount of reinforcement in the connection is expected to 
enhance connection rigidity and reduce the capacity dif-
ference. To eliminate the influence of reinforcement posi-
tioning and misalignment between column and connection 
reinforcements, new models were created. In these models, 
the connection reinforcement was repositioned to match the 
effective depth of the column reinforcement in the loading 
direction. The load–displacement curves for these models 
are compared in Fig. 23b.

As shown, the capacity of the precast connection is 
22.8 kN, which is 7% lower than that of the cast-in-place 
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counterpart. This can be due to the higher strain ingredient 
and the change of plastic hinge length in the precast connec-
tion. Figure 24 shows the failure mechanism of both con-
nections, as indicated by plastic strain contours, along with 
the concrete strain along the bottom third of the column at 
peak capacity. As shown, the precast element experienced 
a higher level of strain concentration due to the gap open-
ing at the column–beam interface. This resulted in a slight 
reduction in the capacity of the precast connection with 
respect to the cast-in-place counterpart. To mitigate this, 
the connection reinforcement ratio in the model has been 
gradually increased up to nearly twice that of the column 
longitudinal reinforcement, and the results are presented in 
Fig. 24c. As shown, providing a connection reinforcement 
of 1.25 times that of the column reinforcement contributed 
to nearly achieve the same capacity as the column of the 
cast-in-place connection. In other words, the connection 
should be designed for a moment capacity 25% higher than 
the column capacity.

5 � Influence of connection geometry

The influence of various geometric parameters, such as 
beam width, beam depth, and beam overhanging, on the 
behaviour of the connection was assessed. The calibrated 
model for specimen ED2 was considered as a reference. In 
this reference model, the beam width was twice the col-
umn width, the beam depth was 1.6 times the column width, 
and the overhang length was equal to the column width. 
These dimensions were intentionally set to match those used 
for the pocket connections, enabling a direct comparison 
under identical conditions [13]. However, it is worth not-
ing that in pocket connections, specific minimum geometric 

dimensions must be maintained both from the bottom and 
sides of the pocket [12]. This is crucial to effectively con-
fine the pocket region and minimize the impact of stress 
concentration around the pocket. In the case of pocketless 
connections, where the load transfer mechanism differs, it 
becomes essential to explore how different geometric dimen-
sions affect the behaviour of connection.

5.1 � Beam depth effect

The depth of the beam plays a crucial role in determining 
the beam’s rigidity, which, in turn, influences the overall 
connection’s stiffness. Furthermore, the beam depth has a 
direct impact on the length of anchored reinforcement within 
the beam, affecting the load transfer mechanism. However, 
it is important to determine the optimal beam depth for eco-
nomic considerations as well. The analysis of the connec-
tion’s behaviour was evaluated for different beam depths: 
200 mm (equal to the column width), 400 mm, 500 mm, 
and the reference depth of 320 mm. The results presented in 
Fig. 25a clearly demonstrate that the connection’s capacity 
depends on the beam depth. A significant reduction in capac-
ity, around 27%, was observed when using a beam depth 
equal to the column width. This reduction can be attributed 
to the increased flexibility of the connection, resulting in a 
softer behaviour with excessive deformations, particularly 
noticeable with shallower beam depths. This behaviour is 
due to inefficient transfer of forces due to the shorter length 
of anchored reinforcement inside the beam, leading to sig-
nificant damage at the connection region, as illustrated in 
Fig. 26. On the other hand, connections with a beam depth 
of 320 mm or greater yielded approximately the same capac-
ity. However, when the beam depth was equal to or greater 
than twice the column width, it effectively prevented the 
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observation of cracks in beams with a depth of 320 mm (1.6 
times the column width).

An anchored length of 320 mm within the beam (equiva-
lent to 14.5db) proved sufficient for effective force transfer 
despite the expectation that increasing the beam depth would 
enhance beam rigidity and prevent cracks. This anchored 
length is less than the length inside the column. These differ-
ences arise from the distinct roles of anchored lengths within 
the beam and column in the force transfer mechanism. The 

anchored length inside the beam combines with the inherent 
rigidity of the beam depth. These longer lengths within the 
beam subsequently result in a deeper and stiffer beam, which 
positively impacts the reduction of the required anchored 
length within the beam. Notably, a longer anchored length 
within the column is necessary to provide favourable condi-
tions for improved connection integrity, enabling enhanced 
beam rotation and, consequently, an increased moment 
capacity.

(a) Beam depth effect (a) Beam width effect (a) Beam overhanging effect
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Fig. 26   Crack patterns for connections with different beam depths

Fig. 27   Crack patterns for connections with different beam widths
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5.2 � Beam width effect

Beam width is another critical parameter that directly influ-
ences beam rigidity. Different beam widths, ranging from 
200 mm (equivalent to the column width) to 400 mm (twice 
the column width), were investigated in this study. The 
results, shown in Fig. 25b, highlight the substantial impact 
of beam width on both the connection’s capacity and the 
resulting crack patterns shown in Fig. 27. It is noteworthy 
that a connection with a beam width corresponding to the 
column’s width experienced a substantial 28% reduction in 
capacity. Conversely, when the beam width extended to 1.75 
times the column’s width, its influence on capacity became 
negligible. Interestingly, however, the beam width was at 
least equal to the column width, an interesting observation 
emerged: the distribution of compressive strains around the 
ducts within the column and the beam exhibited noticeable 
distinctions. Specifically, the beam width governed the prin-
cipal compressive strain within the beam, a phenomenon not 
observed within the column. The reduced capacity associ-
ated with narrower beam widths can be attributed to the 
heightened principal compressive strains around the ducts, 
as illustrated in Fig. 28. Larger beam widths, however, were 
effective in mitigating this issue by providing enhanced 
confinement conditions for the ducts within the beam. 

Consequently, this ensured improved connection behaviour 
and higher capacity.

5.3 � Beam overhanging effect

The assessment of different overhanging lengths, extend-
ing up to the width of the column, on connection behaviour 
was conducted. In practical construction scenarios, the pre-
ferred arrangement involves positioning the column at the 
outermost edge of the beam. Nevertheless, it may become 
necessary to introduce overhanging lengths to provide lat-
eral confinement to the ducts within the beam. The results 
presented in Fig. 25c reveal that the overhanging length has 
a minor influence on connection capacity when compared to 
the other parameters under examination. A slight reduction 
in capacity, approximately 8%, was observed when no over-
hanging length was provided compared to cases where the 
overhanging length equal to 0.25 times the column width. In 
this instance, the development of some cracks in the beam 
contributed to this decrease, as shown in Fig. 29. However, 
the impact of introducing an overhanging length exceeding 
0.25 times the column width resulted in negligible effects 
on connection capacity, and a nearly identical crack pattern 
emerged, as illustrated in Fig. 29.

Fig. 28   Principle compressive strains distribution for connections with different beam widths

Fig. 29   Crack patterns for connections with different beam overhanging
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6 � Summary, limitation, and future studies

The study provides simple design guidelines for a unique 
detail for cap beam to column connection for precast concrete 
structures reinforced with GFRP. The considered method has 
the potential to avoid any risks arising from the brittle nature 
of GFRP that can lead to damage during transportation and 
assembly when the reinforcement protrudes from the precast 
members, as GFRP cannot be adjusted on-site. The recom-
mendations from this study can be adopted to safely design 
the connections between precast cap beams and columns using 
epoxy-anchored GFRP reinforcement. The embedded length 
of the anchored reinforcement inside the column should not be 
less than 25 times the bar diameter. The amount of anchored 
reinforcement should be estimated considering the effective 
depth of the anchored reinforcement, ensuring a moment 
capacity 25% greater than the moment capacity of the column. 
Regarding the confinement of the anchored reinforcement, the 
beam should have a width of at least 1.75 times the column 
width, a depth of 1.6 times the column width, and a minimum 
overhang of 0.25 times the column width.

This study investigated the behaviour of precast connections 
using epoxy-anchored reinforcement in GFRP-RC structures. 
A static general step was utilized for simulating a displacement 
control loading scenario to mimic the smooth applied load as 
in the reference experimental tests. Long-term performance 
and behaviour under impact or dynamic loads can be also 
investigated provided that experimental results are available 
for model validation. Despite the acceptable accuracy of the 
developed finite element model and the promising results that 
can be followed to ensure the proper design and detailing of 
the connection of precast concrete structures reinforced with 
GFRP, the results should be carefully adopted according to 
the limitations and assumptions of the study. The scope of 
this study covers the cap beam to column connection where 
the failure is governed by the plastic hinge formation at the 
column with the failure being controlled by the concrete not 
the GFRP anchored reinforcement. The adoption of the rec-
ommendations from this study is limited to the epoxy resin 
anchorage.

It is worth mentioning that the simulated test setup in this 
study was primarily designed to replicate the cap beam-to-
column connection in jetty structures, where axial load is rela-
tively low, while enabling the cap beam to rotate to simulate 
the real-life scenario. Hence, the effect of axial load is disre-
garded in this study due to the limitations of the large scale 
experimental test setup, which did not allow for the application 
of axial load to the column. However, the presence of axial 
load is expected to impact the compression stress state at the 
critical section of the column, particularly because the primary 
failure mode considered in this study is concrete crushing. 
Additionally, it can affect the bond transfer mechanism and 

joint opening. Nonetheless, the results obtained from this study 
provided a better understanding of the performance of GFRP-
RC precast cap beam to column connections with results that 
can lead to the effective design and utilisation of this new con-
struction system. Separate experimental/numerical studies are 
required to understand the behaviour of connections in build-
ing structures where there is a significant level of axial load 
axial load in the columns.

7 � Conclusions

A finite element investigation was conducted to assess 
the behaviour of precast GFRP-RC connections with 
epoxy anchored reinforcement. A detailed finite element 
model was developed to simulate the interactions between 
various components of the connection. The accuracy of the 
models was validated against three test specimens with dif-
ferent anchored reinforcement detailing. Subsequently, the 
model was utilized to perform a parametric study to investi-
gate the impact of anchored length, bar diameter, reinforce-
ment amount, and connection geometry. From this study, the 
following conclusions can be drawn:

1.	 The influence of slippage in anchored reinforcement or 
at the connection interface cannot be ignored despite 
epoxy resin’s renowned high bond strength. The cohe-
sive interaction model was found to be the most suit-
able for simulating the bonded reinforcement, while 
Coulomb interaction effectively captured the interfacial 
contact at the connection interface.

2.	 The behaviour of precast GFRP-RC connections with 
anchored reinforcement is significantly influenced by the 
anchored length and the amount of anchored reinforce-
ment.

3.	 Increasing anchored length enhances the connection per-
formance by facilitating smooth load transfer without 
slippage. However, these improvements became negli-
gible when the anchored length exceeds 25 times the bar 
diameter.

4.	 Increasing the amount of anchored reinforcement 
improved the connection capacity. This is attributed to 
enhancing connection rigidity, resulting in increased 
beam rotation and, subsequently, higher forces in the 
anchored reinforcement.

5.	 Connection geometry played a pivotal role in deter-
mining behaviour of precast connections in terms of 
capacity and failure mode. The impact of beam width 
and depth surpasses that of overhanging length, as they 
provide an improved force transfer mechanism through 
proper confinement and enhanced beam rigidity, respec-
tively.
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6.	 It is recommended to provide an anchored length of 
no less than 25 times the bar diameter. It is also rec-
ommended that in precast GFRP-RC connections, the 
connection should be designed for a moment capacity 
25% greater than that of the column. Additionally, the 
beam should have a width of at least 1.75 times the col-
umn width, a depth of 1.6 times the column width, and 
a minimum overhang of 0.25 times the column width 
to properly confine the connection region and mitigate 
cracks propagation at this critical region of the structure.
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