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Synopsis: A common challenge in reinforced concrete construction is the need to connect bars of finite length to 
provide reinforcement continuity. Lap and mechanical splices are common methods that have been used to make a 
continuous reinforcement. Lap splicing may cause additional congestion making the concrete consolidation difficult. 
Mechanical splices are used when lap splicing is not practical. Different types of mechanical splices are 
commercially available for steel bars. For the case of GFRP reinforcement, mechanical splices are very useful in 
staged construction because the reinforcement cannot either be bent at the site or there is insufficient space for lap 
splicing. Mechanical splices for GFRP bars, however, must account for the low transverse stiffness and strength 
of the bars. For these reasons, only certain mechanical splices are practical for GFRP bars and careful consideration 
must be given to their installation and effectiveness. In this study, a commercially available swaged coupler was 
selected to investigate the behavior of spliced GFRP bars. Expected performance was numerically evaluated using a 
Finite Element (FE) model to develop a framework for test validation. The FE model was calibrated with a 
laboratory test to compare the results. The coupler’s length, bar’s tensile strength, and slip between the coupler and 
bar were investigated. The outcome of this study allows for the definition of an efficient test campaign. 
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INTRODUCTION 

In reinforced concrete (RC) structures, corrosion of steel reinforcement can result in high repair costs. Fiber-reinforced 
polymer (FRP) bars are known as alternatives to eliminate the corrosion problem in aggressive environments and 
coastal structures1,2. The mechanical properties of FRP bars differ from steel bars. Compared to steel bars, they have 
anisotropic properties with higher longitudinal tensile strength, lower transverse strength, lower modulus of elasticity, 
greater durability, and elastic behavior up to rupture. Among different FRP composites, Glass FRP (GFRP) bars are 
commonly specified for their efficient cost to performance ratio3. GFRP bars using a thermoset resin as a matrix 
present some constructability challenges because they cannot be bent after the resin is polymerized. FRP is anisotropic; 
thus, the strength in the transverse (resin-dominated) direction is significantly lower than those in the longitudinal 
(fiber-dominated) direction.  
FRP bars typically require longer development lengths than steel bars due to a lower bond strength to tensile strength 
ratio 4,5. Studies on the bond behavior of FRP bars are continuing 6, and recent works have focused on improving the 
bond performance and structural response of FRP composites in different concrete elements 7,8. Because of the lack 
of bendability and requiring a longer development length in lap splicing, FRP bars present a significant challenge in 
terms of constructability when a bar needs to be spliced. One of the gaps in FRP-RC construction is the need to connect 
bars with mechanical splices in order to provide reinforcement continuity. 
Lap and mechanical splicing are two standard methods that are used for splicing reinforcing bars. The lap splice is a 
common method because of its inexpensive and simple installation 9. However, lap splices are not practical in many 
applications. For example, lap splices are not permitted for steel bars larger than No.11 bars according to ACI 318. 
Lap splices must be enclosed within stirrups, ties, or spirals to prevent the failure of lap splice. For large bar sizes and 
epoxy-coated bars, long lap splice lengths based on code requirements can cause congestion at splice locations 10. In 
such cases, mechanical splices are preferable. Mechanical splices are used for cast-in-place or precast concrete 
members when long and continuous reinforcement is required11. Mechanical splices are applicable for construction 
joints to provide tensile continuity for future construction, minimize formwork penetrations, or minimize the work 
zone footprint for staged construction12. The use of mechanical splices may reduce the amount of longitudinal 
reinforcement in splice regions to satisfy a steel ratio of a maximum of 8% for reinforced concrete columns 13. 
Mechanical splices are desirable for both rehabilitation and new construction where reinforcements must be spliced 
to existing bars14,15.  
Mechanical splices are also referred to as couplers, consist of a coupling sleeve to connect two bars for directly 
transferring tension or compression. There are different types of mechanical splices for steel bars that are commercially 
available (Figure 1). Swaged couplers, threaded couplers, shear screw couplers, and grouted sleeve couplers are typical 
couplers employed in structural members. Swaged couplers are compatible with the low transverse strength and non-
malleable nature of GFRP bars. However, limited experimental studies are available on the behavior of swaged 
couplers 16. Swaged couplers are installed by deforming a steel coupler onto two bar ends using a hydraulic press and 
a series of overlapping pressings. 
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Figure 1. Different types of mechanical couplers for steel bars 

Mechanical splices are classified into two types: Type 1 splices to transfer tension or compression (full mechanical 
splices) in members where inelastic deformations may result from seismic events. According to ACI 318, Type 1 
splices are required to meet a minimum of 125% of the steel bar’s specified yield strength (1.25 fy). Type 2 splices 
transfer only compression forces (compression-only or end-bearing splices), thus, are required to satisfy the ultimate 
tensile strength of steel bars (1.0 fu). Because of these limitations, seismic design specifications prohibit using 
mechanical couplers in plastic hinge regions of columns in the seismic areas17. Recent studies have been conducted to 
identify suitable mechanical couplers for precast concrete columns 18.  
For steel bars, design codes develop acceptance requirements to resist slippage, transfer the load, and avoid splice 
failure before the bar reaches its ultimate tensile strength. AC133 and ACI 439 are available documents to address 
performance requirements and details of mechanical splices19,20. Standard test methods for testing the mechanical 
splices for steel bars are specified based on ASTM A103421. In the United States, some state Departments of 
Transportation (DOTs) have developed their own requirements for spliced steel bars22. The coupler’s ultimate strength 
varies for each bar size and depends on the coupler’s mechanical properties, the coupler’s length, and the stress on the 
bar. Tensile and slip tests are two acceptable tests to determine the coupler’s ultimate strength and displacement across 
the coupler, respectively23. According to ACI 318, there are no criteria regarding the mechanical splice’s dimensions 
and the coupler’s length. Most manufacturers assume 8db for No.3 to No.5 bars and 7db for No.6 and larger steel bars 
(where db is the bar diameter). For steel bars, the California Department of Transportation test method requires a 
coupler’s length less than ten times the nominal bar diameter22. 
For GFRP bars, no requirements regarding the mechanical splices are available in ACI 440 or AASHTO GFRP24,25. 
This is recognized to be a major limitation to the full deployment of this technology as it imposes significant challenges 
to constructability. A research project was, thus, initiated in order to provide a contribution towards the development 
of knowledge on the performance of mechanical splices for GFRP bars. This study initially considered commercially 
available swaged couplers for splicing No.4 GFRP bars. This type of coupler was identified to be the ideal candidate 
for splicing GFRP bars since it applies a controllable pressure on bar terminations and could be potentially made of 
stainless steel or other corrosion-resistant metal to maintain durability. Accordingly, a preliminary study showed that 
swaged couplers were effective in the field for splicing GFRP to GFRP bars or GFRP bars to steel strands 26.  
After some proof-of-concept experimental tests, this research proceeded with a numerical simulation of the GFRP 
bar-coupler system. This Finite Element (FE) simulation was intended to assess the criticality of the following 
variables: swaging pressure on the GFRP bar and coupler’s length. Based on the outcome of this numerical study, a 
test matrix was developed for an experimental campaign aimed at validating performance. 

RESEARCH SIGNIFICANCE 

To develop the field-deployable application of GFRP bars, structural integrity reinforcement requirements in 
continuous members need to be satisfied. When the length of the GFRP bar is limited due to logistic considerations 
or where work-zone geometric constraints or reinforcing congestion preclude lap splicing, then mechanical splices are 
the best alternatives. Thus, the lack of an efficient mechanical splice that can be easily installed at a factory or using 
inexpensive portable equipment in the field while matching the non-corrosive nature of GFRP creates a significant 
barrier to the deployment of composite reinforcement. This research develops a numerical study focusing on steel 
swaged couplers for splicing No.4 GFRP bars to partially fill the knowledge gap concerning mechanical splices for 
GFRP bars. 
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PARAMETRIC STUDY 

This study investigates the effect of the swaging pressure and coupler’s length on the load-displacement behavior of 
spliced GFRP bars. Three swaging pressure values and three coupler lengths were considered in this study. The 
behavior of GFRP bars under transverse loading is mostly influenced by the properties of the resin matrix (vinyl ester). 
Thus, the compressive strength of the vinyl ester (VE) resin is used as the criteria for residual stresses on the GFRP 
bar after the swaging pressure to avoid crushing the bar. The minimum VE compressive strength is assumed to be 82 
MPa, and the average value is assumed 215 MPa27,28. It is possible that experimental results may demonstrate that a 
GFRP bar can resist much higher transverse pressure being in a state of full confinement. In this study, two No.4 
GFRP bars were spliced using a swaged coupler. Then, a FE model was developed and calibrated with experimental 
results obtained from a tension test. The validated FE model was used to investigate the pressure on the GFRP bar and 
coupler’s length parameters. Three coupler lengths of 8db, 10db, and 12db were used for No.4 GFRP bars to study the 
effect of the coupler’s length on the load-displacement behavior of the spliced bars. 

SPECIMEN DETAILS 

Swaged couplers were selected to investigate splicing No.4 GFRP bars. The coupler was made of a low carbon steel 
grade 1020 according to ASTM A519. The coupler has uniform inside and outside diameters around the length of the 
bar, as shown in Figure 2. GFRP bars were inserted halfway into each end of the coupler, and a hydraulic press was 
used to swage the coupler. The steel coupler was plastically deformed onto the bars to produce a mechanical interlock 
resulting from the residual pressure. Figure 3 shows two sand-coated No.4 GFRP bars spliced with a swaged coupler. 

Figure 2. Swaged coupler before swaging (dimensions are in mm) 

Figure 3. Spliced GFRP bars with swaged coupler 

FINITE ELEMENT MODEL 

A detailed FE model was developed in ABAQUS to simulate the performance of spliced GFRP bars with the swaged 
coupler. Three-dimensional eight-node linear brick elements were used for both the GFRP bar and the coupler. The 
GFRP material was modeled using its anisotropic properties shown in Table 1. The steel coupler is considered 
isotropic with elastic-plastic hardening behavior and yield strength of 264 MPa. The plastic deformation behavior of 
the steel was defined using the true stress-strain curve 29. 
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Table 1. The material properties of GFRP bar and coupler in FEM 

Property Value Unit 

GFRP bar 

Longitudinal modulus (E1) 45 

GPa Transverse modulus (E2) 10 

Transverse  modulus (E3) 10 

Poisson's ratio (ν12) 0.27 

Poisson's ratio (ν13) 0.27 

Poisson's ratio (ν23) 0.40 

Shear modulus (G12) 4.0 

GPa  Shear modulus (G13) 4.0 

Shear modulus (G23) 3.6 

Steel coupler 
Young's modulus 200 GPa 
Yield strength 264 MPa 
Poisson's ratio 0.3 

Figure 4. Stress-strain curve of steel coupler 

For boundary conditions, the coupler was assumed Symmetry in the direction of the bar. The swaging process was 
simulated by modeling two dies to press the coupler onto the GFRP bars, as shown in Figure 5. Three load steps were 
considered in the FE model. First, the swaging pressure was applied on the steel coupler to reach all elements’ yield 
strength and obtain the specified residual stress on the bar. Second, the swaging pressure was removed, while residual 
stresses resulting from mechanical swaging remained on the bar (Figure 5). Third, a uniform linear displacement load 
was applied to the end of the bar to pull out the bar from the deformed coupler. The coupler’s maximum slip resistance 
was obtained from load-displacement curves for each parameter.  
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(a) 

(b) 

(c) 

Figure 5. FE model for 8db long coupler: (a) Swaging; (b) Deformed coupler after swaging; (c) Residual stresses on 
the bar after swaging (contour units in ksi; 1 ksi= 6.89 MPa) 

RESULTS AND DISCUSSION 

The FE model is used for parametric analyses on spliced No.4 GFRP bars, and the numerical results are discussed 
and plotted for this bar size. The FE model was calibrated using experimental data obtained from a tension test 
performed on spliced No.4 GFRP bars with an 8db long swaged coupler according to ASTM D720530. The load-
displacement curves resulting from the tension test and the FEM are shown in Figure 6. It can be seen that FEM 
results showed a good agreement with experimental results. The tension test results showed that GFRP bars 
spliced with a coupler length of 8db reached 22% of the bar’s guaranteed ultimate tensile load. Moreover, the slip 
occurred at 18% of the bar’s guaranteed ultimate tensile load. The validated FE model is used to investigate the 
splice capacity for three coupler lengths and estimate the residual stress on the GFRP bar. The load-displacement 
curves for three coupler lengths (i.e., 8db, 10db, and 12db) were obtained from the FE model and plotted in Figure 7. 
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Figure 6. Comparison of load-displacement curves obtained from test and FEM for 8db long coupler 

Figure 7. Load-displacement curves for different coupler lengths using 166 MPa residual pressure 

The FE results showed that the coupler’s slip resistance is affected by the swage pressure that results in corresponding 
residual stresses on the bar. The load-slip behavior appears to be almost linear up to about the maximum value of the 
load; then, slips progresses without load increasing. The reason is that the radial stresses in the coupler have already 
reached the yield strength; thus, increasing the swage pressure does not increase the contact pressure on the bar and 
only causes additional plastic deformation within the coupler. In addition, as the coupler’s length is increased from 
8db to 10db and 12db, the slip resistance increases by 19% and 38%, respectively (Figure 7). Moreover, the FE results 
showed that the coupler’s maximum slip resistance is dependent to stresses on the GFRP bar. The slip load values (Ps) 
are shown in Table 2. The maximum loads are presented as a ratio of minimum guaranteed ultimate tensile force of 
the bar according to ASTM D795731. The FE results showed that to reach more than 22% of the bar’s guaranteed 
ultimate tensile force as obtained from test results, the coupler’s length has to be more than 12db. The residual stress 
values didn’t show significant changes by increasing swaging pressure. The validated FE model is used to estimate 
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the residual pressure on the GFRP bar after the swaging. Based on calibrated FEM, the residual pressure on No.4 
GFRP bars spliced with the 8db long coupler was 166 MPa after swaging. 

Table 2. The FE results for spliced GFRP bars with swaged coupler 

Bar Size Deformation 
Coupler 
Length 

Swage 
Pressure on 

GFRP (MPa) 

Residual 
Pressure on 

GFRP (MPa) 
Ps (KN) 

Slip at 
Ps (mm) 

Ps/GUS* 
(%) 

#4 Sand 

8db 

362 166 21.3 5.1 22% 

695 216 44.5 10.2 46% 

861 219 61.8 15.2 64% 

10db 

362 166 25.5 6.4 27% 

701 209 53.1 11.4 55% 

853 213 72.7 15.9 76% 

12db 

362 85 29.3 7.1 31% 

642 181 60.4 12.7 63% 

1070 244 79.9 17.8 83% 
Note: GUT* = Minimum Guaranteed Ultimate Tensile Force (96 KN according to ASTM D7957) 

FUTURE RESEARCH 

The FE model has to be validated using more experimental test results. The tensile behavior of spliced GFRP bars 
considering the mentioned parameters needs to be evaluated through static tensile tests specified in ASTM D7205. 
The laboratory tests are under investigation to complete this parametric study. Furthermore, additional bar sizes up to 
#8 (25 mm) GFRP bar will be investigated in future work.  

CONCLUSIONS 

The availability of a mechanical coupler that allows for the continuity of GFRP bars is a significant challenge for the 
construction of heavily reinforced concrete structures as well as staged construction due to the inability to bend bars 
in the field. In this study, a swaged coupler was selected to investigate the feasibility of splicing GFRP bars. A FE 
model was developed and calibrated with experimental results to evaluate the effect of swaging pressure and coupler’s 
length on the load-displacement behavior of spliced GFRP bars. Three swaging pressures and three coupler lengths 
were considered as key parameters. The compressive strength of the resin matrix was used to gauge the residual 
stresses on the GFRP bar. The validated FE model is used to estimate the residual pressure on the GFRP bar after 
swaging and the slip resistance of the coupler. The load-displacement curves for spliced GFRP bars were obtained. 
Based on the numerical results, the coupler’s slip resistance is dependent to residual stress on the bar. It was observed 
that the effect of the coupler’s length is significant to increase the splice capacity. For example, to achieve more than 
30% of the bar’s guaranteed ultimate strength, the coupler length must be more than 12db for No.4 GFRP bars. The 
validated FE model of this study will allow researchers to find the swaged coupler’s approximate slip and expected 
slip load for a variety of parameters. 
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