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• Abstract: Although bundling of reinforcing bars is sometimes unavoidable in field applications, the 

scarcity of design provisions in the international design guidelines has limited the application of bundled 

glass fiber-reinforced polymer (GFRP) bars in reinforced concrete members. This is mainly attributed 

to the lack of experimental data on the lap splicing of bundled GFRP bars. Therefore, a comprehensive 

research study has been undertaken at the University of Sherbrooke to fill the current knowledge gap 

and provide more information about the bond behavior of staggered and non-staggered bundled GFRP 

bars in concrete. The current study reports and discusses the results of seven full-scale beams with 

different staggering patterns (staggered and non-staggered) and number of bars in bundle (single, two- 

and three-bar bundles). All beams had a clear span of 5000 mm, a shear span of 1250 mm and a 

constant-moment span of 2500 mm. The gross cross-sectional dimensions of all specimens were 

300×450 mm. The experimental results indicated that regardless of staggering pattern, splicing of two-

bar bundles is a safe practice. It was also shown that splicing of three-bar bundles is a safe practice as 

long as all bars in a bundle are not spliced at the same section. 

Keywords: Reinforced Concrete, lap splicing; bond strength; GFRP reinforcing bar, bundled bars; 
staggering effect. 

1 INTRODUCTION 

Glass fiber-reinforced polymer (GFRP) reinforcing bars are intrinsically corrosion resistant. They also 
possess large strength-to-weight ratios, low life-cycle maintenance costs, and outstanding electromagnetic 
transparency. These superior characteristics are the reasons why GFRPs are considered as a distinct 
alternative to steel bars where corrosion in reinforced concrete (RC) structures is the main concern, and 
high electromagnetic transparency is important.  

Splicing of reinforcing bars is one of the main means of joining reinforcing bars with different length or size. 
Bundling is sometimes inevitable when design criteria require heavy reinforcement to avoid reinforcement 
congestion, to reduce the overall cross-sectional dimensions, and to facilitate the placement of reinforcing 
bars and consolidation of concrete. However, as per available design guidelines (Canadian Standards 
Association, 2012; ACI Committee 318, 2014), the splicing of bundled bars may require some 
considerations and the splices need to be staggered in field applications. Although staggering may lead to 
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reduction in reinforcement congestion, it can increase the complexity of detailing and impede reinforcement 
placement, thereby hampering the construction process. 

Despite the benefits of using bundled GFRP bars in RC members, its application has been limited due to 
the paucity of design provisions in most of the international design guidelines such as JSCE-97 (Japan 
Society of Civil Engineers, 1997), CSA S06-14 (Canadian Standards Association, 2014) and ACI 440.1R-
15 (ACI Committee 440, 2015). This scarcity is mainly attributed to the lack of experimental data on the lap 
splicing of bundled FRP bars. The available design recommendations are similar to those for steel 
reinforcing bars. However, the bond behavior of GFRP bars in concrete is to a great extent different than 
that of steel reinforcement due to their diverse mechanical and physical characteristics, such as lower 
modulus of elasticity and various surface treatments. 

The behavior of spliced single GFRP bars to concrete has been extensively investigated in the past 
(Tighiouart et al., 1999; Aly et al., 2006b; Mosley et al., 2008; Harajli & Abouniaj, 2010; Choi et al., 2012; 
Esfahani et al., 2013; Pay et al., 2014; Zemour et al., 2018). Based on the obtained results, the influencing 
parameters on the bond strength of GFRP bars includes, but are not limited to, splice length, bar diameter, 
confinement, surface treatment, and concrete type and compressive strength. It should be noted that, all 
available experimental studies attended to FRP bars spliced in the same section.  

While several research studies (Tighiouart et al., 1999; Aly et al., 2006b; Mosley et al., 2008; Harajli & 
Abouniaj, 2010; Choi et al., 2012; Esfahani et al., 2013; Pay et al., 2014; Zemour et al., 2018) referred to 
the behavior of splices of single bars, only Aly et al.(Aly et al., 2006a) studied the spliced bundled FRP 
bars. In their study, a total of nine full-scale beam-splice tests were performed to assess the effects of the 
number of bars in a bundle on the bond strength of sand-coated CFRP bars. Their results indicated that 
the development length of individual bars within a bundle might be equal to that of a single bar, increased 
by 60% and 100% for two-and three-bar bundles, respectively. This conclusion raised a question on the 
reliability of the current provisions stipulated in CSA S806-12(Canadian Standards Association, 2012). 
Nevertheless, the splice arrangement adopted by Aly et al. (Aly et al., 2006a) was not in accordance with 
the design recommendations of CSA S806-12, as all the bars were spliced in the same section. It is worth 
noting that, no other experimental studies on the bond strength of bundled FRP bars are available in the 
technical literature. Therefore, a comprehensive research study has been undertaken at the University of 
Sherbrooke to fill the current knowledge gap and to provide more information about the bond behavior of 
staggered and non-staggered bundled GFRP bars in concrete. Herein, a part of this research program is 
reported and discussed. 

2 EXPERIMENTAL PROGRAM 

2.1 Specification of Test Specimens 

A total of seven full-scale concrete beams reinforced with various bar arrangements of single and bundled 
GFRP bars were tested under a four-point bending setup to failure. All beams had a clear span of 5000 
mm, a shear span of 1250 mm and a constant-moment span of 2500 mm. The gross cross-sectional 
dimensions of all specimens were 300×450 mm. Figure 1 shows the geometry and transverse 
reinforcement details of the specimens. 
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Figure 1: Details of the geometry and transverse reinforcement of the test beams 



 

   
The shear capacity of specimens was checked as per the recommendations of CSA S806-12 (Canadian 
Standards Association, 2012), and the shear spans were reinforced with 10M steel stirrups at 125 mm 
intervals. The side and bottom covers were designed so that the bond splitting failure precedes flexural 
failure of spliced beams. In this regard, the minimum bottom and side clear covers were, respectively, 
32 mm and 45 mm in all beams. Moreover, the clear spacing of the bars was greater than two times the 
bottom cover, thus, the bond behavior was governed by the bottom cover. In order to evaluate the minimal 
bound of the splice strength of GFRP bars, no confinement was provided along the splice zone. 
Nevertheless, the lap splicing of bundled bars with no transverse reinforcement is not in accordance with 
the design codes(Canadian Standards Association, 2012; ACI Committee 318, 2014). Thus, it is not 
common in field applications. Two 16 mm steel bars were used as compression reinforcement.  

Table 1 lists full details of specimens. In the all splices of bundled bars, a space of 40 mm was left between 
the ends of two adjacent splices to avoid disruption in the reinforcement surface within splice length due to 
the installation of strain gages. 

Table 1: Details of test beams 

Identification 

Total 
Number 
of Bars 

Number 
of Bars 

in 
Bundle 

Splice 
Length 

'

c
f

 

   mm MPa 

B4-S100-L320 2 1 320 40.3 
B4-D100-L320 4 2 320 39.6 
B4-T100-L320 6 3 320 40.9 
B4-D-NS 4 2 - 40.3 
B4-S50-L320 2 1 320 40.9 
B4-D50-L320 4 2 320 40.3 
B4-T33-L320 6 3 320 40.9 

The identifation code of each specimen starts with the letter B, followed by a number identifying the bar 
size (4 for No. 4). The second letter indicates the bundle type (S, D, or T for single bars, two-bar bundles, 
and three-bar bundles, respectively), while the second number (33, 50, or 100) represents the percentage 
of bars staggered in each section within the splice length. The final digits after the letter L identify the splice 
length of individual bars in mm. Moreover, B4-D-NS is the reference specimens without splice. 

2.2 Material Properties 

Ribbed steel bars of 16 mm and 11.3 mm diameters were used as compression and transverse 
reinforcement, respectively. Number 4 (12.7 mm) sand-coated GFRP bars were used as the longitudinal 
tension reinforcement. Table 2 lists the mechanical properties of the reinforcing bars. The values associated 
with the GFRP bar were obtained as the average properties of five specimens tested as per CSA S806 
(2012), Annex C (Canadian Standards Association, 2012) while those of steel bars are nominal values 
provided by manufacturer. 

Table 2: Mechanical properties of the reinforcing bars  

Bar Type 
Bar 
Size 

Bar 
Diameter 

(mm) 

Elastic 
Modulus 

(GPa) 

Tensile 
Strength 
(MPa) 

Tensile 
Strain 
(%) 

GFRP No.4 12.7 51.7 1243 2.40 

Steel 
M10 11.3 200 𝑓𝑦 = 420 𝜀𝑦 = 0.2 

M15 16 200 𝑓𝑦 = 420 𝜀𝑦 = 0.2 

εy = yield strain and 𝑓𝑦 = yield stress 

The beams were cast using a normal-weight concrete with a target 28-day compressive strength of 35 MPa. 
The required concrete was delivered by a ready-mix local concrete supplier. Representative 100×200 mm 
cylinders were cast with the corresponding beams from the same batch of concrete. The beams and 



 

   
cylinders were stripped one day after casting and then moist-cured for 7 days. They were kept together 
under ambient conditions until the testing day. Table 1 lists the compressive and splitting tensile strengths 
obtained by testing five cylinders on the testing day (± 2 days).  

2.3 Test Setup and Instrumentation  

The specimens were monotonically loaded using a 1000kN hydraulic actuator in a four-point bending setup 
up to failure. The loading rate was 1.2 mm/min. Figure 2 demonstrates the test setup. As shown, a series 
of linear variable differential transformers (LVDTs) were used to record displacement variations along the 
entire span of beams.  
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Figure 2: Test setup, and location of LVDTs and concrete strain gages 

Loading was paused at the inceptions of the first two cracks which were initiated close to the extremities of 
splice zone. For each of crack: first, a high precision electronic microscope was used to measure the initial 
crack width. Then, an LVDT was installed perpendicular to the crack to record the trend of crack width 
evolution up to failure. The other flexural cracks within the flexural span were visually checked during 
loading. Due to the safety-related reasons, the visual check was terminated as the applied load approached 
the expected failure load. 

A number of electrical-resistance strain gages were used to record the strain values in the reinforcing bars 
and concrete as demonstrated in Figure 2. Due to change in beam stiffness at the splice ends, cracks were 
expected to develop at these locations. Thus, to minimize the possibility of damage caused by cracking, 
the strain gages were installed 20 mm away from these locations. All experimental data —including load, 
displacements, crack widths, and strain values— were recorded by an automatic data-acquisition system. 

3 TEST RESULTS AND ASSESSMENT OF BOND STRENGTH  

The average value of the measured strains in of reinforcing bars was considered as the failure strain of the 
reinforcement, referred to as 𝜀𝑡𝑒𝑠𝑡. The 𝜀𝑡𝑒𝑠𝑡 was then multiplied by the modulus of elasticity (𝐸) of the 

corresponding bar to calculate the failure stress (𝑓𝑡𝑒𝑠𝑡). The corresponding force at failure was then 
calculated as 𝐹𝑡𝑒𝑠𝑡 = 𝑛𝑓𝑡𝑒𝑠𝑡𝐴𝑏, where 𝑛 and 𝐴𝑏 are the number of bars and the nominal cross-sectional area 
of an individual bar within a bundle, respectively.  

To exclude the effect of variations in the concrete compressive strength on the calculated bond strengths, 
albeit negligible, all stresses and forces were normalized by the fourth root of the compressive strengths 

divided by 40 MPa (√(𝑓𝑐
′/40)

4
) as proposed by ACI 408 and other researchers (ACI 408 Committee, 2003; 

Darwin et al., 2005). Table 3 lists the recorded and normalized experimental results for all the test 
specimens. 



 

   
Table 3: Test results  

Beam 

Recorded  Normalized  

𝑃𝑢 𝜀𝑡𝑒𝑠𝑡 𝑓𝑡𝑒𝑠𝑡  𝜀𝑡𝑒𝑠𝑡,𝑛 𝑓𝑡𝑒𝑠𝑡,𝑛  

kN µɛ MPa  µɛ MPa  

B4-S100-L320 50.7 7624 394  7609 393  

B4-D100-L320 84.6 6161 319  6176 319  

B4-T100-L320 91.6 4610 238  4584 237  

B4-D-NS 230.2⁺ - -  - -  

B4-S50-L320 60.6 8048 416  8003 414  

B4-D50-L320 89.8 6575 340  6563 339  

B4-T33-L320 134.6 6478 335  6442 333  

Pu= maximum applied load; εtest= reinforcement strain at failure; ftest= reinforcement 
stress at failure; εtest,n= normalized reinforcement strain at failure; ftest,n= 

reinforcement stress at failure. 

⁺ the test stopped before failure 

4 EFFECTS OF STAGGERING 

4.1 Failure Modes 

During test, the first flexural crack initiated within the constant-moment span, commonly outside the splice 
zone. As expected, the first flexural crack within the splice zone normally occurred at the ends of splice. 
With increasing in applied load, the number and depth of flexural cracks in the constant-moment region 
increased. At higher load levels, hairline splitting cracks were initiated from the flexural crack in the vicinity 
of the splice end, and gradually propagated within the splice zone on the tension surface and sides of the 
beams. The staggered bundled beams failed once an individual pair of spliced bars within the bundle failed. 
As expected, the failure of spliced beams was the splitting of the concrete cover within the splice zone. In 
the non-staggered bundled beams (B4-D100-L320 and B4-T100-L320), the failure was sudden and 
explosive without any sign of hairline cracks on the sides of beams up to failure. Figure 3 shows the failure 
modes of staggered and non-staggered three-bar bundle beams. 

  
B4-T33-L320 B4-T100-L320 

Figure 3: Observed failure modes of B4-T33-L320 and B4-T100-L320 

4.2 Load–Deflection Behavior  

The applied load versus deflection responses of all beams showed a bilinear behavior. There was a 
substantial reduction in the flexural stiffness after cracking load. In general, all the companion beams, with 
similar longitudinal reinforcement ratio, displayed similar pre-cracking stiffness. However, the stiffness after 
cracking was higher for the beams with larger reinforcement ratios. From this observation, it can be 
concluded that the stiffness after cracking was controlled by the axial stiffness of the longitudinal 
reinforcement. 



 

   
Figure 4 shows the load-deflection responses of two-bar bundle specimens. As shown, two-bar bundle 
beams behaved similarly in terms of pre-cracking stiffness, cracking load and post-cracking stiffness. As 
shown, both the staggered and non-staggered specimens behaved similar to the reference beam reinforced 
with continuous bars. Moreover, as can be verified from Table 3 staggering had a minor effect on splice 
strength of two-bar bundles (319 MPa versus 339 MPa). Therefore, it can be concluded that using two-bar 
bundled GFRP bars, regardless of staggering pattern, can be a safe practice. 

 

Figure 4: Load-deflection responses of two-bar bundle specimens 

All three-bar bundle beams behaved similarly in terms of pre-cracking stiffness, cracking load and post-
cracking stiffness. However, the splice strength of the non-staggered specimen was significantly lower than 
that of staggered specimen (237 MPa versus 333 MPa). Therefore, while the use of staggered three-bar 
bundle splices can be considered a safe practice, more experimental investigations are required to confirm 
the feasibility of using non-staggered three-bar bundle splices in practice.  

4.3 Crack Width 

Visual inspections during test confirmed that, regardless of the staggering pattern, the maximum crack 
width was normally observed at the splice ends. In other words, the flexural cracks developed in the flexural 
span outside the splice zone and those within the splice length were narrower than those at the splice ends. 

Figure 5 shows the distribution of applied load versus maximum crack width of two-bar bundle specimens. 
As shown, the non-staggered two-bar bundle specimen (B4-D100-L320) showed wider flexural cracks 
compared to its companion staggered specimen (B4-D50-L320) and the reference beam (B4-D-NS). 
Moreover, both specimens reinforced with spliced bars developed wider cracks than the reference 
specimens. From these observations, it can be concluded that splicing may increase the maximum crack 
width and that staggering of bundled GFRP bars can help in reducing the maximum crack with.  

 

Figure 5: Distribution of applied load versus maximum crack width of two-bar bundle specimens 
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4.4 Bond strength 

The effect of staggering on the behavior of spliced single and bundled bars can be defined by comparing 
the splice strength and failure load of the companion beams, as listed in Table 4. Overall, staggering could 
increase the splice strength of bundled bars. However, the improvement in the splice strength was 
dependent on the number of bars in contact within splice length. The non-staggered single and two-bar 
bundle splices (B4-S100-L320 and B4-D100-L320) could develop roughly 94% of the strength of their 
companion staggered beams (B4-S50-L320 and B4-D50-L320, respectively). Nonetheless, staggering had 
significant effect on the splice strength of three-bar bundles. The normalized splice strength and loading 
capacity of non-staggered specimen (B4-T100-L320) were 71 and 68% of its staggered counterpart (B4-
T33-L320), respectively.  

Table 4: Influence of staggering on (a) tensile stress at failure; and (b) failure load 

Splice arrangement 𝑓𝑡𝑒𝑠𝑡,𝑛,𝑛_𝑠𝑡𝑔 𝑓𝑡𝑒𝑠𝑡,𝑛,𝑠𝑡𝑔⁄ † 𝑃𝑢,𝑛,𝑛_𝑠𝑡𝑔 𝑃𝑢,𝑛,𝑠𝑡𝑔⁄ ⁑ 

No.4 single 0.95 0.84 
No.4 two-bar bundle 0.94 0.94 
No.4 three-bar bundle 0.71 0.68 

Note:  
†: The ratio of normalized bond strength of non-staggered specimen to that of staggered one 
⁑: The ratio of normalized failure load of non-staggered specimen to that of staggered one 

5 SUMMARY AND CONCLUSIONS 

A total of seven full-scale beam-splice tests were performed to assess the effects of staggering on the bond 
behavior of spliced bundled GFRP bars in concrete. Based on the experimental findings, the following 
conclusion remarks can be drawn:  

• Regardless of staggering pattern, splicing two-bar bundles is a safe practice. 

• Splicing three-bar bundles is a safe practice as long as all bars in a bundle are not spliced at the same 

section. More experimental investigations are recommended to investigate the feasibility of using non-

staggered three-bar bundle splices. 

• Staggering had negligible effect on the post-cracking stiffness of the beams. However, it helped in 

reducing the maximum crack width within flexural span. 

• While staggering of reinforcing bars had minor influence on the strength of single and two-bar bundle 

splices, it could significantly increase the splice strength of the three-bar bundles.  
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