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Abstract 
 

 In the last few decades, Fiber-Reinforced Polymers (FRP) bars have emerged as 

alternatives to conventional steel reinforcing bars to overcome the corrosion problem 

found in reinforced concrete structures. Numerous studies have been conducted in order 

to evaluate the bond between FRP bars and concrete. Recently, a new type of FRP bars 

made of basalt fibers (BFRP) has emerged as an alternative to conventional glass-made 

FRP (GFRP) bars. BFRP bars have not yet been considered in international design codes 

due to lack of research on their structural performance. This research investigates the 

bond durability of BFRP bars to concrete. BFRP bars with two different surfaces were 

used in this study namely: sand-coated and indented surfaces. The bond durability for the 

GFRP bars was also investigated for comparison purpose. The test parameters included 

the FRP bar material, the surface coating, the environmental exposure, and the exposure 

duration. More than 100 pullout specimens were prepared and exposed to different 

environmental conditions over three durations: 30, 60, and 90 days. The accelerated harsh 

exposures included acid, alkaline, ocean water, tap water, high temperature, and high 

temperature followed by ocean or tap water environments. At the end of each exposure, 

pullout specimens were tested to study the bond performance of all specimens in terms of 

their bond strength, bond-slip curves, adhesion stress, and failure modes and 

mechanisms. Unconditioned (control) specimens were also tested to measure the bond 

between the bars and the concrete. Effects of each environmental exposure on the bond 

performance of the specimens were discussed. In general, BFRP bars showed bond 

behavior comparable to that of its GFRP counterparts. The well-known Eligehausen, 

Popov, and Bertero (BPE) model that describes the ascending branch of the bond-slip 

relationship of conventional steel was assessed and calibrated for the unconditioned and 

conditioned BFRP and GFRP bars. Design values of the bond coefficient α that defines 

the behavior of the ascending branch were recommended for the investigated exposures.   

 

Search Terms: Fiber-reinforced polymers; Basalt fibres (BFRP); Glass fibres (GFRP); Bond 

durability of BFRP bars; Environmental exposures; Bond strength; Bond-slip curves; Adhesion 

stress; Failure modes and mechanisms; Pullout; BPE model.  
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Chapter 1: Introduction and Background 

1.1 Significance of the Research 

 Corrosion of steel bars in reinforced concrete structures is a major problem in the 

Gulf region due to its direct exposure to harsh environments such as high temperature, 

humidity, and sea water. The maintenance cost of deteriorated structures has forced the 

civil engineering community to search for alternative reinforcing materials. For the last 

few decades, Glass Fiber-Reinforced Polymer (GFRP) bars have been studied and as a 

result have been found they possess advantages over steel. However, even with these 

advantages, the use of GFRP bars was up until recently limited due to a discovered 

durability problem for some of their mechanical properties. As a result, FRP bars made of 

basalt (BFRP) were recently introduced in the construction field as alternative to 

conventional GFRP bars. In order for FRP bars to be widely implemented in reinforced 

concrete structures, the bond between the bars and concrete should be thoroughly 

investigated. To be specific, bond durability of FRP bars is of the utmost importance in 

maintaining the structural integrity of any building. This thesis presents an experimental 

and analytical study on the bond durability of BFRP bars. It is a milestone toward the 

wider implementation of the BFRP bars in reinforced concrete structures. 

1.2 Background 

 Fiber-reinforced polymers (FRP) are defined as “composite materials consisting 

of continuous fibers impregnated with a fiber binding polymer then molded and hardened 

in the intended shape” [1]. FRP materials are widely used as a replacement for steel bars 

in reinforced concrete structures. The most common FRP composites include the Aramid 

FRP (AFRP), the Carbon FRP (CFRP), and the Glass FRP [1]. Nowadays, the most 

recent FRP composite, made of basalt fibers (BFRP), has emerged as an alternative to the 

GFRP composites. This is discussed in the following sections.  

 In general, with their many advantages, FRP composites have attracted the civil 

engineering community to use them in reinforcing concrete structures. Some of these 

advantages include their high strength-to-weight and stiffness-to-density ratios in 

comparison to steel. Moreover, FRPs are non-corrosive and non-conductive materials, 
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which allow them to resist harsh environmental conditions that are usually detrimental to 

steel reinforced structures [2]. 

1.2.1 Types of FRP 

 FRP composites are classified based on the material of the fibers used. In this 

case, carbon, glass, and aramid fibers are the most widely used. Most recently, basalt 

fiber was introduced as a new type of fiber used in the manufacturing of FRP composites. 

Table 1 shows the differences in the chemical composition between GFRP and BFRP 

bars [3]. Brief descriptions of the manufacture processes for both the GFRP and BFRP 

bars and their mechanical properties are given in the following sections. 

Table 1: Comparison between Glass FRP and Basalt FRP chemical composition [3]. 

Compound % in E-glass % in Basalt 

SiO2 52-56 51.6-57.5 

Al2O3 12-16 16.9-18.2 

CaO 16-25 5.2-7.8 

MgO 0-5 1.3-3.7 

B2O3 5-10 - 

Na2O3 0.8 2.5-6.4 

K2O 0.2-0.8 0.8-4.5 

Fe2O3 ≤0.3 4.0-9.5 

1.2.1.1 Glass Fiber Reinforced Polymers (GFRP) 

 GFRP bars are made up of millions of high strength fibers that are divided into 

four categories: E-glass, S-glass, C-glass, and AR-glass. GFRP reinforcing bars are 

manufactured by the pultrusion process. The glass fibers are saturated with resin and 

shaped with the required cross-section and/or diameter. The resin is used to hold the 

fibers together and to resist the damages caused by the environment. The resin is cured by 

heating or by using microwaves. Then, the surface of the glass fiber is treated to increase 

the bonding strength between the concrete and the GFRP bars. Various treatments 

include roughing, forming a continuous thread, and sand coating [4]. 

1.2.1.2 Basalt Fiber Reinforced Polymers (BFRP) 

 Basalt fibers are extracted from basalt rock, which is a volcanic dark color 

material found in nature. Rocks are formed from rapid cooling of lava at or close to the 

earth’s surface. Basalt rocks can be shaped into fibers with the same methodology used 

for Glass FRP but with less energy, which gives them a cost advantage over the glass 

http://en.wikipedia.org/wiki/Lava


19 
 

fibers. Basalt fiber-reinforced polymers (BFRP) are characterized by their high tensile 

strength, corrosion resistance, acid and alkali resistance, fire resistance, and durability. As 

a result, the civil engineering community started looking at the BFRP bars as an 

alternative material to steel and GFRP reinforcement [5].  

1.2.2 Properties of FRP 
 

 The density of FRP composites varies from 1.25 to 2.1 g/cm
3
, which is about four 

times less than the density of steel. The lower density of FRP has some advantages such 

as lower transportation costs and the ease of handling in placing the bars.  

 Many factors affect the tensile strength and stiffness of the FRP bars. Since the 

fibers are the ones responsible of resisting the load, the ratio of fibers to the total quantity 

of the FRP composite influences their tensile strength. In addition, the curing rate, the 

manufacturing process, and the quality control greatly affect the mechanical behavior of 

the FRP bars [1]. FRP bars reach their ultimate tensile strength without yielding up to 

failure. As shown in Figure 1, the stress-strain relationship of FRP bars is linearly elastic.  

 
Figure 1: Stress-strain curve for different FRP composites [6]. 

 Similar to the E-glass, the modulus of elasticity of the basalt bars is approximately 

50 GPa and it shows a linear elastic pattern up to failure. Moreover, BFRP bars have a 

greater tensile strength than that of glass FRP and a greater strain ratio than that of carbon 

FRP at failure. Table 2 shows the properties of different types of conventional FRP 
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composites. The modulus of elasticity of FRP is approximately one fourth the modulus of 

elasticity of steel except for CFRP which has high modulus of elasticity. 

Table 2: Mechanical properties of FRP bars as per ACI committee 440 [1]. 

 Steel GFRP CFRP AFRP 

Nominal yield stress 

(MPa) 
276 - 517 N/A N/A N/A 

Tensile strength (MPa) 483 - 690 483 - 1600 600 - 3690 1720 - 2540 

Elastic modulus (GPa) 200.0 35.0 - 51.0 120.0 - 580.0 41.0 - 125.0 

Yield strain % 0.14 - 0.25 N/A N/A N/A 

Rupture strain % 6.0 - 12.0 1.2 - 3.1 0.5 - 1.7 1.9 - 4.4 

Density (g/cm
3
) 7.90 1.25 - 2.10 1.50 - 1.60 1.25 - 1.40 

Coefficient of thermal 

expansion (x 10
-6

 / 
0
C): 

    

Longitudinal 11.7 6.0 - 10.0 -9.0 - 0.0 -6.0 - -2.0 

Transverse 11.7 21.0 - 23.0 74.0 - 104.0 60.0 - 80.0 

 The coefficient of thermal expansion of FRP is an important issue to be taken into 

consideration. As shown in Table 2, FRP bars have two coefficients of thermal 

expansion: one  in the longitudinal direction and the other in the transverse direction. The 

coefficient of thermal expansion of FRP depends on the types of fibers, the resin matrix, 

and the volume fraction of the fibers. Properties of the fibers dominate the value of the 

longitudinal coefficient, as the resin dominates the transverse coefficient. 

1.2.3 Bond durability between FRP bars and concrete 

 Bond development is a very important topic that should be analyzed in order to 

successfully implement FRP reinforcement in concrete structures. Bond characteristics 

affect the strength of lap splices, the required concrete cover, and the serviceability and 

ultimate states of the concrete structure. In general, for long-term performance of 

concrete structures, the continued integrity of the bond is a critical issue [7]. 

 The bond of concrete and FRP bars is complex and different from that with steel 

bars, since FRP bars are available with different compositions and surface treatments. 

Bond durability between FRP reinforcing bars and concrete is very crucial for the long-

term performance of the FRP-reinforced structures. The resin matrix of the FRP bar plays 
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a major role in transmitting forces from the surrounding concrete to the FRP bar. If the 

matrix were attacked by external exposures, the bond mechanism of the FRP bar would 

be greatly affected. Resin characteristics and quality also affect the durability of the FRP 

bar. The way of covering the fibers, the presence of cracks and voids during the 

manufacturing process, the degree of curing, and the degree of resistance to alkali and 

chloride attacks are all factors that affect the durability of bond to concrete. Micro-

cracking in resins is critical because it reduces the protection of fibers and bond at the 

resin interface [8]. It has been reported that the durability of FRP bars are affected by 

exposure to moisture, alkaline solutions, elevated temperature, and ultra violet radiation 

as explained next. 

1.2.3.1 Moisture exposure 

 FRP bars are not waterproof. Moisture can diffuse into the resin and between the 

resin and the fiber leading to changes in the mechanical characteristics of the FRP bars. 

Moisture can cause swelling of the bars and loss in its tensile strength. This effect is more 

predominant if the moisture contains chloride ions as could be found in oceanic 

environments [8]. 

1.2.3.2 Alkaline exposure 

 The effect of concrete alkalinity on FRP materials is an important issue to be 

investigated. When in contact with alkaline media, the FRP material will degrade because 

of the chemical reaction that takes place between the fibers and the alkaline solution. For 

GFRP composites, the alkalinity affects the fibers unless appropriate resin protection is 

provided [9]. One type of resin that makes the GFRP bars sensitive to alkaline attack is 

the polyester resin. On the other hand, vinyl ester resin gives more protection to the 

fibers. Carbon fibers are resistant to acid, alkali, and organic solvents. As a result, they 

don’t experience deterioration in harsh environments [8]. 

1.2.3.3 High temperatures 

 One environmental factor that highly affects the FRP materials is high 

temperature, which diminishes the elastic modulus and strength of bars.  The coefficients 

of thermal expansion of FRP bars are different in the longitudinal and transverse 

directions. Therefore, thermal changes can lead to differences in transverse thermal 

http://thesaurus.com/browse/exhibition
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expansions between FRP bars and concrete, resulting in bond degradation and cracks in 

concrete [7]. 

1.2.3.4 Ultra violet exposure 

 Exposure to ultraviolet can also affect the bond between the FRP bar and 

concrete. Great attention should be considered for exposing the bars to ultraviolet rays 

while storing the FRP bars and before using them as reinforcement in concrete structures. 

It was found that around 13% reduction in tensile strength for AFRP bars was observed 

after being exposed to ultraviolet rays for 2500 hours. This reduction was 8% for GFRP 

bars after 500 hours of exposure [8]. 

1.3 Literature review 

 Many research studies have been conducted to investigate the use of FRP bars in 

reinforcing concrete structures. However, little research has been on the use of BFRP 

reinforcing bars as replacement of steel bars. This section presents a literature review on 

the bond behavior between concrete and different types of FRP composites; it also 

includes a few recent studies on BFRP bars. The literature review will be divided into 

three main categories as follows: 

1.3.1 Previous studies on bond strength of FRP to concrete 
 
 Many studies have been carried out in order to investigate the bond of FRP bars to 

concrete. Benmokrane and Chaallal [10] studied the bond strength of three different 

GFRP bar diameters (12.7 mm, 15.9 mm, and 19.1 mm) having smooth and sand-coated 

surfaces. The bars were embedded in 150 x 300 mm concrete cylinders of normal 

strength, having embedment lengths of 5db and 10db, where db is the diameter of the bar. 

The results showed that in the case of longer embedment length, failure of the concrete 

splitting occurred. On the other hand, shorter embedment length experienced pullout 

failure. The bond strengths ranged between 11.1 MPa and 15.1 MPa with an overall 

average of 12.9 MPa. This was equivalent to 73% of the bond strength of the deformed 

steel bars used in the same study. 

 Nanni et al. [11] investigated the bond strength between concrete and three 

different types of FRP bars: Glass Vinyl-Ester, Carbon Vinyl-Ester, and Carbon-Epoxy, 

by using concrete cubes with 150 mm sides. The diameter of all bars was 12.7mm and the 
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embedment length was set to 5db. The outcome of the tests showed that all bars had a 

similar bond-slip pattern. Therefore, it was concluded that the resin type is the main 

factor that controls the bond strength. 

 Tang et al. [12] observed the bond strength of GFRP bars with concrete by 

varying the embedment length, shape, and surface treatment of bars. Smooth circular, 

smooth elliptical, and sand-coated GFRP bars were considered. All of the sand-coated 

specimens experienced failure in concrete tensile splitting. The average bond strength 

was the highest when using the sand-coated GFRP bars as compared to the bond strength 

of mild steel. Specimens with shorter embedment length had higher bond stress because 

of the reduced perimeter area. 

 Baena et al. [13] tested 88 pullout specimens in order to study the bond 

performance of the GFRP and CFRP bars by studying the FRP surface condition, the 

rebar diameter, and the concrete strength. A constant embedded length of 5db was used. 

Referring to Figure 2, the different surface types that had been used were sand-coated 

surfaces (CFRP & GFRP), a textured surface (CFRP), a helical wrapping surface 

with/without some sand coating (GFRP), and a grooved surface (GFRP). Four different 

bar diameters were considered: 8 mm, 12 mm, 16 mm and 19 mm. The concrete strengths 

ranged between 28 MPa and 52 MPa. It was observed that by increasing the concrete 

compressive strength, the bond strength increases and the failure mode changes. The bars 

with the larger diameter had lower bond strength, particularly those with a higher 

concrete strength. In addition, the slippage values for the GFRP bars were higher than 

those for the CFRP bars for the same load. For the case of CFRP bars, the sand-coated 

bars showed higher bond strength regardless of the concrete strength. Also, GFRP bars 

with helical wrapping surface showed higher bond strength. 

 Harajli and Abouniaj [14] studied the effects of the surface treatments of the FRP 

bars, transverse steel confinement, and a type of the FRP bars (thread-wrapped and 

ribbed) on the splice length of GFRP bars in tension. Splice bond strength using 

reinforced concrete (RC) beam specimens and local bond stress-slip response using 

pullout specimens were tested in this study. The concrete beams were reinforced using 

two overlapped bars at mid-span with three different development lengths (15, 20, and 

30db). Thread-wrapped and ribbed 12 mm bars were used to evaluate the effect of the 



24 
 

surface condition of the FRP bars on their bond behavior. The effect of steel confinement 

within the overlapping zone was investigated by using three equally spaced 8 mm U-

shaped stirrups. Steel RC beams with the same conditions of the FRP-RC beams were 

also tested for comparison purpose. In the pullout tests, cylinders reinforced with GFRP 

bars placed at the middle of the cylinder with an embedment length of 7db were used. The 

bonded length formed a ratio of c/db equal to 5.75. It was concluded that all beams 

reinforced with ribbed GFRP bars or steel bars experienced a splitting mode of failure. 

On the other hand, concrete beams reinforced with thread-wrapped bars experienced a 

gradual pullout bond failure. The ribbed GFRP bars have surface deformations which 

create a strong interlock with the surrounding concrete as compared to the thread-

wrapped bars. For the pullout mode of failure, the bond stress-slip response of ribbed 

GFRP bars was basically similar to the pullout bond stress-slip response of steel bars. 

The bond strength of the tested GFRP bars was increased about 15-30% by using the 

steel stirrups. 

 
Figure 2: From left: sand-coated CFRP, sand-coated GFRP, textured GFRP, helical wrapping 

surface with some sand coating GFRP, grooved GFRP, and helical wrapping GFRP [13]. 

 Xu et al. [15] presented a numerical study to investigate the pullout behavior of 

FRP by considering different FRP embedded lengths and diameters. Finite element 

modeling was used to study the damage models of pullout specimens. Plane stress 

simulation was used with a mesh of four node isoparametric element as the basic 

elements. For the bond zone, a single layer of 2-D four-node isoparametric element was 

used along the contact surface to ensure a real bond behavior. Lateral displacement was 

applied on the loaded end of the FRP bar after restraining the right side of the concrete. 

Cube specimens with 150 mm side and FRP bars with different embedded lengths (60, 
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70, 80 mm) and diameters (10, 15, 20 mm) were considered. The observations showed 

that by increasing the embedded length of FRP bars, the maximum load increased. In 

addition, the use of different bar diameters didn’t affect the bond strength as well as the 

load-displacement curves. 

1.3.2 Previous studies on bond durability of FRP bars 

 Nestore et al. [16] tested 36 cubic specimens to study the bond strength between 

GFRP bars and concrete cubes under thermal cycles up to a temperature value of 70
o
C. 

Several parameters were studied; such as, the bar development length, the concrete cover 

and the thermal treatment of the specimens. It was concluded that the thermally treated 

specimens reduced the bond performance by a maximum of 16% of the ultimate load. 

Specimens with small concrete cover exhibited micro cracks in the concrete due to the 

bursting stresses. 

 Another study on the effect of temperature on the bond performance of FRP bars 

was carried out by Radhouane et al. [17]. The study investigated the effect of 

temperatures ranging from 20
o
C to 80

o
C in a dry environment on the bond behavior 

between GFRP bars and concrete. The study examined 80 pullout cube specimens for 8 

mm and 16 mm bar diameters. The specimens were subjected to temperature values of 

(40, 60, 80
o
C) for 4 months and 8 months. The bars embedded length was 5db for all 

specimens. The results were compared to benchmark results from unconditioned 

specimens (20
o
C). It was reported that, the maximum bond stress for the smaller bars (8 

mm) occurred at slip values of 0.55, 0.53, 0.49, and 0.43 mm for the case of 20, 40, 60, 

and 80
o
C temperatures, respectively. For the larger diameter bars (16 mm), slips of 0.60, 

0.58, 0.56, and 0.47 mm were recorded. It was also observed that no significant reduction 

in bond strength occurred at temperatures up to 60
o
C. However, after 4 months of 80

o
C 

exposure, the maximum reductions reached to 9.4% and 13.7% for the 8 mm and 16 mm 

GFRP bars, respectively. In addition, the bond strength decreased for specimens 

reinforced with larger bar diameters. 

 Kader et al. [18] studied the individual and coupled effects of freeze/thaw cycles 

and sustained bending stresses on the long-term behavior of GFRP reinforced concrete 

beams. The test includes 21 beams exposed to 100, 200, 360 cycles (two-cycles per day) 

between -20
0
C and +20

0
C with loaded and unloaded states. The concrete cover was very 
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small in order to facilitate the penetration of water to reinforcement. It was reported that a 

small change in the ultimate capacity (±6%) was observed between the conditioned 

concrete beams and the unconditioned ones. For the individual effect of freeze/thaw 

cycles, the small increase in the capacity of concrete beams was attributed to the curing 

period. Measured long-term deflections using the ACI 440.1R-06 equations 

overestimated the experimental results caused by creep and shrinkage. 

 Juliana et al. [19] tested thirty-six concrete specimens to study the individual and 

combined effects of fatigue loading and freeze/thaw cycles with a sustained axial load on 

the GFRP bond to concrete. The examined parameters included the bar diameter, the 

concrete cover, the loading scheme, and the environmental conditioning. The test was 

divided into four types: unconditioned specimens, fatigue loading, freeze-thaw cycles 

with sustained loads, and freeze-thaw cycles with sustained loads followed by fatigue 

loading. The authors concluded that the unconditioned specimens exhibited slight slip 

values. Bars of diameter 16 mm showed approximately 30–50% higher bond strength 

than the 19 mm bars. The failure mode changed by increasing the clear concrete cover. A 

clear cover of 2db was enough to make pullout failure for the 16 mm bar while this 

concrete cover caused cracks for the 19 mm specimens. The fatigue loading caused large 

degradation of 29% of the bond strength without change in the total slip or the bond 

stiffness for both bar diameters regardless of the concrete cover. Freeze/thaw cycles with 

sustained loads raised the bond strength of the smaller bars. The results from the 

combined freeze/thaw cycles and sustained loading followed by fatigue loading showed 

that the outcome of fatigue loading is more critical than the freeze-thaw cycles and a loss 

in bond strength of 23%.  

 Jikai et al. [20] studied the effect of five different environmental conditions on 

bond strength of GFRP bars as compared to steel reinforcing bars. The study was 

conducted on 90 pullout concrete cube specimens with 10 mm sides reinforced with 

ribbed FRP bars of diameter 17 mm. The exposure conditions were tap water, sodium 

hydroxide solution with pH=13.5, ocean tap water, chloride HCl:H2SO4 (2:1) with pH=2, 

and unconditioned specimens for comparison under three different durations of exposure 

(30, 60, and 90 days) at 20
o
C. The results showed no significant changes in GFRP and 

steel bars embedded in concrete after immersion in different solutions. In particular, there 
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was no sign of bond degradation due to immersion in tap water, or alkaline and salt 

solutions after 90 days. The bond strength values of the conditioned specimens were 

similar or slightly higher than that of the controlled specimens. On the other hand, the 

acid solutions had a greater effect on bond strength of GFRP bars in concrete. 

 From the literature, it was noticed that the chemical solutions and high 

temperatures affected the bond of FRP bars to concrete. As a result, it was found valuable 

to investigate the effect of similar environmental conditions on the durability of the bond 

between basalt FRP bars and concrete. 

1.3.3 Recent studies on bond of BFRP bars 
 

 The structural performance of the BFRP bars in general, and their bond 

performance in particular, have received little interest from researchers. This could be 

attributed to the fact that BFRP bars were recently introduced into the construction field. 

Qiaowei et al. [21] tested 108 pullout specimens divided into 36 groups in order to study 

the bond characteristics of the BFRP bars embedded into 150 mm cubic concrete 

specimens of different characteristics. The studied parameters included the diameter of 

the bars, the development length, and the concrete mix (with and without fibers). Three 

different bar diameters were used: 10 mm, 14 mm and 18 mm, with three different 

embedded lengths of 40 mm, 70 mm, and 100 mm. The research concluded that the bond 

strength decreases when increasing the diameter of the bar or its anchorage length in 

concrete. In addition, the bond strength showed improvement when the BFRP bars are 

embedded in 0.1% basalt fiber volume fraction. 

 Ovitigala and Issa [22] investigated the bond behavior of BFRP bars using 

flexural beam tests. Five bar sizes were considered (6 mm, 10 mm, 13 mm, 16 mm, and 

25 mm) using three embedment lengths (10db, 15db, and 20db). Tests results concluded 

that the bond behavior of BFRP bars has the same trend that was observed using GFRP 

bars and almost similar to the trend when using steel reinforcement. The average bond 

stresses were around 11.0 MPa and 9.65 MPa for beams with 10db and 20db embedded 

lengths, respectively. It was recommended that a development length equivalent to 20db 

can be considered as the minimum development length for BFRP-RC beams.  
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1.4 Research objectives 
 

 Based on the previous literature review, it can be concluded that little interest was 

given to the bond performance of the BFRP bars. The research objectives of this present 

study were set up to fill the gap in our knowledge of this area of study. The main 

objective is to add new findings in the investigation of the bond durability for this new 

type of FRPs by conducting extensive pullout tests on more than 100 conditioned and 

unconditioned specimens. The objectives are thus summarized as follows:  

1) To investigate the exposure effects of acid environment, ocean climate, concrete 

alkalinity, and tap water on the bond durability of BFRP and GFRP bars 

embedded in concrete. 

2) To study the effect of high temperatures alone and high temperatures followed by 

immersing in solutions (ocean and tap water) on the bond durability of BFRP and 

GFRP bars embedded in concrete. 

3) To carry out a comparison of the bond behavior between the GFRP and BFRP 

bars in terms of performance and durability. 

4) To assess the BPE model on the BFRP and GFRP bars and the effects of the 

investigated exposures. 

1.5 Thesis organization 

 To achieve the main objectives of this research, two main conditions were 

considered: solutions and high temperature exposures. For the solutions exposure, three 

large tanks were used and filled with three different solutions at 60
o
C [Acid solution 

(HCl:H2SO4), alkaline solution (Na2SO4:NaCl), and ocean water (Ca(OH)2:NaOH: 

KOH)]. The specimens were submerged inside the tanks for three different periods (30, 

60, and 90 days). A fourth tank was filled with tap water at normal temperature and was 

used as a control solution. The pullout specimens were submerged inside the tap water 

for 90 days only.  

 For high temperature exposure, three sets of pullout specimens were considered 

and stored inside a large oven to provide a temperature exposure for up 80
o
C. The first 

group of specimens were placed inside the oven for 90 days and then tested. The two 

other sets were removed from the oven after 60 days, submerged in two different 
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solutions (ocean water and tap water) for 30 days, and then tested. More details about the 

experimental program including the FRP materials, concrete mixes, test setup, types and 

concentrations of solutions, and others are presented in Chapter 2.   

 After conditioning, specimens were prepared for pullout tests using the Universal 

Testing Machine (UTM). Tests results, such as the bond-slip curves, slippage at 

maximum bond stress for the loaded and unloaded ends, and failure modes for all 

specimens, were examined in order to study the effects of the different environmental 

exposures on the bond strength. More details including thorough discussions and 

illustrations of the pullout tests results were conducted for all specimens and for selected 

samples are presented in Chapter 3. Comparisons between the different exposures on 

each type of bars are presented in Chapter 4 in terms of bond strength and adhesive bond 

stress. 

 In Chapter 5, an analytical model of the bond-slip behavior and the assessment of 

its validity to simulate the experimental results obtained from the pullout tests are 

discussed.   
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Chapter 2: Experimental Program 

2.1 Materials 

2.1.1 Fiber reinforced polymer bars 

 Two types of basalt FRP (BFRP) bars, denoted as BFRP-1 and BFRP-2, and one 

type of GFRP bars were used in this study. Table 3 shows the properties of the bars as 

reported by the manufacturers. All bars have a nominal diameter of 12 mm, a modulus of 

elasticity about 50 GPa, and an average tensile strength of 1000 MPa. Tests conducted by 

El Refai [23] on bars of BFRP-2 type showed a slightly higher tensile strength (1043 

MPa) and a lower modulus (48 GPa). For GFRP bars, previous tests conducted at the 

American University of Sharjah, showed that the tensile strength and modulus of 

elasticity were 975 MPa and 49 GPa, respectively. 

 The FRP bars used in this study differ in their surface treatment as can be seen in 

Figure 3. Both BFRP bars are sand-coated on their surfaces with a more uniform sand 

coating observed on the surface of BFRP-2. The surface of BFRP-1 bars has deep 

indentations made during manufacturing by wounding filaments in their longitudinal 

directions. The indentations are spaced by 16 mm along the bar. Similarly, the surface of 

BFRP-2 bars are indented but in a shallower pattern compared to BFRP-1 bars. The 

indentations of BFRP-2 are spaced at 3 mm. On the other hand, GFRP bars have a ribbed 

surface as shown in Figure 3. Similar to the ribs found in steel bars, the surface 

deformations on the FRP bars are introduced to increase the mechanical interlock 

between the bars and surrounding concrete and, therefore, increase the bond strength of 

the bars. 

Table 3: Mechanical Properties of Fiber-Reinforced Polymer bars investigated in this study. 

Type 
Diameter 

(mm) 

Cross-

sectional 

area (mm
2
) 

Ultimate 

tensile strength 

(MPa) 

Elongation 

at break % 

Elastic of 

Modulus 

(GPa) 

BFRP-1 12 (11.1) 113.1 (96.7) 1000 2.5 50 

BFRP-2 12 (12.3) 113.1 (133.5) 1200 (1043) 2.4 50 (48) 

GFRP 12 (11.6) 113.1 (105.6) 1000 (975) 2.4 50 (49) 

 

 

  



31 
 

 
 

 

         

              

     

   

 

  

             BFRP-1       BFRP-2         GFRP 

Figure 3: Surface treatment of the FRP bars used in this study. 

2.1.2 Concrete mix 

 A concrete mix with a compressive strength of 60 MPa was used to cast all 

pullout specimens. This relatively high strength concrete was selected to replicate the 

practical mix design primarily used in the Arabian Gulf environment.  The use of high 

strength concrete also allows the full utilization of the high tensile capacity of FRP bars.  

Table 4 shows the weights of the locally produced constituents that were used in the 

present concrete mix. Ordinary Portland cement was used in the concrete mix, and an 

admixture of type GLENIUM SKY 504 produced by BASF Incorporation, was added to 

increase the workability of concrete and to minimize the amount of water-to-cement 

ratio. All pullout specimens were prepared and cast in the Concrete Laboratory of the 

United Arab Emirates University (UAEU). After 48 hours of casting, the specimens were 

taken off the wooden molds and cured in water tanks for 28 days. After curing, the 

specimens were exposed to natural environmental conditions (sun and winds) for four 

weeks before moving them to the investigated environmental exposures. Figure 4 shows 

the stages of mixing, casting and curing for selected pullout specimens. 

 

Table 4: Concrete mix design 

Mix constituents Divided by weight of cement 

Cement 1.00 

Water 0.45 

Dune sand 1.11 

Coarse aggregate (10mm) 1.82 

Coarse aggregate (20mm) 1.21 

Plasticizer (GLENIUM SKY 504) 1.82% 
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(c) 

Figure 4: a) concrete mixing, b) molds preparation and casting, and c) curing of specimens. 

2.2 Specimen preparation 

 In this research, several pullout-out tests were performed to measure the bond 

strength between the rebar and the concrete mix. The geometry of the pullout samples 

consists of a concrete cube with a side length of 200 mm and FRP bar with a total length 

of 1000 mm, part of which is embedded vertically inside the concrete cube as shown in 

Figure 5 (a). The contact (bonded) surface between the concrete and the FRP bar was set 

to be in the middle of the concrete cube, along a length of 5db above the bottom surface 

of the cube. The location of the bonded surface was chosen to prevent the stress 

concentration, which arises over the loaded region during testing, from affecting the bond 

behavior of the bar. Figure 5 (b) shows samples of the wooden cubes that were fabricated 

at the American University of Sharjah (AUS) for this purpose. The wooden forms were 

fabricated such that the FRP bar is exactly aligned along the middle of the concrete cube. 

To achieve the desired embedment length, and to ensure no contact between the FRP bar 

 
(a) 

 
(b) 
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and the concrete at the top region, PVC tubes were placed at the top face of the specimen, 

i.e., above the 5db contact length. 

      
(a)              (b) 
Figure 5: a) Specimen’s details, and b) wooden molds. 

 In order to prevent it from crushing due to the pressure applied by the pulling 

machine, the FRP bar was gripped at the top by a steel tube of a length equal to 350 mm 

and a diameter equal to 31 mm. The length and diameter of the steel tube was chosen so 

that enough bonding stress was provided by the epoxy material used between the bar and 

steel tube. A new epoxy called “NanoGrout SG-pourtable” developed by CONMIX was 

used along the 350 mm length of the steel tube. It consisted of two parts as shown in 

Figure 6; Part A is called the base, which is a white dense liquid, while Part B, the 

hardener, consists of a black liquid with small grains. The ratio of mixing both parts is 

2:1 respectively.  The mixture was cast in the space between the bars and the steel tubes 

and was then left for 7 days to be hardened. To ensure that the FRP bar was vertically 

aligned inside the steel tube, aluminum covers were attached at the top and bottom ends 

of each tube. The bottom cover had a 12 mm opening exactly at the middle so that the bar 

could go through, while the top cover had a groove where the bar would be centered. 

2.3 Test setup 

 All the pullout tests were conducted at the American University of Sharjah (AUS) 

using a Universal Testing Machine (UTM) with a 1200 kN capacity as shown in      

Figure 7 (a). A special setup frame was also designed and manufactured at AUS to hold 

the pullout samples. The test frame, as shown in Figure 7(b), consisted of 14 threaded 
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steel rods, a high strength steel plate with thickness of 20 mm to hold the specimen from 

the top, two other steel plates served as beams, a rubber layer, a magnet, two LVDTs 

(which used to measure linear displacements), and an aluminum hanger. Four threaded 

rods were used to connect two horizontal beams that were used to carry the concrete 

cube. The other 10 rods served as reactions to prevent the upper plate from moving up 

during the pullout test. Since the top concrete surface had irregularities, a rubber layer 

was used to ensure equal distribution of stresses on the upper concrete surface. The 

specimens were instrumented with two-LVDTs in order to measure the slip at the free 

and loaded ends of the specimens throughout the test. The upper LVDT was attached to 

the bar using an aluminum hanger that held the bar and the LVDT firmly in place. A 

fixed length was considered between the top surface of concrete cubes and the hanger to 

be able to calculate net displacement by excluding the elongation in the bar from the 

measured displacement at the loaded end.  

    
(a)                      (b) 

Figure 6: Epoxy set: (a) Part A is the Base, and (b) Part B is the Hardener 

 The bottom LVDT was utilized to measure the relative displacement between the 

bar’s free end and the bottom surface of the specimens as shown in Figure 8. A small 

steel plate was attached to the bottom of the specimen. The LVDT was hung to a magnet 

and placed on the steel plate, touching the cross-section of the bar. Both upper and 

bottom LVDTs were connected to computer software which measured the displacement 

at every 0.1 seconds. Finally, the FRP bars were pulled out using the UTM at a loading 

rate of 1.2 mm/min (CSA-S806-02 (2002) guidelines). 
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   (a)                                                                                         (b) 

Figure 7: Pullout test setup; (a) Universal Testing Machine (UTM) of 1200 KN capacity and (b) 

Setup frame to hold the pullout samples. 
 

 
Figure 8: Location of the bottom LVDT. 

2.4 Test matrix 

 A total of 104 samples were prepared and tested in an attempt to evaluate the 

bond strength and durability between the concrete and the three different types of FRP 

bars (BFRP-1, BFRP-2, and GFRP). The present experimental program included seven 

sets (groups) of specimens to study the effects of different environmental exposures on 

the bond strength. The first four groups were exposed to accelerated harsh conditions 

using large water tanks, whereas a big oven was utilized to simulate the dry heat exposure 

for the other three groups. A set of control samples was also considered in order to 

measure the bond strength at normal conditions for each type of FRP bars. Moreover, 

concrete cubes were cast and subjected to the same curing process and conditioning 

Loaded End 

LVDT 

Free End 

LVDT 

Steel Plate 

Threaded rod 
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exposure as the pullout specimens in order to obtain the compressive strength of the 

concrete mix for each group. Table 5 presents some details for all of the seven groups 

considered in the proposed experimental program. For each group, three samples (except 

for BFRP-2 unconditioned specimens) were prepared and tested. The labeling system was 

chosen so that it was easy to identify the bar type (B1 for BFRP-1, B2 for BFRP-2, and G 

for GFRP), the conditioning type (A for Acid, K for Alkaline, S for Ocean, W for tap 

water, and T for high temperature), the duration of conditioning (30, 60, or 90 days) and 

the specimen number (1, 2, or 3) in a group. For example, B2S-60-2 refers to a specimen 

of type BFRP-2, conditioned in ocean water for 60 days. The last number indicates the 

sample number, out of three specimens for each case. 

2.4.1 Pullout samples submerged in large tanks 

 Four steel tanks were fabricated then filled with tap water (pH 7.2), alkaline 

solution (pH 12.5), acid solution (pH 2.0), and oceanic water, respectively. Each tank was 

provided with a heater and a pump to simulate the different accelerated harsh exposures. 

The heater was equipped with a thermostat to control and maintain the temperature as 

needed. The pump, on the other hand, was designed to circulate the solutions inside the 

tanks during the exposure periods. Figure 9 shows some photos for the steel tanks that 

were located at the United Arab Emirates University (UAEU). 

 The concrete cubes were totally submerged in the solutions inside the tanks for 

different duration intervals. In order to reduce the water evaporation, the tanks were 

covered by wooden plates during the conditioning period. Since the acids have a lower 

evaporation temperature than water, a thick membrane, clamped from all sides, was 

utilized to cover the tank. It should be noted that the pH of all solutions were measured 

periodically to ensure they remain in the same range as per the test program. The 

temperature of the solutions was around 60
o
C over the duration of the tests. A brief 

description of each group is given below: 
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Table 5: Experimental program 

No. of 

Specimens 
Bar type 

Temperature 

(
o
C) 

Duration 

(Days) 

Unconditioned specimens 

3 BFRP-1 23 - 

5 BFRP-2 23 - 

3 GFRP 23 - 

Ocean immersion (Na2SO4 : NaCl = 5 : 30) 

3 BFRP-1 60 90 

3 BFRP-2 60 30 

3 BFRP-2 60 60 

3 BFRP-2 60 90 

3 GFRP 60 30 

3 GFRP 60 60 

3 GFRP 60 90 

Alkaline immersion (Ca(OH)2 : NaOH : KOH = 2 : 2.4 : 19.6) 

3 BFRP-2 60 30 

3 BFRP-2 60 60 

3 BFRP-2 60 90 

3 GFRP 60 30 

3 GFRP 60 60 

3 GFRP 60 90 

Acid solution (HCl : H2SO4 = 2 : 1) 

3 BFRP-2 60 30 

3 BFRP-2 60 60 

3 BFRP-2 60 90 

3 GFRP 60 30 

3 GFRP 60 60 

3 GFRP 60 90 

Tap water immersion 

3 BFRP-1 23 90 

3 BFRP-2 23 90 

3 GFRP 23 90 

Temperature exposure 

3 BFRP-1 80 90 

3 BFRP-2 80 90 

3 GFRP 80 90 

Temperature exposure – Ocean water immersion 

3 BFRP-1 80-60 60-30 

3 BFRP-2 80-60 60-30 

3 GFRP 80-60 60-30 

Temperature exposure – Tap water immersion 

3 BFRP-1 80-60 60-30 

3 BFRP-2 80-60 60-30 

3 GFRP 80-60 60-30 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 9: Photos of the steel tanks that were located at UAEU and used for the proposed exposure 

program. 

2.4.1.1 Group 1: Acidic solution exposure    

 This group consisted of 18 specimens (9 of BFRP-2 and 9 of GFRP specimens) 

that were immersed in an acidic solution to simulate the effect of acid environment on 

bond durability. The acidic solution had a pH value of 2.0 and was prepared from a mix 

of HCl : H2SO4 in the ratio of (2:1). The specimens experienced a high temperature 

(60
o
C) over three different durations (30, 60, and 90 days) as shown in Table 5. 

2.4.1.2 Group 2: Ocean water exposure 

 This group of tests aimed to simulate the bond durability for FRP-reinforced 

concrete structures exposed to oceanic climate that would prevail in the Gulf area. The 

effect of ocean immersion condition was studied by considering 21 pullout samples (3 

specimens reinforced with BFRP-1 bars, 9 specimens reinforced with BFRP-2 bars, and 9 

specimens reinforced with GFRP bars). The specimens were immersed in steel tanks 

filled with ocean water which was prepared from a mix of sodium sulfate (Na2SO4) and 
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sodium chloride (NaCl) in the ratio of (5:30) g/L. A temperature 60
o
C was maintained in 

the steel tank to accelerate the exposure condition. Three durations (30, 60, and 90 days) 

were considered for the case of BFRP-2 and GFRP bars, whereas, exposure duration of 

90-days was investigated for the case of BFRP-1 bars. 

2.4.1.3 Group 3: Alkaline solution exposure       

 This group simulated the exposure of the alkaline environment that is usually 

experienced in reinforced concrete mixes. It consisted of 18 specimens (9 of BFRP-2, and 

9 of GFRP specimens) that were immersed in an alkaline solution with a pH equal to 

12.5. The solution was prepared from a mix of Ca(OH)2 : NaOH : KOH in the ratio of 

(2:2.4:19.6) g/L. These specimens were exposed to the same temperatures and durations 

that were used for the specimens in group 1.  

2.4.1.4 Group 4: Tap water exposure 

 This group served as a control for those specimens that were immersed in 

different solutions over the same duration of exposure (90 days). The nine specimens 

used in this group were immersed in tap water (3 BFRP-1, 3 BFRP-2, and 3 GFRP) for 

90 days at room temperature.  

2.4.2  Pullout samples placed in the oven 

 A total of twenty seven specimens (shown in Figure 10) were put in a large oven 

under a constant temperature of 80
o
C for two different periods; this will be discussed in 

the following sections. It should be noted that spaces between the specimens were 

provided using concrete chairs to ensure isothermal conditions over all the sides of the 

specimens. In addition to this, the bars were thermally insulated as shown in Figure 10.  

2.4.2.1 Group 5: Full temperature exposure 

 This group of specimens simulated the high temperature environment that prevails 

in the Gulf region during the summer. The higher temperature (80
o
C) was chosen to 

accelerate the process. It consisted of 9 specimens (3 of BFRP-1, 3 of BFRP-2, and 3 of 

GFRP) that were put in the oven for 90 days continuously.  
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Figure 10: Pullout specimens placed inside a big oven at the UAEU. 

2.4.2.2 Group 6: Temperature – Ocean water exposures 

 This group of specimens simulated the combined effects of a high temperature 

and a salty water environment which exists in coastal areas of the Gulf region. 

Conditioning was managed at 60 days in the oven (80
o
C) followed by immersion in 

ocean water (60
o
C) for 30 days. It consisted of 9 specimens (3 of BFRP-1, 3 of BFRP-2, 

and 3 of GFRP).  

2.4.2.3 Group 7: Temperature – Tap water exposures 

 This group simulated the combined effects of high temperature and a moist 

environment that exists in high water level areas (onshore). Same conditioning durations 

as that of group 6 were studied. The tests included 3 specimens of each FRP type (BFRP-

1, BFRP-2, and GFRP).  
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Chapter 3: Results and Discussion 

3.1 Introduction 

 In this chapter, the results of the bond tests conducted on unconditioned and 

conditioned specimens are presented. As described in Chapter 2, various conditioning 

exposures were considered before carrying out the bond tests on three types of bars that 

have different materials, different surface treatments, and different properties. The effect 

of each conditioning exposure on the bond performance of the tested specimens is 

discussed forthwith. A comparison between the responses of various bond specimens to 

each environmental attack is also described. For all test specimens, the bond stress was 

determined as follows: 

                                                               
 

     
                                                               Eq. 1 

where, P is the applied load, db is the bar diameter, and Ld is the embedded bond length in 

concrete. Bar slip at the unloaded end of the bar was directly measured using the LVDT 

which was attached at the bottom of the specimens. At the loaded end, the bar slip was 

determined by subtracting the bar deformation from the total deformation measured by 

the top LVDT, as follows: 

                                Bar slip at loaded end = Top LVDT reading -  
  

  
                Eq. 2 

where, L is the clear distance between the bracket holding the top LVDT to the bar and 

the top surface of the contact area between the concrete and the bars (see the pullout test 

setup, illustrated in Figure 7). In this study, the development length was fixed to 60 mm 

(5db) for all pullout specimens. 

3.2 Unconditioned (control) Specimens 

 Three pullout specimens for each type of FRP bars were prepared, stored at room 

(control) conditions, and then tested; there results were then used for later comparisons. 

Table 6 shows the average values of the test results attained by the control specimens 

including the maximum bond stress, the slip corresponding to the maximum stress, the 

bond stress at onset of slip, and the residual stresses at both loaded and unloaded ends. 

Figure 11 illustrates the location of these values on a typical plot of a BFRP-2 specimen.  
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 All specimens showed similar trends in their bond-slip curves. The curves 

consisted of two branches: the ascending branch and the descending or falling branch.  

Table 6: Average bond test results of BFRP and GFRP control specimens. 

Specimen 
τmax τmax        Smax, fe Smax, le τons, le τons, fe τr, fe τr, le 

MPa      mm mm MPa MPa MPa MPa 

B1C 20.65 2.67 2.57 4.97 0.17 2.58 17.1 16.98 

B2C 27.84 3.59 0.15 2.52 0.52 17.32 0.00 0.00 

GC 18.42 2.38 0.08 1.73 0.41 11.84 16.22 16.91 

τmax = maximum bond stress; τmax /      = normalized bond stress; Suffix le and fe refer to loaded end and 

free end respectively;  Smax, le and Smax, fe = slip corresponding at maximum stress;  τons, le and τons, fe = bond 

stress at onset of slip; τr, le and τr, fe = residual bond stress. 

 

 
Figure 11: Illustration of test results places. 

 Typical bond-slip curves are shown in Figure 12 (a) and (b) for both loaded and 

unloaded ends for selected samples of unconditioned specimens; B1C-1, B2C-2, and GC-

2 that are reinforced with BFRP-1, BFRP-2, and GFRP bars, respectively. 

3.2.1 Ascending branch of the bond-slip curve: 

 The ascending branches were characterized by an approximate linear relationship 

between the bond stress and the corresponding slip for all specimens. In this aspect, the 

unloaded end encountered very small slippage up to the maximum stress. On the 

contrary, the loaded end exhibited large slip, as expected. Specimens B2C-2 and GC-2 

exhibited similar stiffness as shown in Figure 12. It is worth noting that both specimens 

had different surface treatments as previously described; the B2C-2 specimen was sand-

coated, whereas the GC-2 specimen had a ribbed surface. Specimen B1C-1 showed more 

(Smax, τmax) 

τonset 

τr 
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slippage at all loading stages indicating a smaller stiffness compared to the other two 

types of bars.  

 
(a) 

 
(b) 

Figure 12: Comparison between bond-slip curves for B1C-1, B2C-2, and GC-2 unconditioned 

specimens at (a) loaded end, and (b) unloaded end. 



44 
 

 For specimen B1C-1, the maximum stress encountered was 18.51 MPa with slip 

values of 4.84 mm and 2.87 mm, at the loaded and unloaded ends, respectively. The bond 

stresses at the onset of slip were about 0.32 MPa (1.73% of τmax) and 2.88 MPa (15.6% of 

τmax) for the loaded and unloaded ends, respectively. Bond stress of specimen B2C-2 

increased up to 25.8 MPa, which is higher than its counterpart specimens reinforced with 

BFRP-1. The corresponding slip encountered for the loaded and unloaded ends was 2.27 

mm and 0.2 mm, respectively. GC-2 specimen showed a maximum bond stress of 18.92 

with a corresponding slip of 1.71 mm and 0.05 mm at the loaded and unloaded ends, 

respectively. The bond stresses at the onset of slip were about 0.34 MPa (1.8% of τmax) 

and 11.98 MPa (63.3% of τmax) for the loaded and unloaded ends, respectively. The 

smaller slip values of specimens B2C-2 and GC-2 compared to those observed for the 

B1C-1 specimen indicated a better bond performance for the former bars and a higher 

stiffness.  

3.2.2 Descending branch of the bond-slip curve: 

 The three types of bars showed different behaviors after attaining the maximum 

bond stress and before the failure of the specimens’ bonds. Both B1C-1 and GC-2 

specimens exhibited a gradual decrease in their bond stress almost equal to 80% of the 

maximum stress achieved.  

 GC-2 specimen had a more ductile behavior as shown in Figure 12. The bond slip 

relationship was characterized by the existence of two peak loads. The first peak was 

encountered at a stress of 18.92 MPa with corresponding slip values for the loaded and 

unloaded ends of 1.71 mm and 0.05 mm, respectively. The second peak load occurred 

after a sudden drop in the stress to 16.05 MPa (84.83% of τmax).  

 A sudden drop in the bond stress accompanied with a small slip in the bar was 

encountered in the B2C-2 specimen (Figure 12 a). This was a typical failure for all 

unconditioned specimens reinforced with BFRP-2 bars. The sudden drop in stress of all 

BFRP-2 specimens explains the premature and abrupt mode of failure that was observed 

during the test. As shown in Figure 12 (b), the stress of specimen B2C-2 dropped to zero 

before the bar significantly slipped for about 8.64 mm. The stress then increased to 9 

MPa (34.9% of τmax) with no slippage observed in the bar followed by a bond failure and 

the bar being pulled out of the surrounding concrete.  
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3.2.3 Discussion of test results: unconditioned specimens       

3.2.3.1 Maximum bond stress of unconditioned specimens    

 The flow chart shown in Figure 13 illustrates a direct comparison of the 

maximum bond stresses attained by the tested specimens between the three different 

types of FRP bars. The bond stresses shown in the bar chart represent the average values 

of the test results obtained for three specimens from each FRP type. It can be seen that 

the specimens reinforced with BFRP-2 bars showed higher bond strength than BFRP-1 

and GFRP specimens. BFRP-2 specimens encountered an average maximum bond stress 

of 27.84 MPa compared to 20.65 MPa and 18.42 MPa for the BFRP-1 and GFRP 

specimens, respectively. Considering that all other parameters affecting the bond slip 

performance of the specimens were similar for all specimens, the high bond strength of 

the BFRP-2 specimens can be attributed to the type of the surface treatment of the 

specimens. This result confirmed the findings of Baena et al. [13] who concluded that 

sand-coated bars have better adhesion to concrete and show higher bond strength than the 

ribbed bars, which is the case in this current study. The ribbed GFRP specimens had a 

slightly smaller bond stress than that of the indented BFRP-1 specimens by 

approximately 10.7%.  

 
Figure 13: Comparison between bond stresses for BFRP and GFRP unconditioned specimens. 

3.2.3.2 Slip at maximum bond stress (Smax) of unconditioned specimens 

 Figure 14 (a) and (b) shows the average slip of the FRP bars at maximum bond 

stress for all tested specimens at the loaded and unloaded ends, respectively. BFRP-1 

specimens showed a higher Smax, slip at τmax, compared to the other two types of 

specimens at both ends. BFRP-2 specimens exhibited an average slip of 2.52 mm and 
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0.15 mm at the loaded and unloaded ends, respectively, compared to 4.97 mm and 2.57 

mm for BFRP-1 specimens. The higher slip values encountered in BFRP-1 specimens 

can be attributed to its smooth surface as compared to the BFRP-2 and GFRP specimens, 

which resulted in less adhesion and friction to the surrounding concrete. GFRP specimens 

exhibited a slip of 1.73 mm and 0.08 mm at the loaded and unloaded ends, respectively. 

Smax for GFRP specimens were about 68.7% and 53.3 % of the slips experienced by 

BFRP-2 specimens at the loaded and unloaded ends, respectively. Since a smaller τmax 

was attained by GFRP specimens, the slips will be smaller than BFRP-2 specimens’ slip. 

It is worth noting that BFRP-2 specimens exhibited significant displacement at the 

unloaded ends after the bond stresses dropped to zero. This is the point when the bars’ 

sand coating couldn’t resist the applied load and stripped from the core fibers. 

 
(a) 

 

 
(b) 

Figure 14: Comparison of slip at τmax between BFRP and GFRP unconditioned specimens at the                    

(a) loaded end, and (b) unloaded end. 



47 
 

3.2.3.3 Bond stress at onset of slip (τonset) of unconditioned specimens 

 The stress at the onset of slip is an important parameter that is worth considering 

when studying the bond performance of FRP bars. This is the stress at which the adhesion 

breaks between the bar and the surrounding concrete. The higher this stress the stronger 

is the adhesion between the bar and concrete. Figure 15 compares the average bond 

stresses at onset of slip at the loaded ends for the unconditioned specimens. BFRP-2 

specimens showed the higher adhesion stress for the three types of the tested specimens. 

It can be seen that the slip of BFRP-2 specimens initiated at an average stress of 0.52 

MPa representing about 2% of the ultimate bond stress achieved, compared to 0.41 MPa 

and 0.17 MPa for both BFRP-1 and GFRP specimens, respectively.  

 It is worth noting that these values were determined by the visual inspection of the 

bond-slip curves of the specimens, at the points where the slope of the ascending branch 

changes abruptly indicating the breakage of the bond between the bar and the 

surrounding concrete. 

 The adhesive bond stress was reported by previous researchers [13], [24] for 

GFRP and CFRP pullout specimens. Achillides and Pilakoutas [24] reported that the 

adhesive bond stress varied between 0.85 MPa and 0.50 MPa for both GFRP and CFRP 

bars with bar diameters of 8.5 mm and 13.5 mm, respectively. The tested bars had 

deformed surfaces created by the addition of a peel-ply on the surface of the bar during 

pultrusion [24]. The authors concluded that the adhesive bond strength depends only on 

the bar diameter rather than on the surface type of the bar or the type of fibers used 

during the bar’s manufacturing. This contradicts the findings of the current study where a 

large variation in the adhesive bond strength was encountered for the three types of the 

bars having similar diameters. The sand-coated BFRP-2 bars exhibited higher adhesive 

bond strength than the GFRP ribbed bars and the BFRP-1 indented bars (0.52 MPa 

compared to 0.41 and 0.17 MPa, respectively). This finding indicates that the surface 

treatment plays a major role in developing adhesive bond between the bar and the 

surrounding concrete. In the meantime, the adhesion values reported by Achillides and 

Pilakoutas [24] for both GFRP and CFRP bars are comparable to the values obtained in 

the current study for the BFRP-2 bars (0.52 MPa for nominal bar diameter of 12 mm).  
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Figure 15: Comparison of τonset, le between BFRP and GFRP unconditioned specimens. 

3.2.3.4 Failure mechanism of unconditioned specimens 

 All specimens failed in the pullout mode of the embedded bar with no signs of 

concrete deterioration around the bar. Some specimens exhibited a significant loss of 

their diameters after being pulled out of concrete. Table A - 1 shows the differences in 

bars’ diameters after pullout tests. 

 At the end of the tests, all specimens were split to observe the conditions of the 

bars and concrete in the embedment zone. Figure 16 shows the condition of selected 

specimens after failure; namely B1C-3, B2C-2, and GC-1. It was observed that the 

unconditioned B1C-3 specimen exhibited a partial delamination of the outer layer of the 

bar. The outer layer was split from the core of the bar and remained adhered to the 

surrounding concrete. Traces of this layer were found adhered all over the length of the 

embedment region with a noticeable concentration close to the unloaded end of the bar 

(Figure 16 a). In fact, the bar showed a significant reduction in its diameter in the 

embedment region of about 50%. This mode of failure indicates a weak adhesion 

between the layers of the bar, which has led to the loss of integrity and cohesion between 

the bar layers. The loss of the bar size indicates the deterioration of the bar’s layers while 

being pulled out of concrete. It’s also attributed to the manufacturing quality of the bars 

as failure was mainly governed by the shear stresses between the bar layers rather than 

between the bar and concrete.  

 B2C-2 specimen exhibited the removal of the sand coating layer as shown in 

Figure 16 (b). Delamination of the sand-coated layer was more uniform and consistent 

along the embedded portion of the bar. However, the coating removal was more 
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pronounced at the loaded end of the bar than at the unloaded end, which can be explained 

by the increase in stress at the loaded end. The uniform distribution of the delaminated 

layer confirms the sudden and abrupt drop in the applied load at failure as previously 

described in section 3.2.2. The diameter of specimen B2C-2 decreased by 12.9% after the 

sand-coated layer was stripped. 

 
(a) B1C-3 

 
(b) B2C-2 

 
(c) GC-1 

Figure 16: Pullout mode of failure for the unconditioned specimens. 

 For GC-1 specimen, white traces were observed on the concrete in the 

embedment zone, which indicates the crushing of the ribs during the pullout of the bars. 

All ribs were completely crushed as shown in Figure 16 (c). Traces of resin and fiber 

were clearly noticed on the concrete surface surrounding the embedded portion of the 

bars. This mode of failure is consistent with the ductile mode of failure observed for the 

specimens as can be witnessed from their bond-slip relationships. The demolition of the 

ribs during pullout had prevented the sudden drop in the load after attaining the 

Traces of adhered layer 

Loaded end 

Affected bar 
Sand coat traces 

Loaded end 

Loaded end Resin traces 

Affected bar 

Affected bar 
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maximum stress. It also confirms what has been reported by previous researchers that 

bond of ribbed bars is usually less than that of the sand-coated bars [13]. 

 It is worth noting that for all specimens, no deterioration in the surrounding 

concrete was observed. Unlike deformed steel bars, the bond of FRP bars to concrete is 

usually governed by adhesion and friction rather than bearing stresses between the bar 

and concrete. From the test results, bond development of the FRP bars was mainly 

attributed to the adhesion between the bar and concrete, specifically for the sand-coated 

bars (BFRP-2 specimens as an example). The ribbed bars develop their bond to concrete 

by both adhesion and mechanical interlock due to the existence of the ribs that play the 

role of lugs in deformed steel bars. 

3.3 Bond performance of conditioned specimens in different solutions 

 In this section, the results of the conditioned specimens are presented. The 

specimens of these groups were exposed to various exposure conditions for different 

durations as previously detailed in Chapter 2. In fact, significant variations in the 

compressive strengths of the concrete used in the specimens were encountered after being 

conditioned. This was determined by testing concrete cubes that were subjected to similar 

exposure conditions (refer to Chapter 2) at the day of testing. The results of concrete 

compressive strengths for all the tested cubes are shown in Table 7. 

 It can be observed that each exposure type and duration did affect the concrete 

strength differently. Specimens exposed to the acid solution experienced an initial 

increase in the concrete compressive strength that reached up to 74.0 MPa (unconditioned 

compressive strength was 60.0 MPa). This increase was attributed to the curing of 

concrete in its early stage. With the continuous immersion in the acid solution, the 

concrete strength gradually deteriorated to reach 64.5 MPa and 55.0 MPa after 60 and 90 

days, respectively. Ocean water exposure had a different effect on the concrete where the 

compressive strength increased to 81.5 MPa after 30 days of exposure then up to 84.8 

MPa after 60 days. Later, the concrete strength slightly reduced to 81.2 MPa (after 90 

days). 

 On the other hand, no deterioration was noticed for the concrete cubes immersed 

in alkaline solutions. The compressive strength changed from 60.0 MPa to 70.0 MPa, 

84.1 MPa, and 82.1 MPa after 30, 60, and 90 days of immersion, respectively. Water 
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exposure also enhanced the concrete compressive strength up to 81.8 MPa after 90 days 

of immersion. It can be noticed that the effect of 90 days of immersion in ocean water, 

alkaline solution, and tap water on the concrete compressive strength was comparable. 

Abbasi and Hogg [25] concluded that a significant increase in concrete strength occurs by 

increasing the curing process in water up to a few years. The high temperature exposure 

also showed a positive impact on the compressive strength of concrete cubes, increased 

up at 71.5 MPa after 90 days in the oven at 80
o
C. The combined effect of temperature 

followed by ocean water or tap water exposures also caused an increase in the concrete 

strength as illustrated in Table 7.  

Table 7: Concrete compressive strengths after environmental conditions 

Environmental condition Duration (days) f’c (MPa) 

Unconditioned - 60.0 

Acid solution 

30 74.0 

60 64.5 

90 55.0 

Ocean water 

30 81.5 

60 84.8 

90 81.2 

Alkaline solution 

30 70.0 

60 84.1 

90 82.1 

Tap Water 90 81.8 

Temperature 90 71.5 

Temperature - ocean water 60 - 30 78.6 

Temperature - tap water 60 - 30 80.3 

 Table 8 shows the average values of maximum bond stress, the average slip 

corresponding to the maximum stress, the bond stress at onset of slip, and the residual 

stresses at both loaded and unloaded ends attained by the conditioned specimens. The 

results of all specimens are also given in Table A - 2.  

3.3.1 Bond Performance of acid-conditioned specimens 

 The pattern of the bond-slip curves for the acid-conditioned specimens was 

similar to that of the control specimens. Only specimens reinforced with BFRP-2 and 

GFRP bars were conditioned in the acid solution. Bond-slip curves for representative 

specimens are shown in Figures 17 and 18. The ascending branch of specimen B2A-30-2 

shows a linear increase in the bond stress up to 21.31 MPa before dropping abruptly to 
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zero with a considerable energy release. This phenomenon resembles what was 

encountered for the control specimens. 

 The bond slips at the maximum stress for the loaded and unloaded ends were 1.46 

mm and 0.12 mm, respectively. The bond stresses at onset of slip for the loaded and 

unloaded ends were about 0.56 MPa (2.6 % of τmax) and 15.1 MPa (70.9 % of τmax), 

respectively. After the load dropped, loading resumed without any slippage until reaching 

a stress equal to 2.67 MPa (12.5% of τmax) and remained constant. At this stage, the bars 

slipped for few millimeters before the stress increased to 11.50 MPa (54.0% of τmax) with 

a small slippage at the loaded end and no slippage at the free end. Later at this stage, the 

bond failed and the bar slipped significantly. 

Table 8: Average bond test results of BFRP and GFRP specimens exposed to different solutions. 

Specimen 
τmax τmax /      Smax, fe Smax, le τons, le τons, fe τr, fe τr, le 

MPa      mm mm MPa MPa MPa MPa 

B2A-30 23.22 2.70 0.13 1.95 2.59 15.26 0.00 0.00 

B2A-60 22.92 2.85 0.25 1.96 0.72 12.78 1.37 1.37 

B2A-90 22.74 3.07 0.30 2.05 0.76 7.80 0.00 0.00 

GA-30 20.77 2.41 0.44 0.95 1.05 6.15 18.85 18.85 

GA-60 16.83 2.10 0.46 1.07 0.46 1.79 16.15 16.15 

GA-90 13.53 1.82 0.42 0.85 0.39 1.20 0.00 0.00 

B1S-90 19.58 2.17 3.18 4.77 0.03 3.42 15.41 15.41 

B2S-30 24.36 2.70 0.09 1.98 1.11 19.52 0.00 0.00 

B2S-60 25.67 2.79 0.19 1.90 0.82 9.45 0.00 0.00 

B2S-90 23.89 2.65 0.12 1.82 0.94 5.74 0.00 0.00 

GS-30 18.46 2.04 0.32 0.97 0.12 8.21 17.88 17.88 

GS-60 18.23 1.98 0.23 1.03 0.33 5.69 17.11 17.11 

GS-90 17.67 1.96 0.47 1.14 0.49 1.00 16.39 16.39 

B2K-30 26.21 3.13 0.13 3.04 1.27 5.00 0.00 0.00 

B2K-60 26.53 2.89 0.14 2.21 0.42 8.45 0.00 0.00 

B2K-90 24.32 2.68 0.13 2.22 0.52 21.15 0.00 0.00 

GK-30 18.75 2.24 0.31 1.54 0.51 9.18 18.50 18.50 

GK-60 18.30 2.00 0.40 1.14 0.51 9.83 16.70 16.70 

GK-90 18.17 2.01 0.53 1.53 0.56 11.97 17.63 17.63 

B1W-90 19.55 2.16 2.52 4.02 0.48 1.90 19.29 19.26 

B2W-90 24.25 2.68 0.25 2.04 0.84 15.21 0.00 0.00 

GW-90 18.73 2.07 0.30 0.83 2.71 11.27 19.77 19.77 

τmax = maximum bond stress; τmax /      = normalized bond stress; Suffix le and fe refer to loaded end and 

free end respectively; Smax, le and Smax, fe = slip corresponding at maximum stress; τons, le and τons, fe = bond 

stress at onset of slip; τr, le and τr, fe = residual bond stress. 
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(a) 

 

 

 
(b) 

Figure 17: Comparison of bond-slip curves between (a) B2A and (b) GA specimens at loaded end. 
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(a) 

 

 
(b) 

Figure 18: Comparison of bond-slip curves between (a) B2A and (b) GA specimens at unloaded end. 
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 On the other hand, specimen GA-30-1 had a maximum bond stress of 20.89 MPa. 

The corresponding displacements at the maximum stress for the loaded and unloaded 

ends were 1.24 mm and 0.53 mm, respectively. The bond stress decreased to 18.1 MPa 

(86.6% of τmax) and was accompanied with an explosive sound that was observed during 

the test. The bond stresses at onset of slip for the loaded and unloaded ends were about 

1.05 MPa (5.0% of τmax) and 6.77 MPa (32.4% of τmax), respectively. The bond stress 

then increased and exceeded τmax with a considerable amount of slip at both ends. When 

the slip reached 13.7 mm, the bond failed and the test was halted. 

 It is worth noting that specimens GA-30-2, GA-60-2, GA-90-1, and GA-90-3 

showed different patterns of bond-slip curve as shown in Figure 19 at the loaded end. 

These specimens failed by concrete splitting rather than by pullout, which defined the 

failure of all other specimens in the acid group. For instance, the bond strength for 

specimen GA-30-2 increased linearly until reaching a maximum value of 18.47 MPa 

(9.7% reduction compared to control specimens) followed by concrete splitting crossed 

the bonded region between the bar and the concrete (Figure 20). Later, the bar continued 

to slip while the stress gradually decreased.  

 

Figure 19: Comparison of bond-slip curves between split specimens (GA-30-2, GA-60-2, GA-90-1, 

and GA-90-3) at loaded end. 
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Figure 20: Concrete split pattern for specimen GA-30-2 

3.3.1.1 Discussion of test results: Acid-conditioned specimens 

 The effect of acid immersion on four main aspects, namely (a) the maximum bond 

stress, (b) the slip of the bar, (c) the adhesive bond stress, and (d) the failure mechanism 

are discussed in the following sections. These four aspects are important to understand 

the bond performance of the FRP bars exposed to an acid attack. 

3.3.1.1.1 Effect of acid immersion on maximum bond stress (τmax) 

 Figure 21 presents the variation in the bond strengths for both BFRP-2 and GFRP 

specimens over the three duration intervals of acid-immersion. BFRP-2 specimens 

experienced 16.6% reduction in bond stress after 30 days of immersion in acid solution. 

The rate of reduction in bond strength remained almost constant. The specimens 

exhibited a decrease in bond strength of 17.7% and 18.3% after 60 and 90 days of 

immersion, respectively. GFRP specimens, on the other hand, showed an increase in 

bond stress by 12.8% after 30 days of exposure, followed by strength reduction of 8.6% 

and 26.5% after 60 and 90 days of immersion, respectively.  

 It is important to note that the compressive strength of concrete increased after 30 

days of acid immersion as previously discussed (Table 7). The concrete compressive 

strength plays a major role in the development of the bond stress of FRP bars to concrete. 

By increasing the concrete strength, a result occurs in increasing the bond strength 

between the bars and the surrounding concrete. The test results showed that the bond 

strength of the BFRP-2 bars to concrete has dramatically decreased after 30 days of acid 

immersion (16.6% reduction in the bond strength) despite the fact that the concrete 
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compressive strength increased. This indicates that the dominant factor in decreasing the 

bond strength is the type of the FRP bar rather than the surrounding concrete. 

 
Figure 21: Comparison of bond stresses between BFRP-2 and GFRP specimens exposed to acid 

solution for different durations of time. 

 In other words, the decrease in the bond strength in BFRP-2 specimens is 

attributed to two main aspects that were observed during the tests:  

(a) The deterioration of the embedded BFRP-2 bars due to acid attack. It was clearly 

observed that deterioration occurred as was seen with the brownish traces observed 

in the embedment zone after splitting the concrete specimens. These traces can be 

attributed to the reaction between the acid solution and the constituents of the BFRP-

2 bars. Reactions between the basalt fiber and acid solution have been previously 

reported by many authors [26], [27]. Mingchao et al. [28] reported on the weak 

resistance of basalt fibers to acid attack. 

(b) The loss of adhesion between concrete and the BFRP-2 bars as a result of the 

dissipation of acid inside the concrete specimen, which has led to the creation of 

voids between the bars and the surrounding concrete. Creation of these voids can be 

attributed to the reaction between the acid and concrete or the acid and the bars. 

 The reaction between acid and concrete, in addition to the deterioration of the 

BFRP-2 bars, counteracted the increase in the compressive strength of concrete after 30 

days of exposure, leading to a loss rather than an increase in its bond strength. This 

phenomenon was less pronounced in the case of GFRP specimens. It was established that 

glass fibers are more resistive to acid attack than the basalt ones; therefore, the slight 

increase observed in the bond strength of the GFRP reinforced specimens after 30 days of 
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acid immersion can be attributed to the enhancement in the compressive strength of 

concrete surrounding the bars. 

 Both types of specimens that were exposed to 60 and 90 days of acid immersion 

suffered a decrease in their bond strength. This decrease was more pronounced in the 

GFRP reinforced specimens than in the BFRP-2 specimens. For GFRP specimens, this 

decrease was attributed to the continuous decrease in the compressive strength of 

concrete, which led to the loss of bond of the GFRP bars. On the other hand, the decrease 

of bond strength in the BFRP-2 specimens was insignificant and negligible despite the 

loss of concrete strength (23.22 MPa, 22.92 MPa, and 22.74 MPa for 30, 60, and 90 days 

of exposure, respectively). This indicates the presence of an influencing factor that has 

affected the bond performance of these specimens other than the concrete strength. In 

fact, this factor has counteracted the effect of concrete deterioration due to acid attack. 

This can be explained by the increase in the bar diameter leading to the swelling of the 

bar during conditioning, which resulted in an increase in the friction between the bars and 

surrounding concrete and consequently an increase in the measured bond strength. It can 

also be attributed to the existence of the reaction products that increased the friction 

resistance while pulling the bar during the test. 

 To eliminate the variation effect of the concrete compressive strength throughout 

the exposure durations, the maximum bond stress attained by each specimen was 

normalized with respect to its corresponding concrete strength. The normalized stresses 

were determined by dividing the bond stresses by the square root of the concrete 

compressive strength for each set of specimens. Figure 22 shows the normalized 

maximum bond stress for both BFRP-2 and GFRP reinforced specimens. 

 The normalized maximum bond stress of BFRP-2 specimens in the acid solution 

showed a significant drop after 30 days of acid immersion before a slight increase after 

60 and 90 days of immersion. On the other hand, the bond strength of GFRP specimens 

showed a gradual decrease with time. The decrease in bond strength of BFRP-2 

specimens after 30 days of acid immersion indicates the detrimental effect of acid on the 

bars. This effect was less pronounced in the case of GFRP bars as previously explained. 

The subsequent increase in the bond strength of the BFRP-2 bars indicates the existence 

of another parameter that might have influenced the bond performance of the bar. This 
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parameter could be the friction that was developed between the bars and concrete due to 

the existence of products that resulted from the reaction between the bars and the acid or 

between the acid and concrete. The effect of these products was not pronounced in the 

case of GFRP bars due to the resistance of GFRP bars to acid attack, which explains the 

decrease in the bond stress with time.  

 
Figure 22: Comparison of normalized bond stresses between BFRP-2 and GFRP specimens exposed 

to acid solution for different durations of time. 

3.3.1.1.2 Effect of acid immersion on the bar slippage at τmax (Smax) 

 Figure 23 (a) presents a comparison between the slip corresponding to τmax for 

different acid-immersed specimens and the unconditioned specimens at the loaded end. 

The bar slip corresponding to the maximum bond stress of the BFRP-2 conditioned 

specimens was 1.95 mm, 1.96 mm, and 2.05 mm after 30, 60, and 90 days immersion in 

the acid solution, respectively. The results indicate that the reported loss of bond after 30 

days of acid immersion was accompanied by a decrease in the amount of slippage at the 

loaded end of the BFRP-2 bars. The variation in slip values after longer immersion time 

was negligible at the loaded end as can be seen in the same figure. This was also the case 

for the GFRP reinforced specimens. An insignificant change in slip was recorded after 60 

and 90 days as compared to the 30 days results. The recorded slip at the unloaded ends 

was also insignificant as illustrated by the bar chart in Figure 23 (b). 

3.3.1.1.3 Effect of acid immersion on the adhesive bond stress (τonset)  

 Figure 24 compares the bond stresses at onset of slip, τonset, at the loaded end 

between both types of FRP specimens. Thirty-day specimens exhibited a significant 

increase in τonset compared to the control specimens (1.70 MPa and 1.05 MPa for BFRP-2 



60 
 

and GFRP specimens, respectively, compared to 0.52 MPa and 0.41 MPa for the control 

specimens). This increase indicates that the adhesive stress of both types of bars was 

greatly influenced by the acid immersion, which can be attributed to the increase in the 

compressive strength of concrete after conditioning. The strength is quickly deteriorated 

after longer exposure in acid as a result of the deterioration of the bar (and concrete) as 

previously explained. BFRP-2 specimens exhibited similar adhesive stress (0.72 MPa and 

0.76 MPa) after 60 and 90 days of acid exposure, respectively, compared to 0.52 MPa for 

the unconditioned specimens. GFRP specimens exhibited 0.46 MPa and 0.39 MPa 

adhesive stresses after 60 and 90 days of exposure, respectively, with not much variation 

from the adhesive stress exhibited for the control specimens (0.41 MPa). 

 

(a) 

 

 
(b) 

Figure 23: Comparison of slip at τmax between BFRP-2 and GFRP specimens exposed to acid solution 

for different durations of time at (a) loaded end, and (b) unloaded end. 
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Figure 24: Comparison of τonset, le between BFRP-2 and GFRP specimens exposed to acid solution for 

different durations of time. 

3.3.1.1.4 Effect of acid immersion on failure mechanism  

 All BFRP-2 specimens exposed to acid immersion failed by pullout of the 

embedded bar. Figure 25 shows the conditions of representative specimens (B2A-30-3, 

B2A-60-2, and B2A-90-2) after failure. Specimen B2A-30-3 exhibited the removal of the 

sand-coated layer that adhered to the surrounding concrete. Partial delamination of the 

sand layer was observed along the embedded portion of the bar. In all BFRP-2 

specimens, a brownish color was observed in the embedded zone, which indicates the 

diffusion of the acid solution in the embedded zone. The brownish color was more 

pronounced in the specimens immersed for 60 and 90 days. In addition, colored spots 

were observed on the bar indicating the existence of reaction products on the bar surface. 

This finding supports the hypothesis that the acid solution diffused in the embedded zone 

and reacted with the basalt bars. 

 For the GFRP specimens, two types of failures were observed. Specimens (GA-

30-2, GA-60-2, GA-90-1, and GA-90-3) failed by concrete splitting while all other 

specimens failed by pullout of the bar from the surrounding concrete. Figure 26 shows 

the conditions of the bar and concrete at the end of the test for specimens that exhibited 

pullout failure. It was observed that the ribs were completely eaten away at the surface of 

the bar with white traces of resin and fibers could be seen on the concrete at the location 

of the bar. In some specimens, ribs were partially crushed as shown in Figure 26 (b) for 

the specimen GA-60-1. No signs of concrete deterioration were observed around the bar. 

Besides, no traces of acid attack could be observed. 
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 GFRP specimens that failed with the occurrence of a concrete split showed minor 

scratches on the bar while major portions of the ribs could still be observed (Figure 27). 

No signs of acid attack and no deterioration of concrete were noticed. 

 
(a) 

 
(b) 

 

 
(c) 

Figure 25: Pullout mode of failure for the acid exposure BFRP-2 specimens for different durations of 

time: (a) B2A-30-3, (b) B2A-60-2, and (c) B2A-90-2. 

(a) 
 

(b) 

Figure 26: Pullout mode of failure for the acid exposure GFRP specimens after 30 and 60 days:       

(a) GA-30-3, and (b) GA-60-1. 
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(a) 

 
(b) 

 

 
(c) 

Figure 27: Split behavior for acid exposure GFRP specimens after 30, 60, and 90 days, of exposure:                 

(a) GA-30-2, (b) GA-30-2, and (c) GA-90-1. 

3.3.2 Bond Performance of ocean water-conditioned specimens 

 Twenty-seven specimens were fully immersed in ocean water for 30, 60, and 90 

days before being pulled out. BFRP-1 bars were conditioned for 90 days while BFRP-2 

and GFRP specimens were conditioned for 30, 60, and 90 days. The following sections 

discuss the effect of such exposure on the bond performance of the bars. Bond test results 

are listed in Table 8. 

 Figures 28 and 29 show the bond-slip curves for selected specimens exposed to 

ocean water at both loaded and unloaded ends, respectively. Similar curve patterns were 

noticed for all specimens with the same type of fibers. The ascending branch of specimen 

B1S-90-3 increased until reaching 20.84 MPa (τmax). Measured slip at maximum stress 

for loaded and unloaded ends were 4.87 mm and 3.22 mm, respectively. After attaining 

τmax, the bond stress dropped gradually as shown in the plots indicating a ductile behavior 

where large bar slippage occurred. 

Loaded ends 

GA-90-1 

GA-30-2 GA-60-2 

Loaded ends 
Loaded ends Partial removal 

of outer layer 

Partial removal 
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(a) 

 
(b) 

 
(c) 

Figure 28: Comparison of bond-slip curves between (a) B1S, (b) B2S, and (c) GS at loaded end. 
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(a) 

 
(b) 

 
(c) 

Figure 29: Comparison of bond-slip curves between (a) B1S, (b) B2S, and (c) GS at unloaded end. 
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 On the other hand, the ascending branch of specimen B2S-90-1 increased linearly 

reaching a bond stress 22.62 MPa before the load dropped significantly to zero with huge 

energy release (same pattern of control specimens). Measured slip at maximum bond 

stress for the loaded and unloaded ends were 2.08 mm and 0.14 mm, respectively. After 

the load dropped, slight slippage occurred and the loading resumed with partial slippage 

at the loaded end until it reached a bond stress equal to 9.54 MPa (42.2% of τmax). The 

slope of the curve then decreased while the load increased to 15.2 MPa (67.2% of τmax). 

The bond then failed and the bar slipped significantly.  

 The bond stress of specimen GS-90-3 increased linearly up to 19.24 MPa. A 

sudden drop occurred to 17.03 MPa (88.5% of τmax) before the bond was resumed. The 

slip at maximum stress for the loaded and unloaded ends was 1.17 mm and 0.43 mm, 

respectively. Prior to failure, the bond stress increased to a value of 22.4 MPa before the 

test was halted. 

3.3.2.1 Discussion of test results: Ocean water-conditioned specimens 

 In the following sections, the effect of ocean water on the bond performance of 

different specimens is discussed. It is important to recall that the compressive strength of 

concrete cubes were changed (Table 7). In fact, the effect of concrete exposure to saline 

was significant if compared to the immersion results in the acid solution. The concrete 

strength increased by more than 35% and 41% after 30 and 60 days, respectively. After 

90 days of immersion, the concrete strength almost stabilized after reaching 81.2 MPa. 

3.3.2.1.1 Effect of ocean water on maximum bond stress (τmax) 

 Figure 30 presents the variation in the bond strength of the BFRP and GFRP 

specimens. The BFRP-1 specimens experienced a slight reduction in bond strength (about 

5.2% after 90 days of immersion). On the other hand, the BFRP-2 specimens exhibited 

12.5%, 7.8%, and 14.2% reduction after 30, 60, and 90 days of exposure, respectively. 

This reduction occurred despite the significant increase in the concrete strength of the 

immersed concrete. It is well recognized that increasing the concrete strength enhances 

the bond strength of FRP bars. This reduction in bond strength can be attributed to the 

penetration of the solution between the bar and the surrounding concrete. It can also be 

attributed to the reaction between the bar layers and the ocean solution. It is suggested 
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that, after 30 days of immersion, the solution penetrated the concrete cubes and weakened 

the outer surface of the BFRP-2 bars. 

 This deterioration counteracted the increase in the concrete strength up to 81.5 

MPa as compared to 60 MPa for the control specimens. After 60 days, the deterioration 

of the bar had less influence on the bond strength than the concrete strength that 

increased to 85 MPa. This explains the increase in bond after 60 days of exposure. After 

90 days, the slight decrease in the concrete strength caused the decrease in the bond 

strength to 23.89 MPa. On the other hand, GFRP specimens showed insignificant 

variations in the bond strength due to ocean immersion. However, considering the 

significant increase in the concrete strength, one can conclude that the immersion in the 

ocean solution also affected the bond performance of the GFRP specimens but with a less 

degree if compared to the BFRP-2 specimens. 

 
Figure 30: Comparison of bond stresses between BFRP and GFRP specimens exposed to ocean water 

for different durations of time. 

Figure 31 presents the normalized values of the bond strength of the BFRP and 

GFRP specimens with respect to the square root of the corresponding concrete 

compressive strength. The BFRP-1 specimens experienced a reduction in the bond 

strength of 18.7% after 90 days of immersion. The BFRP-2 specimens exhibited a 

considerable reduction in their strength at early stages (after 30 days). The specimens 

encountered 24.8%, 22.3%, and 26.2% reduction after 30, 60, and 90 days of exposure, 

respectively. Similar results were also experienced in the case of the GFRP specimens. 

The GFRP specimens showed the largest reduction in their bond strength after 30 days of 

exposure (about a 14.3% decrease) before being stabilized. This can be attributed to the 
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penetration of solution between the bars and the concrete. This finding suggested that 

BFRP-2 bars are more vulnerable to saline exposure than the GFRP bars. 

 
Figure 31: Comparison of normalized bond stresses between BFRP and GFRP specimens exposed to 

ocean water for different durations of time. 

3.3.2.1.2 Effect of ocean water on the bar slippage at τmax (Smax) 

 Figure 32 compares the slip at maximum stress, Smax, between all specimens at 

both loaded and unloaded ends. Bars’ slip at τmax for the BFRP-1 conditioned specimens 

decreased slightly from 4.97 mm to 4.77 mm. The conditioned specimens showed similar 

or slightly higher stiffness as compared to the control specimens. This slight increase in 

stiffness can be attributed to the increasing in compressive strength of the concrete that 

was encountered after conditioning. BFRP-2 specimens exhibited a noticeable reduction 

in Smax after 30 days of immersion before being stabilized (1.98 mm, 1.90, and 1.82 mm, 

for 30, 60, and 90 days, respectively). As shown in Figure 28 (b), the stiffness of the 

BFRP-2 specimens did not vary significantly after conditioning. On the other hand, the 

GFRP specimens showed a slightly higher stiffness after conditioning as shown in Figure 

28 (c). This can be attributed to the increase in concrete compressive strength for the 

conditioned specimens.  

 As shown in Figure 32 (b), the unloaded ends exhibited increasing slip for BFRP-

1 and GFRP specimens after 90 days (3.18 mm and 0.47 mm, respectively). A negligible 

change in Smax, fe for BFRP-2 specimens was observed after exposure for all durations 

compared to control specimens (0.15 mm). 
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(a) 

 
(b) 

Figure 32: Comparison of slip at τmax between BFRP and GFRP specimens exposed to ocean water 

for different durations of time at (a) loaded end, and (b) unloaded end. 

3.3.2.1.3 Effect of ocean water on the adhesive bond stress (τonset) 

 Figure 33 compares the bond stresses at onset of slip, τonset, for all groups at the 

loaded end. BFRP-1 specimens showed a significant increase (1.85 MPa) after 90 days of 

immersion. BFRP-2 specimens also exhibited an increase in τonset (1.11 MPa) after 30 

days of exposure before decreasing to 0.82 MPa and 0.7 MPa after being immersed for 

60 and 90 days, respectively. The early increase is attributed to the swelling of the bar 

due to immersion and also to the increase in the concrete strength that counteracted the 

deterioration of the outer surface of the bar. For longer exposure, the deterioration of the 

surface coating caused the decrease in the stress at onset of slip. GFRP specimens 

exhibited reduction in τonset (0.12 MPa) after 30 days of exposure, and then increased in 

the subsequent durations (0.33 MPa, 0.49 MPa, respectively). As discussed before, 

penetration of solution between the bars and the concrete surrounding caused the creation 

of voids along the contact surface.  
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Figure 33: Comparison of τonset, le between BFRP and GFRP specimens exposed to ocean water for 

different durations of time.  

 Figure 34 compares the normalized bond stresses at the onset of slip for all groups 

at the loaded ends. BFRP-1 specimens had a significant increase (0.21 √MPa) after 90 

days in the solution, which can be attributed to the swelling of the bars and therefore 

there was an increase of friction between the bars and the surrounding concrete.  BFRP-2 

specimens also exhibited an increase in normalized τonset (0.12 √MPa) after 30 days of 

exposure before decreasing (0.09 √MPa and 0.08 √MPa after 60 and 90 days, 

respectively). The early increase can be attributed to the swelling of the bars, resulting 

from an increase in friction resistance. After being exposed for long durations, the 

deterioration of the surface coating counteracted the swelling effect. GFRP specimens 

exhibited insignificant reduction in normalized τonset (0.01 √MPa) after 30 days of 

exposure, and then slightly increased after longer exposure durations. As previously 

discussed, penetration of solution between the bars and the concrete surface caused the 

creation of voids, which led to the loss of adhesion.  

 
Figure 34: Comparison of normalized τonset, le between BFRP and GFRP specimens exposed to ocean 

water for different durations of time. 
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3.3.2.1.4 Effect of ocean water immersion on failure mechanism 

 All specimens immersed in ocean water failed in the pullout of the embedded bar. 

As shown in Figure 35, it was observed that the B1S-90-2 specimen exhibited partial 

delamination of the outer layer of the bar. BFRP-2 bars immersed for 30 and 60 days 

exhibited removal of the sand coating layer only as shown in Figure 36 (a) and (b). After 

90 days of exposure, removal of internal fiber layers was observed; in addition to, the 

complete delamination of the sand-coating surface. This indicates that the penetration of 

salty water reached a deeper level inside the bars after 90 days, deteriorating the adhesion 

between the fibers and the resin surface (Figure 36 c). For GFRP specimens immersed for 

30 and 60 days (Figure 37 a and b), white traces were observed on the concrete surface in 

the embedment zone, as well as, the outer ribs were completely destroyed. This was 

similar to what have been noticed in the unconditioned specimens after failure. 

Specimens immersed for 90 days exhibited removal of resin, as well as, the adjacent fiber 

layers as shown in Figure 37 (c). 

 
Figure 35: Pullout mode of failure for the ocean water BFRP-1 specimens. 

3.3.3 Bond Performance of alkaline solution-conditioned specimens 

 Eighteen specimens (BFRP-2 and GFRP) were conditioned in an alkaline solution 

for 30, 60, and 90 days. Represented bond-slip relationships are shown in Figures 38 and 

39. It can be noticed that the patterns of bond-slip curves were similar to those of the 

unconditioned specimens.  At the loaded end, the ascending branch of specimen B2K-60-

1 increased linearly to 25.77 MPa. Then, the load dropped to zero with a huge energy 

release. The corresponding slip at the maximum stress for the loaded and unloaded ends 
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was 2.09 mm and 0.14 mm, respectively. The load then dropped to zero with a 3.0 mm 

slip at the loaded end before it resumed to 8.9 MPa (34.5% of τmax).  

 The bond stress for specimen GK-60-3 increased linearly until reaching 18.61 

MPa, followed by a 90% drop to reach a value 16.75 MPa. The slips at τmax for the loaded 

and unloaded ends were 1.28 mm and 0.18 mm, respectively. The bond stress then 

increased up to 18.8 MPa. The specimen was failed after exhibiting a large slip. 

 
(a) 

 
(b) 

 
(c) 

Figure 36: Pullout mode of failure for the ocean water BFRP-2 specimens after different durations of 

time, (a) B2S-30-2, (b) B2S-60-3, and (c) B2S-90-2. 
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(a) (b) 

 
(c) 

Figure 37: Pullout mode of failure for the ocean water GFRP specimens after different durations of 

time, (a) GS-30-1, (b) GS-60-2, and (c) GS-90-1. 

3.3.3.1 Discussion of test results: Alkaline conditioned specimens 

3.3.3.1.1 Effect of alkaline immersion on maximum bond stress (τmax) 

 Figure 40 presents the difference in bond strengths for the BFRP-2 and GFRP 

specimens. It is important to note that the compressive concrete strength increased after 

conditioning as shown in Table 7. After 30 and 60 days of immersion, the bond strength 

of the BFRP-2 specimens exhibited a slight reduction of 5.9% and 4.7%, respectively. 

The BFRP-2 specimens that were exposed to an alkaline solution for 90 days lost about 

12.6% of their bond strength. On the other hand, GFRP specimens didn’t show 

significant reduction in bond strength as compared to BFRP-2 specimens. The maximum 

reduction in the bond strength for GFRP bars was about 4.1% of that of the 

unconditioned specimens, recorded after 90 days of exposure. 
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(a) 

 

 
(b) 

Figure 38: Comparison of bond-slip curves between (a) B2K, and (b) GK specimens at loaded end. 
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(a) 

 
(b) 

Figure 39: Comparison of bond-slip curves between (a) B2K, and (b) GK specimens at unloaded end. 
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Figure 40: Comparison of bond stress between BFRP-2 and GFRP specimens exposed to alkaline 

solution for different durations of time. 

 It should be noted that the slight reduction in the bond strength for both BFRP-2 

and GFRP specimens was encountered despite the increase in the overall bond strength. 

This finding suggests that concrete strength is not the only dominant factor in developing 

the bond strength of the specimen immersed in an alkaline solution. Figure 41 presents 

the normalized values of the bond strength for BFRP-2 and GFRP specimens. BFRP-2 

specimens exhibited a considerable reduction in their strength at early stages (after 30 

days). The specimens experienced around 12.8%, 19.5%, and 25.3% reduction after 30, 

60, and 90 days of exposure, respectively. GFRP specimens showed a slight reduction in 

their bond strength after 30 days of exposure (about a 5.9% decrease) before being 

stabilized with a total reduction in the bond strength of 16.0% after 90 days of alkaline 

exposure. The reduction in the bond strength for both types of FRPs indicates the 

reactivity of the alkaline solution with the bars materials. The slight reduction in the bond 

strength of GFRP specimens compared to the BFRP-2 specimens indicates a higher 

resistivity of glass fibers to the alkaline environment. 

 
Figure 41: Comparison of normalized bond stresses between BFRP-2 and GFRP specimens exposed 

to alkaline solution for different durations of time. 
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3.3.3.1.2 Effect of alkaline solution on the bar slippage at τmax (Smax) 

 Figure 42 presents a comparison between the slip corresponding to τmax for all 

alkaline-exposed specimens at both loaded and unloaded ends. At the loaded ends, 

BFRP-2 specimens got an increase in Smax,le after 30 days of exposure to reach 3.04 mm. 

Then, the slip decreased with time (2.21 mm, 2.22 mm for 60 and 90 days exposures, 

respectively) as shown in Figure 42 (a). This variation in slip values associated with the 

variation in the bond strength presented in the previous section indicates that the stiffness 

of the bars was altered due to the alkaline immersion. This finding supports the fact that 

reaction between the alkaline solution and the BFRP-2 bars took place.   

 The slip of the GFRP specimens was slightly affected by the alkaline immersion, 

which indicates a more stable behavior of the GFRP bars in such exposure. However, 

discrepancies in the recorded slip values indicate the random effect of immersion on the 

slip of the bars. The GFRP specimens exhibited a slip of 1.54 mm and 1.14 mm after 30 

and 60 days of exposure, respectively, compared to 1.73 mm for the unconditioned 

specimens and 1.53 mm for the 90-days exposed specimens. No significant change on the 

free end slippage was recorded and is as shown in Figure 42 (b). 

3.3.3.1.3  Effect of alkaline immersion on the adhesive bond stress (τonset)  

 Figure 43 compares the bond stresses at onset of slip at the loaded ends for both 

types of specimens. BFRP-2 specimens exhibited an increase in τonset after 30 of exposure 

reaching 1.27 MPa compared to 0.52 MPa for the unconditioned specimens. This can be 

attributed to the increase in the concrete strength to 70 MPa after 30 days of immersion 

(Table 7). This adhesion stress significantly dropped to 0.42 MPa and 0.52 MPa after 60 

and 90 days of exposure. On the other hand, minor change in the adhesion strength of 

GFRP bars was encountered after 30 days of immersion in the alkaline solution (0.52 

MPa compared to 0.41 MPa for the unconditioned specimens). This finding was also 

observed by previous researchers who reported that the adhesion of sand-coated bars is 

considerably higher than that of the ribbed bars [29]. In addition, the sand-coated bars 

embedded in high strength concrete (similar to the conditioned concrete in this study) 

usually exhibit higher adhesion strength when compared to bars embedded in normal 

strength concrete. This explains the increase in adhesion of the sand-coated BFRP-2 bars 

after conditioning. 
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(a) 

 
(b) 

Figure 42: Comparison of slip at τmax between BFRP-2 and GFRP specimens exposed to alkaline 

solution for different durations of time at (a) loaded end, and (b) unloaded end. 

 
Figure 43: Comparison of τonset, le between BFRP-2 and GFRP specimens exposed to alkaline solution 

for different durations of time. 

 It is important to note that the adhesion of BFRP-2 bars dropped significantly to 

0.52 MPa after 90 days of immersion. This can be attributed to the counteract effect of 
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the reaction between the alkaline solution and the bar materials. Despite the increase in 

the concrete compressive strength, the reactivity of the basalt bars with the alkaline was 

more dominant in influencing the adhesion stress. 

 Figure 44 compares the normalized adhesion stresses for all groups of specimens 

at the loaded end. BFRP-2 specimens exhibited an increase in normalized τonset (0.15 

√MPa) after 30 days of exposure before decreasing to 0.05 √MPa and 0.06 √MPa after 60 

and 90 days, respectively. The early increase and the subsequent loss in adhesion 

suggested that the concrete strength is not the only dominant factor that affects the 

adhesion of the bars to concrete. Another factor that might influenced the adhesion of the 

bars is the high absorption of the BFRP-2 bars resulting in swelling of the bars and 

consequently an increase in adhesion to the surrounding concrete. After being exposed 

for long durations, the deterioration of the surface coating counteracted the swelling 

effect. GFRP specimens exhibited a slight increase in normalized τonset as shown (0.06 

√MPa after exposure). 

3.3.3.1.4 Effect of alkaline immersion on failure mechanism 

 All BFRP-2 and GFRP specimens exposed to the alkaline solution failed in 

pullout mode. Figures 45 and 46 show the conditions of selected specimens (B2K-30-2, 

B2K-60-1, B2K-90-3, GK-30-1, GK-60-2, and GK-90-2.) after the pullout tests.  

 

Figure 44: Comparison of normalized τonset, le between BFRP-2 and GFRP specimens exposed to 

alkaline solution for different durations of time. 

 The failure mechanism of all conditioned BFRP-2 specimens occurred by the 

delamination of the sand-coated layer. This failure mechanism was obvious after 30, 60, 

and 90 days of exposure. Due to the increase in the concrete strength, the failure of the 
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bars was governed by the inter-laminar shear between the layers of the FRP bar rather 

than the shear between the bar and concrete. This mode of failure is more pronounced in 

high strength concrete [29] as it is the case in the conditioned specimens of this study. 

This explains the presence of the resin layers attached to the concrete surface as shown in 

Figure 45. A brownish color was also noticed in the conditioned specimens, which is 

most likely an indication of the absorption of the alkaline solution between the bar and 

the surrounding concrete. It could also indicate that a reaction took place between the 

solution and the constituents of the bar, which explains the loss of bond in the BFRP-2 

specimens. No visual deterioration of the concrete surface was noticed, which supports 

the fact that the inter-laminar shear between the bar layers is the governing factor and not 

the shear strength between the bar and concrete. 

 For the GFRP specimens (Figure 46), it was observed that all specimens showed 

similar behavior to the unconditioned specimens at failure where the bars’ ribs were 

completely broken and white traces of resin and fibers were obvious on the surrounding 

concrete surface. No signs of concrete deterioration around the bars were observed. 

 
(a) 

 
(b) 

 
(c) 

Figure 45: Pullout mode of failure for the ocean water BFRP-2 specimens after different durations of 

time, (a) B2K-30-2, (b) B2K-60-1, and (c) B2K-90-3. 
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(a) (b) 

 

(c)      
Figure 46: Pullout mode of failure for the ocean water GFRP specimens after different durations of 

time, (a) GK-30-1, (b) GK-60-2, and (c) GK-90-2. 

3.3.4 Bond performance of tap water-conditioned specimens     

 Three types of specimens (BFRP-1, BFRP-2 and GFRP) were immersed in tap 

water for 90 days at normal temperature. Bond-slip curves for selected specimens are 

shown in Figures 47 and 48 at both loaded and unloaded ends. As seen from the plots, 

each specimen behaved differently. The BFRP-1 and GFRP reinforced specimens 

showed a more gradual slip increase with the increase of the applied pullout load. Post 

peak bond-slip relationship also showed a gradual slip of the bar and a ductile failure 

associated with large slip recorded. This was not the case in BFRP-2 specimens that 

showed a sharp ascending branch and an abrupt energy release after attaining the 

maximum stress. It is important to note that the patterns of the bond-slip curves for all 

specimens were similar to their corresponding unconditioned specimens.  
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GK-90-2 
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(a) 

 
(b) 

 
(c) 

Figure 47: Comparison of bond-slip curves between (a) B1W, (b) B2W, and (c) GW specimens at 

loaded end. 
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(a) 

 

(b) 

 
(c) 

Figure 48: Comparison of bond-slip curves between (a) B1W, (b) B2W, and (c) GW specimens at 

unloaded end. 
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3.3.4.1 Discussion of test results: Tap water conditioned specimens 

3.3.4.1.1 Effect of tap water on maximum bond stress (τmax) 

 Figure 49 presents a comparison between the bond strength of the unconditioned 

and tap water-conditioned specimens. It is worth mentioning that the concrete 

compressive strength increased by 36.25% reaching 81.75 MPa after being immersed in 

tap water for 90 days (Table 7). This was attributed to the long curing time of concrete. 

The bond strengths of BFRP-1 and GFRP specimens did not change considerably as can 

be seen from the plots despite the increase in concrete strength. BFRP-2 specimens 

exhibited a small reduction in the bond strength (about a 12.9% decrease). This evidence 

suggests that deterioration in the bond strength occurred even without the presence of 

chemicals as investigated in previous exposure types. 

 
Figure 49: Comparison of bond stress between BFRP and GFRP specimens immersed in tap water 

for 90 days. 

 Figure 50 shows the normalized bond strength for the specimens. As can be seen 

from the plots, the bond strength of BFRP-1 and BFRP-2 specimens was reduced by 

19.1% and 25.3%, respectively, after water immersion while the bond strength of GFRP 

specimens was reduced by 13.0%, as compared to the control unconditioned specimens. 

The reduction in the bond strength occurred despite the increase in the concrete strength 

after 90 days of immersion in tap water. These results show that concrete strength is not 

the only dominant factor in developing the bond strength of the specimen when immersed 

in water. In fact, when FRP bars absorbed the water during immersion, water molecules 

caused cracks in the resin matrix causing more absorption of water inside the matrix. 

Cracks that form on the surface layer of the FRP bar in contact with concrete make the 
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bar vulnerable to loss of bond to concrete. Based on the manufacturer’s data, BFRP-2 had 

the larger coefficient of moisture absorption (0.47%), which explains the larger reduction 

in bond strength of BFRP-2 specimens.  

 
Figure 50: Comparison of normalized bond stress between BFRP and GFRP specimens immersed in 

tap water for 90 days. 

3.3.4.1.2 Effect of tap water on the bar slippage at τmax (Smax) 

 For the loaded end shown in Figure 51 (a), maximum slippage at τmax for BFRP-1 

and BFRP-2 specimens was reduced approximately by 0.95 mm and 0.48 mm, 

respectively. Smax, le for GFRP specimens were reduced by 0.9 mm. The bonds’ stiffness 

of BFRP-1 and GFRP specimens increased while increasing the concrete compressive 

strength which, in turn, reduced the slip at τmax. For BFRP-2 specimens, the reduction in 

the maximum bond strength resulted in lowering the corresponding slip. For the unloaded 

end shown in Figure 51 (b), no significant changes were observed in the Smax, fe values for 

all types of specimens. 

3.3.4.1.3 Effect of tap water on the bond stress at onset of slip (τonset) 

 Figure 52 compares the bond stresses at the onset of slip for the loaded ends. The 

BFRP-2 specimens’ increase was negligible in τonset while the BFRP-1 and GFRP 

specimens showed a significant increase in τonset as shown in the plots. A similar trend 

was obtained in Figure 53 where the normalized adhesion stresses are compared. From 

these findings, it seems that the increase in the compressive strength, in addition to the 

swelling of the bars due to water immersion, both contributed in increasing the adhesion 

stresses of the bars to the surrounding concrete.  
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(a) 

 
(b) 

Figure 51: Comparison of slip at τmax between BFRP and GFRP specimens immersed in tap water 

for 90 days at (a) loaded ends (b) unloaded ends. 

 

 
Figure 52: Comparison of τonset, le between BFRP and GFRP specimens immersed in tap water for 90 

days at loaded end. 



87 
 

 
Figure 53: Comparison of normalized τonset, le between BFRP and GFRP specimens immersed in tap 

water for 90 days. 

3.3.4.1.4 Effect of tap water immersion on failure mechanism 

 The failure of all specimens occurred in a pullout mode. As previously noted, 

water immersion for 90 days enhanced the compressive strength of concrete, which 

resulted in more adhesion of the FRP bar to the surrounding concrete especially for the 

sand-coated bars (BFRP-2). Due to the increase in concrete strength, the failure of the 

bars was governed by the inter-laminar shear between the layers of the FRP bar and not 

by the shear between the bar and concrete. Water-immersed BFRP-1 bars got their resins 

adhered to the concrete and as a result the bars couldn’t be removed from the concrete as 

shown in Figure 54 (a). The sand-coating layer and indentations of BFRP-2 specimens 

were completely delaminated closer to the loaded end as shown in Figure 54 (b). At the 

unloaded end, the sand coating stripped and remained adhered to the surrounding 

concrete. 

 Figure 54 (c) shows the conditions of the GFRP bar and the surrounding concrete 

at failure. Resin and fiber traces can be seen in the embedded length of the bar with the 

ribs of the bars completely removed. 
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(a) 

 
(b) 

  
(c) 

Figure 54: Pullout mode of failure for the tap water BFRP and GFRP specimens, (a) B1W-90-3, (b) 

B2W-90-1, and (c) GW-90-1 after 90 days of immersion. 

3.4 Bond performance of conditioned specimens in high temperature  

 Table 9 shows the average values of maximum bond stress, corresponding 

average maximum slip, bond stress at onset of slip, and residual stress attained by the 

three types of specimens (BFRP-1, BFRP-2, and GFRP) stored inside the oven at 80
o
C 

temperature for 90 days.  

Table 9: Average bond test results of BFRP and GFRP specimens placed in 80
o
C oven for 90 days. 

Specimen τmax τmax       Smax, fe Smax, le τons, le τons, fe τr, fe τr, le 

 MPa      mm mm MPa MPa MPa MPa 

B1T 24.15 2.86 4.10 6.55 0.21 1.18 21.19 21.19 

B2T 26.84 3.17 0.13 2.76 0.64 9.15 0.00 0.00 

GT 20.77 2.46 0.57 1.49 0.73 8.29 20.75 20.75 
τmax = maximum bond stress; τmax /      = normalized bond stress; Suffix le and fe refer to loaded end and 

free end respectively; Smax, le and Smax, fe = slip corresponding at maximum stress; τons, le and τons, fe = bond 

stress at onset of slip; τr, le and τr, fe = residual bond stress. 

B1W-90-3 B2W-90-1 

GW-90-1 

Loaded end Resin traces 

Loaded end 

Sand coat traces 

Loaded end 

Resin and ribs traces 
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 All specimens showed similar trend in their ascending and descending branches 

of bond-slip curves compared to the control specimens as shown in Figures 55 and 56 at 

loaded and unloaded ends, respectively. For instance, the ascending branch of specimen 

B1T-3 increased linearly up to 23.94 MPa. The slip at the maximum stress for the loaded 

and unloaded ends was 5.50 mm and 3.00 mm, respectively. Similar pattern for the GT-2 

specimen was noticed. The ascending branch of the bond stress for the specimen 

increased linearly to 21.95 MPa with a slip of 1.81 mm and 0.38 mm at the loaded and 

unloaded ends, respectively. On the other hand, the ascending branch of specimen B2T-3 

increased linearly to a maximum bond stress of 26.38 MPa before the load dropped to 

zero. The slip at maximum stress for the loaded and unloaded ends was 2.39 mm and 

0.15 mm, respectively. Failure occurred in an abrupt and sudden manner. Slip at the free 

end increased to 9.5 mm immediately after reaching the maximum stress.  

3.4.1 Discussion of test results: Temperature conditioned specimens 

3.4.1.1 Effect of temperature on maximum bond stress (τmax) 

 Figure 57 presents the variation in bond strengths between BFRP and GFRP 

specimens. The concrete strength increased after this exposure by 19.2% reaching 71.5 

MPa (Table 7). Only BFRP-2 specimens showed a slight reduction in their bond strength 

(3.6% of the unconditioned strength) opposite to the other two groups (16.9% and 12.8% 

increase for BFRP-1 and GFRP specimens, respectively). These results show the stability 

of the BFRP matrix under relatively high temperatures. It is worth mentioning that the 

temperature to which the specimens were exposed was less than the glass transition 

temperature of the specimens, Tg, evaluated as 116
o 

C for the BFRP-2 bars. The increase 

in bond strength for BFRP-1 and GFRP can be attributed to the increase in compressive 

strength due to the longer curing time under increased temperatures.  

 Figure 58 presents the normalized bond strengths of BFRP and GFRP specimens. 

As previously mentioned, BFRP-2 specimens showed a slight reduction in their bond 

strength contrary to other specimens that showed a slight enhancement in their bond 

strength after the temperature exposure. The percentage of bond strength reduction was 

11.7% for the BFRP-2. Normalizing the effect of concrete strength suggested the 

presence of another factor that affected the bond strength of the bars. This might be the 

type of resin used during the manufacturing of the bar. 
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(a) 

 
(b) 

 
(c) 

Figure 55: Comparison of bond-slip curves between (a) B1T, (b) B2T and (c) GT specimens at loaded 

end. 
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(a) 

 
(b) 

 
(c) 

Figure 56: Comparison of bond-slip curves between (a) B1T, (b) B2T and (c) GT specimens at 

unloaded end. 
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Figure 57: Comparison of bond stress between BFRP and GFRP specimens exposed to 80

o
C 

temperature for 90 days. 

 

 
Figure 58: Comparison of normalized bond stress between BFRP and GFRP specimens exposed to 

80
o
C temperature for 90 days. 

3.4.1.2 Effect of temperature on the bar slippage (Smax) 

 Figure 59 compares the slip of FRP bars at maximum stress at both loaded and 

unloaded ends, respectively between the conditioned and unconditioned specimens. Smax 

for BFRP-1 and BFRP-2 specimens increased by 1.58 mm and 0.24 mm, respectively 

whereas, a slight reduction of 0.24 mm was recorded for GFRP specimens. For the 

unloaded end, BFRP-1 and GFRP specimens exhibited an increase in slip by 1.53 mm 

and 0.49 mm, respectively, while BFRP-2 specimens didn’t show any change in the 

recorded slip. 
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(a) 

 

 
(b) 

Figure 59: Comparison of slip at τmax between BFRP and GFRP specimens exposed to 80
o
C 

temperature for 90 days at (a) loaded end, and (b) unloaded end. 

3.4.1.3 Effect of temperature on the bond stress at onset of slip (τonset) 

 Figure 60 compares the adhesion stresses for all specimens at their loaded ends. 

Unlike GFRP and BFRP-2 specimens, which encountered an increase in their adhesion 

stresses compared to the unconditioned ones, no significant changes in τonset, le was 

observed for BFRP-1 specimens. Figure 61 compares the normalized stresses of the 

specimens. No significant changes in τonset, le was observed for all specimens. The results 

indicate that both concrete strength and resin types affected the adhesion of the bar to the 

surrounding concrete at various degrees.  
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Figure 60: Comparison of τonset, le between BFRP and GFRP specimens exposed to 80

o
C temperature 

for 90 days. 

 

 
Figure 61: Comparison of normalized τonset, le between BFRP and GFRP specimens exposed to 80

o
C 

temperature for 90 days. 

3.4.1.4 Effect of temperature on failure mechanism 

 The common failure mode encountered in all specimens was the bar pullout from 

the surrounding concrete. Failure modes did not change significantly from that of the 

unconditioned specimens. Failure of the bars was governed by the inter-laminar shear 

between the outer layers and the successive core layers of the bar. BFRP-1 bars showed 

partial delamination of their outer layer as shown in Figure 62 (a) and no deterioration in 

the core fibers was observed. For BFRP-2, the sand-coated layer was removed while the 

indentations were still noticeable on the bar as shown in Figure 62 (b). This indicates that 

high temperatures did not affect the fibers in the core of the BFRP-2 bar. Figure 62 (c) 

shows GT-3 specimen where the ribs were partially removed.  
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    (a) 

 
  (b) 

 
(c) 

Figure 62: Pullout mode of failure for the temperature exposure BFRP and GFRP specimens,         

(a) B1T-3, (b) B2T-3, and (c) GT-3. 

3.5 Bond performance of conditioned specimens in high temperature-

solutions 

 Table 10 shows average values of maximum bond stress, corresponding average 

maximum slip, bond stress at onset of slip, and residual stress at both loaded and 

unloaded ends. The three types of specimens (BFRP-1, BFRP-2, and GFRP) exposed to 

80
o
C temperature for 60 days then directly submerged in ocean water at 60

o
C or tap 

water at normal temperature for 30 days.  

3.5.1 Exposure to high temperature (60 days) and ocean water (30 days) 

 Bond-slip curves for selected specimens are shown in Figures 63 and 64 for the 

loaded and unloaded ends. The pattern of the bond-slip curves for BFRP-1 and GFRP 

were similar to those of the control specimens, while BFRP-2 showed a different 

behavior in the descending branch. The ascending branch of specimen B2TS-2 increased 

linearly to 17.97 MPa before the load dropped gradually to 13.7 MPa (76.2% of τmax) 

B1T-3 B2T-3 

GT-3 

Loaded end 

Partial removal of outer layer 

 Loaded end 

Sand coat removed 

Loaded end 

Partial removal of outer layer 

 



96 
 

accompanied with a bar slippage. The slip at maximum stress for the loaded and 

unloaded ends was 1.64 mm and 0.13 mm, respectively. The bond increased slightly to 

14.5 MPa (80.7% of τmax) and remained approximately constant until the end of the test. 

The pattern of the conditioned specimens was different than that of the unconditioned 

ones. The unconditioned specimens behaved more abruptly after reaching the maximum 

stress. This was accompanied by a loud explosion and the immediate loss of bond during 

the test. This was not the case in the conditioned BFRP-2 specimens where a more 

gradual behavior post the peak stress was encountered. It is also different than the other 

BFRP-2 conditioned specimens that were exposed to various solutions as explained in the 

previous sections. Exposure to temperature prior to the saline solution caused a softening 

in the BFRP-2 bars which resulted in a more gradual and ductile bond performance. This 

was pronounced at both the loaded and unloaded ends as seen in the plots. The BFRP-1 

and GFRP specimens did not show, after conditioning, a significant change in the pattern 

of their stress-slip curves.  

Table 10: Average bond test results of BFRP and GFRP specimens exposed to temperature-solutions. 

Specimen 
τmax τmax       Smax, fe Smax, le τons, le τons, fe τr, fe τr, le 

MPa      mm mm MPa MPa MPa MPa 

B1TS 21.37 2.41 1.98 4.31 0.39 1.69 19.03 19.03 

B2TS 19.19 2.17 0.13 1.63 0.97 7.02 15.17 15.12 

GTS 18.18 2.12 0.44 1.32 0.34 2.46 17.23 17.23 

B1TW 21.07 2.35 2.80 3.99 1.36 2.56 18.57 18.58 

B2TW 25.51 2.85 0.41 1.34 1.36 14.78 0.00 0.00 

GTW 19.96 2.23 0.44 1.42 0.44 6.32 18.00 18.00 

τmax = maximum bond stress; τmax /      = normalized bond stress; Suffix le and fe refer to loaded end and 

free end respectively; Smax, le and Smax, fe = slip corresponding at maximum stress; τons, le and τons, fe = bond 

stress at onset of slip; τr, le and τr, fe = residual bond stress.  

3.5.1.1 Discussion of results: Temperature-ocean water conditioned specimens 

3.5.1.1.1 Effect of temperature-ocean water on maximum bond stress (τmax) 

 Figure 65 shows the difference in bond strength between the BFRP and GFRP 

specimens. A slight increase in bond strength occurred for BFRP-1 and GFRP bonds, 

while BFRP-2 specimens exhibited a significant reduction of 31.1% of their bond 

strength despite the increase in the concrete compressive strength after exposure (78.6 

MPa). 
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(a) 

 
(b) 

 
(c) 

Figure 63: Comparison of bond-slip curves between (a) B1TS, (b) B2TS and (c) GTS specimens at 

loaded end. 
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Figure 64: Comparison of bond-slip curves between (a) B1TS, (b) B2TS and (c) GTS specimens at 

unloaded end. 
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Figure 65: Comparison of bond stress between BFRP and GFRP specimens exposed to 80

o
C 

temperature for 60 days followed by immersing in ocean water for 30 days. 

 Figure 66 shows the difference in the normalized bond strength for the BFRP and 

GFRP specimens. The plots show that BFRP-2 and GFRP specimens are the specimens 

that were least affected by such exposure. No significant loss in the bond strength of 

these specimens was encountered. On the other hand, BFRP-2 specimens exhibited a 

significant reduction by 39.6%. This decrease in all specimens indicates the deterioration 

of the surface coating of the bars that counteracted the increase in concrete strength. 

 
Figure 66: Comparison of normalized bond stress between BFRP and GFRP specimens exposed to 

80
o
C temperature for 60 days followed by immersing in ocean water for 30 days. 

3.5.1.1.2 Effect of high temperature-ocean water on the bar slippage (Smax) 

 Figure 67 shows the slip encountered at the loaded and unloaded ends, 

respectively. BFRP-1, BFRP-2, and GFRP specimens experienced reduction in Smax, le by 

0.65 mm, 0.89 mm, and 0.41 mm, respectively. At the unloaded ends, BFRP-1 exhibited 

a reduction in the corresponding slip contrary to the GFRP specimens. BFRP-2 

specimens didn’t show any change in the corresponding slip. 
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(a) 

 

 
(b) 

Figure 67: Comparison of slip at τmax between BFRP and GFRP specimens exposed to 80
o
C 

temperature for 60 days followed by immersing in ocean water for 30 days at (a) loaded end, and (b) 

unloaded end. 

3.5.1.1.3 Effect of high temperature-ocean water on the adhesive bond stress (τonset) 

 Figure 68 compares the bond stresses at the onset of slip for BFRP-1, BFRP-2, 

and GFRP loaded ends. BFRP-1 and BFRP-2 specimens exhibited an increase in τonset 

due to the increase in concrete strength. GFRP specimens didn’t show any significant 

change in τonset compared to the unconditioned specimens. 

 Figure 69 compares the normalized bond stress at the onset of slip for all 

specimens. The BFRP-1 and BFRP-2 specimens exhibited an increase in τonset, while the 

GFRP specimens didn’t show a significant change in τonset compared to the unconditioned 

specimens. 
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Figure 68: Comparison of τonset, le between BFRP and GFRP specimens exposed to 80

o
C temperature 

for 60 days followed by immersing in ocean water for 30 days. 

 
Figure 69: Comparison of normalized τonset, le between BFRP and GFRP specimens exposed to 80

o
C 

temperature for 60 days followed by immersing in ocean water for 30 days. 

3.5.1.1.4 Effect of high temperature-ocean water on failure mechanism 

 All specimens exposed to temperature and followed by ocean immersion failed in 

the pullout mode of the bars. The BFRP-1 bars had a partial removal from the epoxy 

coating as shown in Figure 70 (a), which indicates that the exposure didn’t affect the 

integrity between the fibers and the coating. For BFRP-2, the sand-coated layer and 

indentations were fully removed near the loaded end due to the high stress concentration. 

At the unloaded end, partial delamination of the layer was observed as shown in Figure 

70 (b). The exposure to temperature and saline water weakened the surface coating of the 

bars leading to such delamination. GFRP specimens had a similar failure mechanism to 

the unconditioned specimens with no indication of concrete deterioration around the bars 

(Figure 70 c). 
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(a) 

 
(b) 

  
(c) 

Figure 70: Pullout mode of failure for BFRP and GFRP specimens exposed to 80
o
C temperature for 

60 days followed by immersing in ocean water for 30 days: (a) B1TS-3, (b) B2TS-3, and (c) GTS-1. 

3.5.2 Exposure to high temperature (60 days) and tap water (30 days)  

 The patterns of the bond-slip curve were similar to the unconditioned specimens 

as shown in Figures 71 and 72 for most of the specimens. The only exception was that of 

the specimen B1TW-1 as shown in the plots. The bond increased to 24.34 MPa (τmax) 

with a slip at the maximum stress for loaded and unloaded ends of 3.36 mm and 1.95 

mm, respectively. A sudden drop in the load occurred to zero with an 8.2 mm slip at the 

loaded end. Then, the load resumed and the stress increased to 1.9 MPa (7.81% of τmax) 

without any bar slip. The stress thus remained constant while the bar slipped reaching 8.5 

mm followed by an increase in bond stress to 8 MPa (32.9% of τmax) to remain constant 

until the end of the test. After the test, it was realized that a separation between the fibers 

and the epoxy coating caused the significant load drop as shown in Figure 73.  

B1TS-3 B2TS-3 

GTS-1 

Loaded end 

Partial removal of outer layer 

 

Loaded end 

Sand and indentations removal 

Loaded end 

Resin traces 
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(a) 

 
(b) 

 
(c) 

Figure 71: Comparison of bond-slip curves between (a) B1TW, (b) B2TW, and (c) GTW specimens at 

loaded end. 
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(a) 

 
(b) 

 
(c) 

Figure 72: Comparison of bond-slip curves between (a) B1TW, (b) B2TW, and (c) GTW specimens at 

unloaded end. 
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 The ascending branch of specimen B2TW-2 increased linearly to 23.11 MPa 

before the load dropped to zero accompanied with bar slippage at both ends. The 

corresponding displacements at the maximum stress for the loaded and unloaded ends 

were 1.82 mm and 0.81 mm, respectively. On the other hand, the ascending branch of the 

bond stress for specimen GTW-2 increased to 18.38 MPa with slip of 2.28 mm and 0.43 

mm at the loaded and unloaded ends, respectively.  

 
Figure 73: Separation between the fibers and the epoxy coating. 

3.5.2.1 Discussion of test results: Temperature - Tap water conditioned specimens 

3.5.2.1.1 Effect of temperature - tap water on maximum bond stress (τmax) 

 Figure 74 compares the bond strength of the BFRP and GFRP specimens. The 

concrete strength increased to more than 80 MPa (more than 33.8% compared to the 

unconditioned concrete) as shown in Table 7. Despite such an increase in the concrete 

compressive strength, the BFRP-2 specimens experienced the highest reduction in their 

bond strength (about 8.4%), while BFRP-1 and GFRP specimens experienced an increase 

in bond by 2.0% and %8.4, respectively. Similar to the temperature – ocean water 

exposure, the decrease in τmax that BFRP-2 specimens experienced shows the 

deterioration of the surface coating of the bars that counteracted the increase in concrete 

strength. The BFRP-1 and GFRP specimens showed a higher resistance to such exposure.  

 Figure 75 shows the normalized bond strength for the BFRP and GFRP 

specimens. The results proved as with the previous finding that concrete is not the only 

condition to affect the bond strength of both BFRP and GFRP bars. 
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Figure 74: Comparison of bond stress between BFRP and GFRP specimens exposed to 80

o
C 

temperature for 60 days followed by immersing in tap water for 30 days. 

 
Figure 75: Comparison of normalized bond stress between BFRP and GFRP specimens exposed to 

80
o
C temperature for 60 days followed by immersing in tap water for 30 days. 

3.5.2.1.2 Effect of high temperature-tap water on the bar slippage (Smax) 

 Figure 76 (a) presents a comparison between the loaded end slip corresponding to 

τmax for the BFRP-1, BFRP-2, and GFRP specimens. All groups experienced a reduction 

in the corresponding slip at τmax. Smax, le for BFRP-1, BFRP-2, and GFRP reduced by 0.65 

mm, 0.89 mm, and 0.41 mm, respectively. Specimens BFRP-1 and GFRP displayed a 

stiffer behavior than that of BFRP-2 specimens. The later specimens experienced less 

stiffness than the unconditioned specimens as can be seen from the bond-slip patterns. 

 Oppositely, for the unloaded end shown in Figure 76 (b), Smax, fe increased up to 

2.8 mm, 0.41 mm, and 0.42 mm for BFRP-1, BFRP-2, and GFRP, respectively. This 

slight increase can be attributed to the deterioration of the bond near to the edge that was 

directly in contact to the temperature and water exposures. 
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(a) 

 
(b) 

Figure 76: Comparison of slip at τmax between BFRP and GFRP specimens exposed to 80
o
C 

temperature for 60 days followed by immersing in tap water for 30 days at (a) loaded end, and (b) 

unloaded end. 

3.5.2.1.3 Effect of temperature-tap water on the adhesive bond stress (τonset) 

 Figure 77 compares the bond stresses at onset of slip at the loaded ends for all 

specimens. BFRP-1 and BFRP-2 had a significant increase in τonset, while no change 

occurred for GFRP specimens. Adhesion stresses of BFRP-1 and BFRP-2 increased to 

1.36 MPa. The swelling of the bars and the increase in concrete strength can be seen as 

the major factors that affected the adhesion stress of these specimens. 

 Figure 78 compares the normalized bond stresses at onset of slip for loaded ends. 

BFRP-1 and BFRP-2 experienced a significant increase in τonset, while no change 

occurred for the GFRP specimens. τonset for BFRP-1 and BFRP-2 increased to 0.15 

√MPa.  
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Figure 77: Comparison of τonset, le between BFRP and GFRP specimens exposed to 80

o
C temperature 

for 60 days followed by immersing in tap water for 30 days. 

 
Figure 78: Comparison of normalized τonset, le between BFRP and GFRP specimens exposed to 80

o
C 

temperature for 60 days followed by immersing in tap water for 30 days. 

3.5.2.1.4 Effect of temperature–tap water exposures on failure mechanism 

 The failure mechanism of all conditioned specimens was controlled by the bar 

pullout of the surrounding concrete. It was observed that for specimens B1TW-1 the 

outer layer was stripped from the core fibers as shown in Figure 79 (a). A considerable 

decrease in the diameter of the bar was observed after tests. This happened because of the 

shear stresses due to the weakening of the bar’s inter-laminar resistance which could not 

resist the applied stresses. For B2TW-2, the sand coat and indentations were fully 

removed close to the loaded end and partially removed at the unloaded end as shown in 

Figure 79 (b). This confirms the deterioration of the bar that occurred after exposure 

leading to the loss of integrity of the bar. Figure 79 (c) shows the GTW-2 specimen after 

failure. It can be observed that the ribs were completely removed and adhered to the 

surrounding concrete similar to the unconditioned specimens. 
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(a) 

 
(b) 

  
(c) 

Figure 79: Pullout mode of failure for BFRP and GFRP specimens exposed to 80
o
C temperature for 

60 days followed by immersing in tap water for 30 days: (a) B1TW-1, (b) B2TW-2, and (c) GTW-2. 

  

B1TW-1 B2TW-2 

GTW-2 

Loaded end 

Full removal of coating 

Loaded end 

Full removal of the 

sand coating and 

indentations. 

Loaded end 

Epoxy and ribs removed 

Partial removal of 

the sand coating 

and indentations. 
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Chapter 4: General Comparison between Different Exposures 

 Figures 80 to 82 show a comparison between the effects of various exposures on 

the maximum bond strength and the adhesion stress for all specimens. The goal of such 

comparison is to quantify the bond performance of the tested specimens and to conclude 

the most aggressive environment on such performance. The focus on the maximum and 

adhesion stresses was driven by the significant influence of such quantities in design of 

FRP-reinforced concrete structures. Table 11 shows the percentages of bond strength 

reductions after exposing the specimens to different conditions for 90 days. 

Table 11: Average bond strength reduction for 90 days exposures specimens. 

Exposure type 
Bar type 

BFRP-1 BFRP-2 GFRP 

Acid solution - 14.5% 23.5% 

Ocean water 18.7% 26.2% 17.6% 

Alkaline solution - 25.3% 15.5% 

Tap water 19.1% 25.3% 13.0% 

Temperature 7.1% increase 11.7% 3.4% increase 

Temperature – ocean water 9.7% 39.6% 10.9% 

Temperature – Tap water 12.0% 20.6% 6.3% 

4.1 Effect of conditioning on BFRP-1 specimens 

 Figure 80 shows the effect of various exposures on the normalized maximum 

bond performance of BFRP-1 specimens with respect to the control specimens. The 

maximum bond reduced by 19.1%, 18.7%, 11.9%, and 9.7% after being exposed to tap 

water, ocean water, temperature then tap water, and temperature then ocean water, 

respectively, for various durations. Specimens subjected to tap water exhibited the 

highest decrease in strength while those subjected to temperature exhibited an increase in 

bond strength.  It can be concluded that all types of exposures, where water was involved, 

negatively affected the bond strength of BFRP-1 specimens. This finding suggests that 

BFRP-1 bars are vulnerable to humidity. Water molecules easily penetrated in the fiber-

resin matrix causing cracks and deterioration of the bars, which led to the bond loss as 
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seen from the plots. The loss of bond after immersion in different solutions varies in its 

degree depending on the type of solution used.  

 Unlike the bond strength of the BFRP-1 specimens, the adhesion of the bars to the 

surrounding concrete shows a significant discrepancy in behavior as shown in Figure 81. 

The normalized adhesion stress shows a significant increase for the ocean water 

specimens followed by the temperature – tap water ones, while the rest of condition 

exposures did not affect the adhesion stress significantly. It is worth noting that these 

values were obtained by visual inspection of the bond-slip curves at the loaded ends. 

Therefore, high accuracy of such values is hardly expected. However, the trend shows 

that almost all exposure conditions enhance the adhesion of the bars to the surrounding 

concrete. Eliminating the enhancement in concrete compressive strength after exposure, 

the early improvement in bond can be attributed to the swelling of the bars due to the 

absorption of water molecules after conditioning, which increases the bond strength at 

early stages of loading. This is supported by the fact that specimens subjected to 

temperature exposure did not encounter any enhancement in their adhesion stress. In 

addition, all “solution-exposed” specimens exhibited a loss of bond strength as previously 

explained.  

4.2 Effect of conditioning on BFRP-2 specimens 

 For BFRP-2 specimens, a decrease in the maximum bond strength was recorded 

as shown in Figure 81, with the largest loss occurred after the temperature – ocean water 

exposure (39.6% loss in strength as compared to the unconditioned specimens). The acid 

solution immersion for 30 days, temperature – tap water, and temperature exposures 

caused 24.8%, 20.6%, and 11.7% reduction in the bond strength, respectively. The 

discussion below focuses on the comparison between the various exposures, not on the 

duration of a specific exposure on the bond performance of the bars. 

 It can be observed that the most detrimental condition on the bond of BFRP-2 

bars to concrete is temperature exposure when followed by ocean water immersion (2.17 

√MPa compared to 3.59 √MPa for unconditioned specimens). One can observe that 

exposing the BFRP-2 specimens to ocean water alone or to high temperature alone has a 

detrimental effect. This effect becomes more harmful to the bond strength when both 

exposures are combined. Many factors can contribute to such performance including the 
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deterioration of the integrity of the bars due to temperature exposure in addition to the 

high absorption coefficient of the bar.  

 
(a) 

 
(b) 

Figure 80: Comparison between different exposures effects on BFRP-1 specimens.  

 The above finding suggests that BFRP-2 bars are vulnerable to high temperature 

when combined with a high humidity level. This can be attributed to the difference in 

thermal expansion coefficients between the BFRP-2 bars and concrete (2x10
-6

 and 10x 

10
-6

 /°C, respectively). As a result, micro-cracks developed between the BFRP bars and 

the surrounding concrete. When the specimen was immersed in the ocean water, the 

solution filled these cracks causing the separation of the bar and the loss of bond strength. 

 It is worth mentioning that the bond values after all exposures (except that of the 

temperature-ocean exposure) were comparable and ranged between 74% and 88% of the 

unconditioned value. Average bond retention of 81% can therefore be suggested for 

design purpose when the BFRP-2 bars are used.  
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(a) 

 
(b) 

Figure 81: Comparison between different exposures effects on BFRP-2 specimens. 

 Like the BFRP-1 results, the adhesion stress for BFRP-2 specimens showed some 

discrepancy with the highest value which occurred after 30 days of acid exposure. The 

acid exposure was one of the most aggressive solutions for concrete and BFRP-2 bars as 

previously explained. Traces of reaction products between the bar constituents and acid 

solution was observed after the tests. This early enhancement in adhesion stress of acid-

exposed bars was attributed to the existence of such products. Other condition exposures 

did not affect adhesion significantly.  

4.3 Effect of conditioning on GFRP specimens 

 The results of GFRP specimens are shown in Figure 82 for both maximum bond 

and adhesive stresses. Significant decreases in the maximum bond strength occurred after 
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the acid conditioning for 90 days (23.5 % loss of strength) and, with comparable values, 

after ocean water and alkaline exposures. It is well recognized that GFRP bars are 

vulnerable to acid and alkaline attacks, which was confirmed in this study. Tap water 

immersion, temperature – ocean water, and temperature – tap water exposures caused 

13.0%, 10.9%, and 6.3% reduction in the GFRP bond strength, respectively. However, an 

enhancement in bond strength was encountered after temperature exposure, as can be 

seen from the plots.  

 The stress at onset of slip exhibited the highest increase after tap water immersion 

followed by acid immersion for 30 days. Other exposures did not affect the adhesion of 

the bars significantly. 

 

(a) 

 
(b) 

Figure 82: Comparison between different exposures effects on GFRP specimens. 
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Chapter 5: Analytical Model of Bond-Slip Behavior 

 This chapter discusses an analytical model of the bond-slip behavior and the 

assessment of its validity to simulate the experimental results obtained from the pullout 

tests. Many formulations were found in the past for steel rods and these were successfully 

applied for conventional FRP bars [30]. These formulations have never been assessed in 

the use of BFRP bars. In the following, the well-recognized BPE model was calibrated 

based on the obtained test results. 

5.1 Eligehausen, Popov, and Bertero (BPE) Model 

 The BPE model was developed by Eligehausen et al. [31] for steel rods and has 

been successfully applied to the use of FRP bars. It consists of two equations for the 

ascending and softening branches of the bond-slip curve. For the serviceability state 

level, this study will investigate the ascending branch only which is described in the 

relationship: 

                                                                    
 

    
  

 

      
 
 

                                                         Eq. 3 

where, (τ max) is the maximum stress, (Smax) is the corresponding slip at the unloaded end, 

and α is a curve fitting parameter not greater than 1.0 to be physically meaningful.  

 The main objective of this comparison is to find a representative value of α for 

each type of FRP bars after exposing them to different environmental conditions. For the 

indented, grained covered, and ribbed bars, Cosenza et al. [30] concluded from different 

tests that the average α values are 0.177, 0.067, and 0.283, respectively. Table 12 shows 

the average values of α for each conditioning exposure. A comparison of the analytical 

curves obtained with the BPE model and representative experimental results (for 

unconditioned and 90-day conditioned specimens) is reported in Figure 83 (Appendix B). 

The parameter α has been evaluated by the curve fitting of the experimental data until the 

difference between the experimental and analytical curves was minimized.  

 Both BFRP-2 and GFRP bars exhibited zero slippage until reaching a value closer 

to the maximum bond stress. The BPE model showed a good simulation of the ascending 

branch of bond-slip curves. For the unconditioned BFRP-2 and GFRP specimens, a value 

of α = 0.015 is recommended. BFRP-1 unconditioned specimens have α = 0.220. BFRP-2 
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specimens exhibited the maximum effect on the ascending bond-slip curve after 90 days 

in an acid solution where α parameter increased to 0.650. For GFRP specimens, the 

maximum effect was after 90 days in an alkaline solution was α = 0.560. This indicates 

the high deterioration of adhesion between the concrete surrounding the bars and the bars 

themselves which results in a loss of bond’s stiffness. The BFRP-1 specimens showed 

stiffer behavior in all conditions except for the temperature – ocean water where α 

parameter was similar to the unconditioned specimens.  

 Safe design parameters of α are recommended for BFRP-1, BFRP-2 and GFRP 

bars after exposure conditions equal to 0.220, 0.250, and 0.560, respectively. An 

exception is noted for BFRP-2 bars that might be exposed to an acidic environment; here 

a higher value of α = 0.650 should be used.  

Table 12: Mean values for α parameter of different environmental exposures 

Type of exposure αBFRP-1 αBFRP-2 αGFRP 

Unconditioned 0.220 0.015 0.015 

Acid solution - 30 days - 0.100 0.185 

Acid solution - 60 days - 0.095 0.265 

Acid solution - 90 days - 0.650 0.450 

Ocean water - 30 days - 0.150 0.180 

Ocean water - 60 days - 0.180 0.193 

Ocean water - 90 days 0.163 0.080 0.530 

Alkaline solution - 30 days - 0.200 0.190 

Alkaline solution - 60 days - 0.175 0.150 

Alkaline solution - 90 days - 0.250 0.560 

Tap water - 90 days 0.168 0.150 0.180 

Temperature - 90 days 0.190 0.180 0.190 

Temperature - Ocean water 0.220 N/A 0.250 

Temperature - Tap water 0.167 N/A 0.230 
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Chapter 6: Conclusions and Recommendations 

6.1 Conclusions 

 In this study, a total of 104 unconditioned and conditioned pullout specimens 

were prepared and tested to evaluate the bond performance of FRP bars in terms of 

durability and strength. Three types of FRP bars were considered; namely (a) indented 

BFRP bars (BFRP-1), (b) sand-coated BFRP bars (BFRP-2), and (c) ribbed GFRP bars 

(GFRP). The diameters of the BFRP-1, BFRP-2, and GFRP bars used in this study were 

fixed to 11.1 mm, 12.3 mm, and 11.6 mm, respectively. Various conditioning exposures 

were investigated in this study, simulating the effect of an acid environment, ocean 

climate, concrete alkalinity, tap water, high temperature, and high temperature followed 

by immersing in solutions, on the bond durability of the FRP bars that were embedded 

inside the concrete. Tests results showed that factors affecting the bond behavior of 

conventional FRP bars have similar influence on the bond performance of BFRP bars. 

The bond-slip curves for both BFRP-1 and GFRP bars exhibited a similar trend described 

by an ascending branch up to the peak stress and a softening branch where slip hardening 

is noticed. On the other hand, BFRP-2 specimens showed a unique trend in the softening 

branch where they abruptly lose their bond to concrete after attaining their maximum 

bond stress. The well-recognized BPE model was utilized in this study and calibrated its 

validity to simulate the experimental results obtained from the pullout tests.  

In particular, the following conclusions may be drawn: 

1- Pullout of FRP bar was the dominant mode that characterized the failure of all BFRP 

unconditioned specimens. Failure was governed by the inter-laminar shear stress 

between the bar layers rather than the shear stress between the outer layer of the bar 

and the surrounding concrete. Conditioning to various exposures did not affect the 

mode of failure of the specimens nor their failure mechanism. No signs of concrete 

deterioration around the bars were observed in all tested specimens. 

2- Failure of GFRP specimens was characterized by the removal of the ribs along the 

contact embedded length. On the other hand, BFRP-1 and BFRP-2 exhibited various 

delamination degrees of their outer layers depending on the conditioning exposure. 

Acid, alkaline, saline, and water immersion caused deep delamination of BFRP-2 
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bars in which the outer layer and the subsequent layers were completely removed. 

This phenomenon was more pronounced at the loaded ends of the specimens exposed 

to long durations. 

3- BFRP-1 specimens showed discrepancy in their mode of failure where separation of 

the core layers of the bars due to the applied pullout load was observed in some 

specimens. This was more pronounced in specimens that were conditioned at high 

temperature inside an oven then followed by water immersion. This discrepancy in 

failure modes can be attributed to a loss of integrity between bar layers, most 

probably due to a poor manufacturing quality. 

4- Sand-coated unconditioned BFRP-2 reinforced specimens showed a higher bond 

strength compared to BFRP-1 and GFRP unconditioned specimens. The average 

bond strength of BFRP-2 was 27.84 MPa, compared to 20.65 MPa and 18.42 MPa 

for both BFRP-1 and GFRP specimens, respectively. 

5- BFRP-2 bars also showed a higher adhesion stress of 0.52 MPa compared to 0.17 

MPa and 0.41 MPa for BFRP-1 and GFRP specimens, respectively. This can be 

attributed to the sand coating of the outer surface of the BFRP-2 bar. This finding 

confirmed previous results reported by other researchers that sand-coated FRP bars 

demonstrate a better adhesion to concrete than bars having other surface treatments 

[13]. Achillides and Pilakoutas [24] concluded that the adhesive bond strength 

depends only on the bar diameter rather than on the surface coating of the bars or the 

type of fibers used during the bars’ manufacturing. This contradicts the findings of 

this study where a large variation in the adhesive bond strength was exhibited for the 

three types of the bars having similar diameters.  

6- The bond performance of the conditioned specimens compared to the unconditioned 

specimens was affected by three main factors, namely (a) variation in the concrete 

strength of the FRP-reinforced specimens, (b) the penetration of the solution in the 

bar matrix due to long immersion time frames, which resulted in a swelling of the bar 

and the development of micro cracks between the bar layers and/or between the bar 

outer layer and the surrounding concrete, and (c) a reaction between the solution and 

the bar constituents. The bond performance of the FRP bars was a result of the 

combined effect of such exposures. 
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7- Bond strength of all BFRP and GFRP specimens was greatly affected by the increase 

in compressive strength of concrete resulting from the long curing time to which 

concrete was exposed. Consequently, immersion of pullout specimens in 

conditioning solutions caused an increase in their bond strength. It is worth 

mentioning that acid exposure caused degradation in the concrete compressive 

strength. Therefore, normalized bond strengths were found necessary to facilitate the 

comparison between the conditioned specimens after eliminating the effect of 

concrete strength variation on the bond performance of the FRP bars.  

8- BFRP-1 retained between 81% and 90% of its bond strength after conditioning at 

various exposures with respect to the unconditioned specimens. These percentages 

varied to between 60.4% and 88.3% for the BFRP-2 specimens and between 76.5% 

and 94.1% for the GFRP specimens. It should be mentioned that these percentages 

do not include the effect of the concrete compressive strength as they were calculated 

based on normalized values. Moreover, BFRP-1 specimens were not exposed to 

alkaline or acid exposure conditions.    

9- BFRP-1 specimens subjected to tap water exhibited the highest decrease in the 

normalized bond strength compared to other types of exposures. This finding 

suggests that BFRP-1 bars are vulnerable to humidity. Water molecules are easily 

penetrated in the fiber-resin matrix causing cracks and deterioration of the bars, 

which leads to the bond loss of the bars. The loss of bond after immersion in 

different solutions varies in its degree depending on the type of solution used.  

10-  Temperature exposure followed by ocean water immersion was the most detrimental 

conditioning of the BFRP-2 specimens. These specimens lost about 39.6% of their 

normalized bond strength as compared to the unconditioned specimens. Immersion 

in acid solution for 30 days, temperature – tap water, and temperature exposures 

caused 24.8%, 20.6%, and 11.7% reduction in the bond strength, respectively. 

11-  BFRP-2 retained about 75% of its normalized bond strength after being immersed in 

alkaline solution compared to 84.5% for GFRP reinforced specimens. These 

retention values are important for the design purpose for FRP bars embedded in 

concrete at which the alkaline environment dominates.  
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12-  GFRP bars are vulnerable to acid and alkaline attacks. A significant decrease in the 

normalized maximum bond strength occurred after acid conditioning for 90 days 

(23.5% loss of strength). Tap water immersion, temperature – ocean water, and 

temperature – tap water exposures caused 13.0%, 10.9%, and 6.3% reduction in the 

GFRP bond strength, respectively. An enhancement in bond strength was 

encountered after temperature exposure. 

13-  For GFRP specimens, acid exposure shows a unique behavior where the bond 

stresses exceeded the concrete strength and resulted in splitting in concrete of some 

specimens.  

14-  Based on the experimental results, safe design values equal to 0.22, 0.25, and 0.56 

for the parameter α used in the BPE analytical model are recommended for BFRP-1, 

BFRP-2, and GFRP bars, respectively. Exception for BFRP-2 bars that might be 

exposed to acidic environment, a higher value of α = 0.65 should be used. 

 Finally, this study has moved toward enhancing our understanding of the 

durability of bond performance of BFRP bars. It should be noted that the obtained results 

are for the specific concrete used in this study. In general, BFRP bars showed bond 

performance comparable to that of the GFRP ones. More tests are needed to investigate 

other parameters that have not been tackled in this study. The following are further 

suggested areas of investigation to be considered.  

6.2 Recommendations 

Further research should be undertaken in the following areas: 

1- Consider the effects of other parameters that have not been included in this study 

such as concrete strength, concrete type, bar diameter, and concrete cover. 

2- Widen the scope of research on the bond of BFRP bars to include other types of 

commercially available BFRP bars with different coatings. 

3- Improve the interface bond between the outer and core layers of the bars. Bond 

strengths are directly related to material properties and surface characteristics of the 

bars. 

4- Study the effects of the same and other environmental exposures on the mechanical 

properties and bond strength of BFRP bars taking into account longer exposure 

durations. 
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5- Concentrating on the humidity effect on the BFRP bars since vulnerability was 

noticed to this factor. 

6- Develop standard procedures and tests to examine the durability of the FRP-

reinforced concrete structures and provide the manufacturers with detailed reports to 

improve the quality of FRP bars. 

  



122 
 

Bibliography 
 

[1]  American Concrete Institute (ACI) Committee 440, "Guide for Design and 

Construction of Concrete Reinforced with FRP Bars," American Concrete Institute, 

Farmington Hills, MI, USA, 2006.  

[2]  A. Biddah, "Structural reinforcement of bridge decks using pultruded GFRP 

grating," Composite Structures, vol. 74, no. 1, pp. 80-88, 2006.  

[3]  K. Van de Velde, P. Kiekens and L. Van Langenhove, "Basalt Fibres as 

Reinforcement for Composites," Zwijnaarde, 2003. 

[4]  M. Schürch and P. Jost, "GFRP Soft-Eye for TBM Breakthrough: Possibilities with 

a Modern Construction Material," Basler & Hofmann Singapore Pte Ltd., Singapore, 

2006. 

[5]  A. Palmieri, S. Matthys and M. Tierens, "Basalt fibres: mechanical properties and 

applications for concrete structures," Taylor & Francis Group, London, 2009. 

[6]  Mallick, PK, Composite Engineering Hankbook, New York, 1997, pp. 361-403. 

[7]  J. F. Davalos, Y. Chen and I. Ray, "Effect of FRP bar degradation on interface bond 

with high strength concrete," Cement & Concrete Composites, vol. 30, no. 8, pp. 

722-730, 2008.  

[8]  F. Ceroni, E. Cosenza, M. Gaetano and M. Pecce, "Durability issues of FRP rebars 

in reinforced concrete members," Cement & Concrete Composites, vol. 28, no. 10, 

pp. 857-868, 2006.  

[9]  B. Benmokrane and P. Cousin, "University of Sherbooke GFRP Durability Study 

Report," Quebec, Canada, 2005. 

[10]  O. Challal and B. Benmokrane, "Pullout and bond of glass-fiber embedded in 

concrete and cement grout," Materials and Structures, vol. 26, no. 3, pp. 167-175, 

1993.  

[11]  L. Taerwe, Non-Metallic (FRP) Reinforcement for Concrete Structures, London: E 

& FN Spon, 1995.  

[12]  W. C. Tang, T. Y. Lo and R. V. Balendran, "Bond performance of polystyrene 

aggregate concrete (PAC) reinforced with glass-reinforced polymer (GFRP) bars," 

Building and Environment 43, pp. 98-107, 2008.  

[13]  M. Baena, L. Torres, A. Turon and C. Barris, "Experimental study of bond 

behaviour between concrete and FRP bars using a pull-out test," Composites Part B: 

Engineering, vol. 40, no. 8, pp. 784-797, 2009.  

[14]  M. Harajli and M. Abouniaj, "Bond Performance of GFRP Bars in Tension: 

Experimental Evaluation and Assessment of ACI 440 Guidelines," Journal of 

Composites for Construction, vol. 14, no. 6, pp. 659-668, 2010.  



123 
 

[15]  X. Chang, G. Yue, H. Lin and C. Tang, "Modeling the pullout behavior of fiber 

reinforced polymer bars from concrete," Construction and Building Materials, vol. 

24, no. 4, pp. 431-437, 2010.  

[16]  N. Galati, A. Nanni, F. Focacci, L. R. Dharani and M. A. Aiello, "Thermal effects on 

bond between FRP rebars and concrete," Composites Part A: Applied Science and 

Manufacturing, vol. 37, no. 8, pp. 1223-1230, 2006.  

[17]  R. Masmoudi, A. Masmoudi, M. B. Ouezdou and A. Daoud, "Long-term bond 

performance of GFRP bars in concrete under temperature ranging from 20 C to 80 

C," Construction and Building Materials, vol. 25, no. 2, pp. 486-493, 2011.  

[18]  K. Laoubi, E. El-Salakawy and B. Benmokrane, "Creep and durability of sand-

coated glass FRP bars in concrete elements under freeze/thaw cycling and sustained 

loads," Cement and Concrete Composites, vol. 28, no. 10, pp. 869-878, 2006.  

[19]  J. Alves, A. El-Ragaby and E. El-Salakawy, "Durability of GFRP Bars’ Bond to 

Concrete under Different Loading and Environmental Conditions," Journal of 

Composites for Construction, vol. 15, no. 3, pp. 249-262, 2011.  

[20]  J. Zhou, X. Chen and S. Chen, "Effect of Different Environments on Bond Strength 

of Glass Fiber-Reinforced Polymer and Steel Reinforcing Bars," KSCE Journal of 

Civil Engineering, vol. 16, no. 6, pp. 994-1002, 2012.  

[21]  Q. Bi, Q. Wang and H. Wang, "Study on Bond Properties of BFRP Bars to Basalt 

Fiber Reinforced Concrete," Advanced Materials Research, Vols. 163-167, pp. 

1251-1256, 2011.  

[22]  T. Ovitigala and M. A. Issa, "Mechanical and Bond Strength of Basalt Fiber 

Reinforced Polymer (BFRP) Bars for Concrete Structures," Joaquim Barros & José 

Sena-Cruz (Eds), 2013.  

[23]  A. El Refai, "Durability and Fatigue of Basalt Fiber-Reinforced Polymer Bars 

Gripped with Steel Wedge Anchors," Journal of Composites for Construction, vol. 

17, no. 6, 2013.  

[24]  Z. Achillides and K. Pilakoutas, "Bond Behavior of Fiber Reinforced Polymer Bars 

under Direct Pullout Conditions," Journal of Composites for Construction, ASCE, 

vol. 8, no. 2, pp. 173-181, 2004.  

[25]  A. Abbasi and P. J. Hogg, "Temperature and environmental effects on glass fibre 

rebar: modulus, strength and interfacial bond strength with concrete," Composites 

Part B: Engineering, vol. 36, no. 5, pp. 394-404, 2005.  

[26]  B. Wei, H. Cao and S. Shenhua, "Environmental resistance and mechanical 

performance of basalt and glass fibers," Materials Science and Engineering: A, vol. 

527, no. 18-19, p. 4708–4715, 2010.  

[27]  B. Wei, H. Cao and S. Song, "Tensile behavior contrast of basalt and glass fibers 

after chemical treatment," Materials & Design, vol. 31, no. 9, pp. 4244-4250, 2010.  



124 
 

[28]  W. Mingchao, Z. Zuoguang and S. Zhijie, "The Hybrid Model and Mechanical 

Properties of Hybrid Composites Reinforced with Different Diameter Fibers," 

Journal of Reinforced Plastics and Composites, vol. 28, no. 3, pp. 257-264, 2009.  

[29]  F. S. Ahmad, G. Foret and R. L. Roy, "Bond between carbon fibre-reinforced 

polymer (CFRP) bars and ultra high performance fibre reinforced concrete 

(UHPFRC): Experimental study," Construction and Building Materials, vol. 25, no. 

2, p. 479–485, 2011.  

[30]  E. Cosenza, G. Manfredi and R. Realfonzo, "Behavior and Modeling of Bond of 

FRP Rebars to Concrete," Journal of Composites for Construction, vol. 1, no. 2, pp. 

40-51, 1997.  

[31]  R. Eligehausen, E. P. Popov and V. V. Bertero, "Local bond stress-slip relationships 

of deformed bars under genaralized excitations," in Proceedings of the 7th European 

Conference on Earthquake Engineering., 1983.  

 

  



125 
 

Appendix A 

Table A - 1: Bars’ diameters after the pullout test. 

Specimen 
Bar diameter after 

immersion 
mm 

B1C 6.2 

B2C 11.28 

GC 10.9 

B2A-30 11.61 

B2A-60 11.48 

B2A-90 11.1 

GA-30 11.19 

GA-60 11.28 

GA-90 11.2 

B1S-90 10.9 

B2S-30 11.55 

B2S-60 11.54 

B2S-90 11.2 

GS-30 11.35 

GS-60 11.24 

GS-90 11.04 

B2K-30 11.32 

B2K-60 11.10 

B2K-90 11.20 

GK-30 11.49 

GK-60 11.14 

GK-90 11.11 

B1W 11.4 

B2W 11.4 

GW 11.1 

B1T 11.2 

B2T 11.59 

GT 11.24 

B1TS 9.52 

B2TS 11.2 

GTS 11.21 

B1TW 8.1 

B2TW 11.38 

GTW 11.19 

 

 

 

 



126 
 

Table A - 2: Detailed bond test results for BFRP and GFRP specimens. 

Specimen 
Failure 

mode 

τmax τmax/     Smax, fe Smax, le τons, le τons, fe τr, fe τr, le 

MPa      mm mm MPa MPa MPa MPa 

B1C-1 P 18.51 2.39 2.87 4.84 0.32 2.88 12.8 12.74 

B1C-2 P 18.98 2.45 0.81 4.41 0 2.27 16.5 16.2 

B1C-3 P 24.46 3.16 2.26 5.67 0.2 1.49 22 22 

B2C-1 P 26.39 3.41 N/A N/A N/A N/A N/A N/A 

B2C-2 P 25.8 3.33 0.2 2.27 0.5 16.24 0 0 

B2C-3 P 28.48 3.68 N/A N/A N/A N/A N/A N/A 

B2C-4 P 28.02 3.62 0.11 2.01 0.91 18.4 0 0 

B2C-5 P 30.51 3.94 N/A 2.56 0.53 N/A N/A 0 

GC-1 P 18.89 2.44 0.1 1.9 0.36 11.70 16.04 16.67 

GC-2 P 18.92 2.44 0.05 1.71 0.34 11.98 16.4 16.05 

GC-3 P 17.44 2.25 N/A 1.59 0.53 N/A N/A 18.02 

B2A-30-1 P 23.66 2.75 0.25 2.43 2.58 14.67 0 0 

B2A-30-2 P 21.31 2.48 0.12 1.46 0.56 15.50 0 0 

B2A-30-3 P 24.69 2.87 0.02 1.96 2.6 15.60 0 0 

GA-30-1 P 20.89 2.43 0.53 1.24 1.05 6.77 18.50 18.1 

GA-30-2 S 18.47 2.15 0.00 1.97 0.54 2.05 17.60 17.6 

GA-30-3 P 20.65 2.40 0.36 0.66 1.04 5.52 19.20 19.6 

B2A-60-1 P 24.70 3.07 0.00 2.46 0.28 24.70 0 0 

B2A-60-2 P 17.67 2.20 0.07 1.29 1.22 12.90 4.12 4.12 

B2A-60-3 P 26.39 3.29 0.68 2.12 0.67 0.73 0 0 

GA-60-1 P 17.84 2.22 0.54 1.24 0.73 0.81 14.70 14.9 

GA-60-2 S 17.35 2.16 N/A 1.14 0.51 N/A N/A 16.3 

GA-60-3 P 15.82 1.97 0.38 0.90 0.19 2.77 17.60 17.7 

B2A-90-1 P 24.20 3.26 0.00 2.24 0.67 20.95 0 0 

B2A-90-2 P 23.03 3.11 0.41 1.87 1.38 1.76 0 0 

B2A-90-3 P 21.00 2.83 0.49 2.74 0.22 0.69 0 0 

GA-90-1 S 13.33 1.80 0.32 0.60 0.17 1.20 0 0 

GA-90-2 P 18.52 2.50 N/A 0.58 3.78 N/A N/A 16.5 

GA-90-3 S 13.74 1.85 0.52 1.11 0.61 0.00 0 0 

B2S-30-1 P 29.39 3.26 0.01 2.33 0.85 29.39 0 0 

B2S-30-2 P 20.12 2.23 0.15 1.55 2.17 9.64 0 0 

B2S-30-3 P 23.57 2.61 0.12 2.07 0.31 N/A 0 0 

GS-30-1 P 17.94 1.99 0.25 1.98 0.00 8.21 17.50 17.50 

GS-30-2 P N/A N/A N/A N/A N/A N/A N/A N/A 

GS-30-3 P 18.98 2.10 0.40 1.96 0.23 N/A 18.25 18.25 

B2S-60-1 P 24.03 2.61 0.1 2.00 0.55 9.61 0 0 

B2S-60-2 P 27.23 2.96 0.34 1.74 0.76 N/A 0 0 

B2S-60-3 P 25.74 2.8 0.13 1.96 1.14 9.28 0 0 

GS-60-1 P 17.70 1.92 0.33 0.96 0.12 0.63 17.40 17.40 

GS-60-2 P 17.81 1.93 0.18 1.44 0.00 10.16 17.04 17.04 

GS-60-3 P 19.17 2.08 0.17 0.69 0.87 6.28 16.90 16.90 

B1S-90-1 P 20.84 2.31 3.22 4.87 0.06 2.68 15.80 15.80 

B1S-90-2 P 19.03 2.11 2.94 5.13 0.00 3.27 15.02 15.02 



127 
 

B1S-90-3 P 18.87 2.09 3.39 4.3 1.85 4.30 10.70 10.70 

B2S-90-1 P 22.62 2.51 0.14 2.08 0.23 5.76 0.00 0.00 

B2S-90-2 P 23.05 2.56 0.12 1.84 0.96 5.71 0.00 0.00 

B2S-90-3 P 26.01 2.89 0.10 1.54 0.92 20.50 0.00 0.00 

GS-90-1 P 16.44 1.82 0.64 1.47 0.32 0.33 16.10 16.10 

GS-90-2 P 17.33 1.92 0.35 0.75 0.93 0.77 15.96 15.96 

GS-90-3 P 19.24 2.14 0.43 1.17 0.23 1.89 17.10 17.10 

B2K-30-1 P 24.79 2.96 0.11 3.20 0 N/A 0.00 0.00 

B2K-30-2 P 25.43 3.04 0.06 1.93 2.88 N/A 0.00 0.00 

B2K-30-3 P 28.40 3.39 0.14 4.00 0.94 5.00 0.00 0.00 

GK-30-1 P 19.02 2.27 0.24 1.36 0.34 8.52 18.7 18.7 

GK-30-2 P 18.32 2.19 0.24 1.71 0.67 10.04 17.5 17.5 

GK-30-3 P 18.90 2.26 0.47 0.55 3.88 8.99 19.3 19.3 

B2K-60-1 P 25.77 2.81 0.14 2.09 0.28 10.50 0.00 0.00 

B2K-60-2 P 28.05 3.06 N/A 2.25 0.00 N/A N/A 0.00 

B2K-60-3 P 25.77 2.81 0.13 2.28 0.56 6.40 0.00 0.00 

GK-60-1 P 17.65 1.92 0.80 1.00 0.42 8.10 16.6 16.6 

GK-60-2 P 18.65 2.03 0.21 0.62 0.49 10.80 16.7 16.7 

GK-60-3 P 18.61 2.03 0.18 1.28 062 10.60 16.8 16.8 

B2K-90-1 P 26.39 2.91 0.11 2.31 0.56 N/A N/A 0.00 

B2K-90-2 P 22.89 2.53 0.00 2.12 0.66 22.89 0.00 0.00 

B2K-90-3 P 23.67 2.61 0.16 2.23 0.33 19.40 0.00 0.00 

GK-90-1 P 17.75 1.96 0.70 1.60 0.48 1.32 15.70 15.70 

GK-90-2 P 19.27 2.13 0.27 2.17 0.72 11.97 17.90 17.90 

GK-90-3 P 17.49 1.93 0.62 1.45 0.48 0.00 19.30 19.30 

B1W-90-1 P 19.28 2.13 2.47 3.73 0.54 1.60 19.10 19.10 

B1W-90-2 P N/A N/A N/A N/A N/A N/A N/A N/A 

B1W-90-3 P 19.81 2.19 2.57 4.31 0.42 2.20 19.48 19.41 

B2W-90-1 P 24.65 2.73 0.00 1.86 0.95 24.65 0.00 0.00 

B2W-90-2 P 24.72 2.73 0.69 2.16 1.00 N/A 0.00 0.00 

B2W-90-3 P 23.40 2.59 0.05 2.12 0.57 20.00 0.00 0.00 

GW-90-1 P 17.53 1.94 0.24 0.88 1.34 9.14 19.60 19.60 

GW-90-2 P 18.30 2.02 0.26 0.60 1.53 13.40 20.20 20.20 

GW-90-3 P 20.34 2.25 0.41 1.00 2.33 N/A 19.50 19.50 

B1T-1 P 23.32 2.76 4.28 6.94 0.31 N/A 20.80 20.80 

B1T-2 P 25.21 2.98 5.02 7.21 0.00 0.62 22.77 22.77 

B1T-3 P 23.94 2.83 3.00 5.50 0.31 1.74 20.00 20.00 

B2T-1 P 29.42 3.48 N/A 3.86 0.78 N/A 0.00 0.00 

B2T-2 P 24.72 2.92 0.12 2.05 0.43 6.58 0.00 0.00 

B2T-3 P 26.38 3.12 0.15 2.39 0.71 11.72 0.00 0.00 

GT-1 P 18.53 2.19 0.80 1.27 0.72 0.97 19.30 19.30 

GT-2 P 21.95 2.60 0.38 1.81 0.87 4.98 22.20 22.20 

GT-3 P 21.83 2.58 0.52 1.39 0.60 11.60 N/A N/A 

B1TS-1 P 20.57 2.32 2.06 4.39 0.23 1.691 19.80 19.80 

B1TS-2 P 21.50 2.43 2.00 4.45 0.00 1.70 20.10 20.10 

B1TS-3 P 22.04 2.49 1.87 4.11 0.93 1.68 17.20 17.20 
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B2TS-1 P 20.55 2.32 0.12 1.61 1.64 N/A 14.90 14.90 

B2TS-2 P 17.97 2.03 0.13 1.64 0.84 7.02 14.00 13.95 

B2TS-3 P 19.04 2.15 N/A 2.21 0.42 N/A 16.60 16.50 

GTS-1 P 17.24 1.94 0.43 0.86 0.29 3.48 18.00 18.00 

GTS-2 P 18.35 2.07 0.45 1.63 0.00 N/A 16.30 16.30 

GTS-3 P 20.86 2.35 N/A 1.47 0.72 1.44 17.40 17.40 

B1TW-1 P 24.34 2.72 1.95 3.36 1.81 3.94 23.80 23.70 

B1TW-2 P 19.16 2.14 3.66 4.19 2.26 3.32 12.54 12.66 

B1TW-3 P 19.70 2.20 2.80 4.44 0.00 0.43 19.37 19.37 

B2TW-1 P 24.47 2.73 0.00 0.74 1.81 24.47 0.00 0.00 

B2TW-2 P 23.11 2.58 0.81 1.82 0.97 5.08 0.00 0.00 

B2TW-3 P 28.96 3.23 N/A 1.46 1.31 N/A 0.00 0.00 

GTW-1 P 19.43 2.17 0.28 0.63 0.87 5.98 17.00 17.00 

GTW-2 P 18.38 2.05 0.43 2.28 0.00 6.66 17.90 17.90 

GTW-3 P 22.06 2.46 0.59 1.35 0.00 1.55 19.10 19.10 

τmax = maximum bond stress; τmax /      = normalized bond stress; Suffix le and fe refer to loaded end and 

free end respectively; Smax, le and Smax, fe = slip corresponding at maximum stress; τons, le and τons, fe = bond 

stress at onset of slip; τr, le and τr, fe = residual bond stress; P = pullout; S = concrete split; N/A = test data is 

not available. 
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Figure 83: BPE models versus BFRP-1, BFRP-2, and GFRP experimental results. 
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