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Highlights 

• Bond properties of selected commercially available FRP rebars embedded in concrete

were investigated from pull-out tests.

• Distributed Optical Fiber Sensors (DOFS) enabled continuous strain measurement

along the rebar/concrete interface and provided access to the local bond behavior.

• An emphasis was made on the effect of various parameters (nature of the fibers,

diameter and surface characteristics of the rebar) on the bond-slip behavior and on the

effective development length of rebars. Characteristics of the sand particles from the

surface coating were found to play a major role on the load transfer mechanism.
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• Intrusive effect of DOFS instrumentation was found to depend on the type of FRP

rebar. In few cases, DOFS affected significantly the results of pull-out tests.

Keywords 

Composites, FRP bars, Bond, Pull-out tests, Distributed optical fiber sensors, Development 

length 

Abstract 

This study focuses on the experimental characterization of the bond behavior between 

concrete and Fiber Reinforced Polymer (FRP) reinforcing bars (rebars). Pull-out tests were 

performed on glass, carbon, and aramid FRP rebars, as well as on deformed steel rebars. The 

influence of various parameters on the bond behavior was studied, such as the type of fibers, 

the diameter of the FRP bars and their surface geometry. Scanning-Electron-Microscope 

(SEM) observations were performed to precisely study the sand coating characteristics of 

these rebars. A main originality of the proposed approach relied on the instrumentation of 

pull-out samples using Distributed Optical Fiber Sensing (DOFS) instrumentation. Such a 

distributed measurement system provided access to the longitudinal strain distribution along 

the rebar near the rebar-concrete interface, and then made it possible to determine the 

effective development length of the various types of rebars considered in this study. As the 

introduction of DOFS instrumentation may be intrusive, its influence on the interface 

behavior was also discussed. 

1. Introduction

Corrosion of steel reinforcing bars (rebars) is the main cause of degradation of Reinforced 

Concrete (RC) structures, and has large incidence on maintenance / repair expenses. To 
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prevent such degradations of new infrastructures, the use of corrosion-free reinforcements, 

such as Fiber-Reinforced Polymer (FRP) rebars is gaining interest. The main products 

available on the market are made from Glass (GFRP), Carbon (CFRP), Aramid (AFRP) or 

Basalt (BFRP) fiber reinforced polymers. In these materials, polymer matrices are usually 

based on thermosetting resins, such as vinylester or epoxy systems. Compared to steel 

reinforcement, FRP rebars have the advantage of being lighter, stronger in tension, corrosion 

resistant, and electromagnetically neutral (with the exception of CFRP bars). 

A key point controlling the performances of FRP reinforced structures is the bond behavior 

between the rebar and concrete. Indeed, interfacial properties are critical with respect to the 

load transfer mechanism between concrete and its reinforcement. In current design practices, 

bond properties govern serviceability, ductility and ultimate capacity of RC structures. 

Eurocode 2 [1] states that “the ultimate bond strength shall be sufficient to prevent bond 

failure”. However, designing FRP RC structures is not trivial as the bond behavior of FRP 

rebars with concrete is affected by many factors, such as concrete strength, rebar stiffness 

(depending upon constitutive materials, especially the type and volume ratio of fibers), 

surface geometry and coating, adherence between the surface coating and the core of the FRP 

bar, the type of polymer matrix, and the fiber/matrix interface properties as well [2-5]. 

At the structural scale, FRP/concrete bond properties play a very important role with respect 

to in-service deformations (deflections), but also to cracking of the concrete cover. 

The most common methods used to assess the bond behavior of FRP rebars with concrete are 

the direct pull-out test and the bond beam test. Described in ACI 440.3R-04 [6], Rilem 

recommendations [7] and EN 10080 [8], the direct pull-out test is the simplest test to conduct, 

and has been applied in many previous studies dedicated to the bond performance of FRP bars 

[2-5, 9-11] embedded in concrete.  
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During bond tests, measured quantities are typically the maximum applied load and the 

overall slippage of the FRP reinforcement. However, these measures cannot provide local 

information regarding the interfacial behavior, and are thus unable to assess the effective 

development length. 

Besides, DOFS technologies are gaining interest in civil engineering applications [12]. They 

allow continuous strain measurement along the optical fiber attached to the host structures, 

with a sub-centimeter spatial resolution, while being only little intrusive. Such an 

instrumentation method has already been implemented for pull-out tests in previous studies 

devoted to the bond behavior between reinforcing steel rebars and Ultra-High Performance 

Fiber-Reinforced Concrete [13-15], but to the authors’ knowledge, it has never been explored 

in the case of FRP reinforced concrete. 

The present study investigates the local bond behavior between FRP rebars and concrete. The 

interfacial load transfer mechanism was characterized by pull-out tests carried out on RC 

specimens equipped with a DOFS instrumentation. Such an approach was applied to a 

selection of various FRP bars available on the market. 

A special attention was paid to the influence of various features of the FRP rebars, such as the 

nature of the fibers, the internal microstructure (presence of flaws, fiber arrangement), the 

surface characteristics (geometry and sand coating), or the rebar diameter, on the interfacial 

mechanical behavior. In addition, an analysis of the strain profiles recorded by the DOFS 

system made it possible to evaluate the effective development lengths for the various FRP 

bars under consideration. Moreover a comparison of pull-out tests performed on RC 

specimens equipped with DOF sensors and non-instrumented specimens, gave information 

regarding the intrusiveness of the proposed DOFS methodology. 
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2. Experimental program 

2.1. Materials 

Various rebars available on the international market were selected for this study, based on 

glass, aramid or carbon fibers. Corresponding series are named GLASS, CARBO and ARA, 

respectively. These FRPs are manufactured by pultrusion process, with the exception of ARA 

rebars, which are produced from Kevlar braided ropes. Table 1 gathers information regarding 

the manufacturers, commercial brands, nature and volume contents of fiber and polymer 

matrix constituents, and type of manufacturing process for all series of FRP rebars. 

For each series, the FRP materials were supplied with different surface finishes, either sand 

coated or plain (smooth, without additional surface coating). Corresponding sub-series are 

labelled xxx-S and xxx-NS respectively. Note that in practice, only sand-coated rebars of the 

GLASS type and CARBO type are commercialized on the market for construction 

applications. However, GLASS-NS and CARBO-NS have been studied in order to evaluate 

the effect of the sand-coating on the bond behavior of these rebars. 

Various rebar diameters were considered, which are also specified in the samples designation.  

For the sake of comparison, conventional deformed steel rebars (named STEEL-D-12) were 

also considered in this work. 

The main characteristics of all rebars under study are detailed in Table 2. Typical aspects of 

these rebars are shown in Fig 1. It is to note that ARA rebars present a specific surface 

geometry made of concavo-convex shapes due to the braiding process, which is supposed to 

improve their bond capacity with concrete. With regard to CARBO series, one can notice the 

presence of a white multifilament yarn helically wrapped around the bar which creates an 

additional surface relief. This feature is observed both on uncoated (CARBO-NS) and sand 

coated (CARBO-S) rebars. 
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Table 1. Commercial information on the selected FRP rebars 

Series Commercial 

brand 

Manufacturer Type of fibers / 

matrix 
Fiber content 

(vol.%) 

Manufacturing 

process 

GLASS V.Rod ® Pultrall ®, 

Canada 

E-glass /       

vinylester 
65 Pultrusion 

CARBO Carbopree ® Sireg ®, Italia Carbon /        

vinylester 
65 Pultrusion 

ARA Fibra ® Fibex ®, Japan Kevlar 49 ® 

Aramid / epoxy 
60 Braided rope 

 

Table 2. Designations and main characteristics of the rebars under study 

Series  Subseries Rebar 

designation 

Surface finish Nominal 

diameter  

(mm)  

GLASS 
GLASS-S 

GLASS-S-9.5 Sanded 9.5 

GLASS-S-12.7 Sanded 12.7 

GLASS-S-15.9 Sanded 15.9 

GLASS-NS GLASS-NS-12.7 Non-sanded 12.7 

CARBO 

CARBO-S 

CARBO-S-7.5 

Sanded + 

helically 

wrapped yarn 

7.5 

CARBO-S-10 
Sanded + 

helically 

wrapped yarn 

10 

CARBO-NS CARBO-NS-10 

Non-sanded 

+ helically 

wrapped yarn 

10 

ARA ARA-S 

 

ARA-S-5 
Braided and 

Sanded 
5  

ARA-S-9 
Braided and 

Sanded 
9 

ARA-S-15 
Braided and 

Sanded 
15 

STEEL-D-12 Deformed 12  
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Fig 1. Visual aspects of the selected FRP rebars and the reference steel rebar 

 

Elastic moduli and tensile strengths of the various series of rebars were evaluated by tensile 

tests, according to ASTM D7205/D7205M-06 standard [16]. Further details regarding the 

experimental procedure adopted for tensile tests (especially the anchorage system used for 

preventing bar breakage in the grips of the testing machine) can be found in [17, 18]. These 

tests were conducted for a single diameter value of each series, although many studies have 

reported a size dependence of the longitudinal strength for FRP rebars [19, 20]. The main 

objective here, is to check that the supplied FRP materials fulfill the properties claimed by the 

manufacturers. Mean values of the tensile properties based on five repeated tests, together 

with the corresponding guaranteed properties, are listed in Table 3 for the various series of 

rebars. 

Globally, test results are found in agreement with values of tensile strength and modulus 

announced by the various FRP suppliers, with the exception of samples from the ARA series, 

for which significantly higher values can be noted compared to those reported by the 

manufacturer. 
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Table 3. Results of tensile tests for the 3 series of FRP rebars and the reference steel bar 

Type of rebar Ultimate 

load (kN) 

Tensile 

strength 

(MPa) 

Manufacturer’s 

value  

(MPa) 

Elastic 

modulus 

(GPa) 

Manufacturer’s 

value  

(MPa) 

GLASS-S-9.5 81 ± 3 1140 ± 50 1100 53 ± 2 52.5 

CARBO-S-7.5 96 ± 9 2200 ± 200 2300 139 ± 4 130 

ARA-S-5 37 ± 1 1870 ± 30 1100 80 ± 3 68.6 

STEEL-D-12 68 ± 1 600 ± 9 500 198 ± 1 200 

 

2.2. Test setup for characterizing concrete/rebar interface behavior 

The bond behavior between the rebars and concrete has been characterized by direct pull-out 

tests, according to ACI 440.3R-04 standard [6]. The test setup and loading conditions are 

depicted in Fig 2. RC specimens consist of a 1.20 meter-long straight rebar partially 

embedded, with centric placement, in a normal strength concrete cylinder (16cm-diameter and 

20 cm-height). Concrete was cast, while the rebar was set in the vertical position. A plastic 

tube, called bond breaker, is placed between the rebar and concrete near the loaded side of the 

concrete block, in order to prevent edge effects induced by the reaction support. For each RC 

specimen, the length of the bond breaker is chosen so that the embedment length of the bar in 

concrete is equal to six bar diameter (Fig 2.b). Such a condition is supposed to favor a 

preferential failure by slippage of the rebar [10].  

All the pull-out specimens were made from the same batch of a normal strength concrete, 

formulated with aggregates with a maximum size of 22 mm. Compressive strength of the 

concrete was evaluated on three cylindrical specimens (16 cm diameter and 32 cm height) 

after 37 days of cure out of water (the testing machine was not available at 28 days of cure). 

The tests resulted on a mean compressive strength of 28.1 ± 0.4 MPa. More details of the 

compressive tests are available in [17]. 
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Pull-out tests were conducted five month after the casting of the specimens, using a 350 kN 

universal testing machine. The RC specimens were put on the drilled horizontal crosshead 

beam of the machine, with the rebar passing through the beam hole (Fig 2.a). The test is 

controlled by the grip displacement at a constant speed of 1.2 mm/min. During the test, the 

free end slip of the rebar is monitored with a non-contact laser displacement sensor located at 

an initial distance of 40 mm from the end of the bar. This sensor allows measurement on a 

range of 20 mm with a precision less than 10 µm. 

 

  

Fig 2. Pull-out tests: (a) Experimental setup and (b) loading conditions 

 

2.3. Distributed Optical Fiber Sensing 

For each series of pull-out specimens, several rebars were equipped with a DOFS sealed into 

a groove drilled along the bar length, prior to embedment in concrete. The optical fiber sensor 

was then connected to a commercially available interrogation unit consisting of an Optical 

Rayleigh Frequency-Domain Reflectometer (OFDR). This optoelectronic device correlates 

two OFDR traces (recorded for example before and after loading of the sample) and then 

converts the spectral shift into strain. Such a measuring device allows distributed 

(a) (b) 
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measurement of the longitudinal strain of the rebar with a gauge length less than 5mm, while 

remaining less intrusive than electrical strain gauges [12, 21, 22]. 

Prior to concrete casting, the rebars were grooved over a length of 300 mm, with a width of 1 

mm and a depth of 2 mm (Fig 3). The fiber was then sealed into the U-groove using a two-

part fast curing methyl methacrylate-based adhesive. 

 

  

Fig 3. DOFS instrumentation: (a) Geometry of the U-groove at the surface of the rebar and (b) 

Pull-out specimens instrumented with DOFS prior to concrete casting 

 

During the pull-out tests, DOFS measurements were recorded at different loading stages. The 

displacement of the grip was kept constant during these stages to allow the acquisition of the 

strain profile. 

 

3. Results and discussions 

3.1. Preliminary microstructural observations by scanning electron microscopy 

As the surface characteristics of FRP rebars are known to influence the bond behavior with 

concrete, micrographic observations of the sand coated surfaces were performed for the 

various series of rebars. Such observations were made on polished cross sections of the 

rebars, using a Hitachi S570 Scanning Electron Microscope (SEM) operating in secondary 

electron mode, with a picture resolution in the order of one µm. The purpose of these 

(a) (b) 
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observations was to qualitatively evaluate the microstructure of the different rebars (size and 

shape of the sand particles of the surface coating, homogeneity of the fiber arrangement 

within the FRP bar, cohesion of the fiber/matrix interface), and to detect the possible presence 

of manufacturing defects (debonding, voids) which may affect the mechanical performances 

of these rebars. 

Fig 4 shows typical SEM micrographs at low magnification for the various series of sand 

coated rebars. These pictures make it possible to identify the internal composite structure and 

to determine the size of the sand particles of the surface coating. This particle size appears to 

be higher for rebars of GLASS and ARA series (diameter in the range 0.5 to 1.0 mm) than for 

CARBO series (diameter in the range 0.1 - 0.5 mm). In addition, sand particles of the ARA 

series are found to exhibit a much smoother and less angular shape compared to that of the 

other series. 

Higher-magnification SEM pictures provided in Fig 5 facilitate the visualization of the local 

fiber arrangement and the possible presence of defects. Globally, the fiber distribution is 

found rather compact and homogeneous for GLASS and ARA series, and no significant flaws 

are detected for these FRP materials. Differently, numerous voids can be observed on the 

cross sections of CARBO rebars, both at low and high magnifications (Fig 4 and Fig 5), even 

if these voids are not visible to the naked eye (size in the order of 0.1 mm). 
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Fig 4. SEM micrographs of polished cross sections at low magnification, for the various series of 

sand coated FRP rebars 

 

 

Fig 5. SEM micrographs of polished cross sections at high magnification, for the various series 

of sand coated FRP rebars 

 

3.2. Characterization of the bond-slip behavior by Pull-out test 

Pull-out tests were performed on RC specimens made with the various rebars listed in Table 

2, with the exception of CARBO-S 7.5 et ARA-S-5 (which were only tested in tension). For 

each type of reinforcement (same material, diameter and surface treatment), four RC 

specimens were tested, among which two were instrumented by DOFS. The aim of this 

experimental program was to study the effects of i) the nature of the fibers, ii) the diameter of 

the bars and iii) the surface characteristics (with or without sand coating, characteristics of the 

sand coating, braided structure in the case of ARA series) on the bond behavior between FRP 

rebars and concrete. Besides, by comparing the mechanical responses of RC specimens with 

and without DOFS, the intrusiveness of such instrumentation could also be assessed. 
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3.2.1. Failure modes 

Typical failure modes of the various pull-out specimens are shown in Fig 6. For all RC 

specimens, the failure occurred by slippage of the rebar out of the concrete cylinder, which 

was the expected pull-out failure mode. 

Observation of extracted rebars reveals that a thin layer of concrete remains attached to all 

sand coated FRP rebars (GLASS-S, CARBO-S and ARA-S series) and to the ribs of STEEL-

D rebars as well. Differently, such a layer is not observed for non-sanded FRP rebars 

(GLASS-NS and CARBO-NS series). In the case of rebars of the GLASS-S series, a mixed 

failure mode was observed, with a partial peeling off of the sand coated layer along the 

extracted part of the bar, as depicted on the first picture of Fig 6. 

 

 

 

Fig 6. Typical failure modes observed for the various pull-out specimens 
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3.2.2 Bond-slip behavior 

The evolution curves of the average shear stress versus the free end slip of the rebar, obtained 

from the pull-out experiments on the various series of RC specimens are shown in Fig 7 to 

Fig 11. In each figure, the four RC specimens are labeled name-1 and name-2 for the non-

instrumented specimens, and name-3-OF and name-4-OF for the specimens instrumented with 

DOFS. 

On the curves corresponding to the instrumented specimens, several load drops can be 

observed, corresponding to a decreasing of the force exerted by the testing machine during the 

acquisition of the strain profiles (the displacement of the grip was kept constant during the 

acquisition stages). 

The average bond stress at any stage of the loading scheme, noted m, is calculated as the ratio 

of the tensile force F applied at the loaded end, to the bonded area of the rebar with 

surrounding concrete. It is expressed as follows: 

E

m
dL

F


 =  (1) 

 

where d is the diameter of the rebar and LE is the embedded length (LE = 6d). The bond 

strength is defined as the maximum value of the average shear stress recorded during the test. 

Note that the free end slip of the rebars GLASS-NS-12.7-2 and ARA-S-9mm-4-OF was not 

recorded due to a dysfunction of the displacement sensor during test. Thus, the corresponding 

bond-slip curves are not displayed in Fig 8.b and Fig 11.a. 
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Fig 7. Bond-slip curves for RC specimens with STEEL-D-12 rebars 

 

Fig 8. Bond-slip curves for RC specimens with (a) GLASS-S-12.7 and (b) GLASS-NS-12.7 rebars 

 

Fig 9. Bond-slip curves for RC specimens with (a) GLASS-S-9.5 and (b) GLASS-S-15.9 rebars 

(a) 

(a) 

(b) 

(b) 
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Fig 10. Bond-slip curves for RC specimens with (a) CARB0-S-10 and (b) CARBO-NS-10 rebars 

 

Fig 11. Bond-slip slip curves for RC specimens with (a) ARA-S-9 and (b) ARA-S-15 rebars 

 

Average values of the ultimate capacity and bond strength are listed in Table 4, for each type 

of specimens. Mean values provided in this table are also summarized in the bar graph 

depicted in Fig 12, where error bars relates to standard deviations. In addition, Fig 13 

provides a comparison of typical bond-slip curves representative of the different rebars. 

Globally, specimens with rebars of the GLASS-S series (sand coated) exhibit the highest bond 

strengths in the present test configuration. Furthermore, it is interesting to note that specimens 

with GLASS-S-12.7 rebars present slightly higher bond strength compared to specimens with 

STEEL-D-12 rebars, for a quasi equivalent diameter of the embedded bar (12.7 mm and 12 

mm). Most of the time, the literature reports that bond strength of GFRP rebars do not exceed 

that of steel reinforcement [2, 5] in the case of a conventional pull-out failure mode. However, 

(b) (a) 

(a) (b) 
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results obtained in the present study with the GLASS-S series show opposite trend and are 

thus are considered very promising for future use of FRP bars as internal reinforcement for 

concrete. 

Besides, the sand coating is found to be very effective in the case of GLASS rebars. Indeed, 

the bond strength obtained for specimens with GLASS-S-12.7 rebars is six times higher than 

that of specimens with uncoated GLASS-NS-12.7 rebars. As previously underlined (Fig 1), 

the latter uncoated rebars present a very smooth surface, which obviously reduces 

dramatically the bond properties with concrete.  

Regarding pull-out tests performed on specimens of the CARBO series, and particularly on 

those with CARBO-NS-10 and CARBO-S-10 rebars, it appears that sand coating has, this 

time, a more limited effect on the bond strength value. A possible explanation is that the size 

of sand particles (hence the surface roughness of the coated rebar) is significantly smaller in 

the case of CARBO-S rebars compared to GLASS-S rebars, as previously shown by SEM 

observations (Fig 4). Thus, the contribution of the sand particles to interfacial adherence by a 

mechanical anchoring phenomenon or by friction appears to be lower for CARBO-S than for 

GLASS-S rebars. In addition, both sand coated and uncoated CARBO rebars present a 

periodic surface relief due to the helically wrapped white yarn, as previously shown in Fig 1. 

Such a relief may contribute to interfacial adherence independently of the sand coating, hence 

providing another explanation for the similar bond strength values obtained for specimens 

with CARBO-NS-10 and CARBO-S-10 rebars. Nevertheless, a closer comparison of the 

bond-slip curves of these specimens reveals that sand coating still plays an important role in 

the initial interface stiffness. Such a trend was already reported in the literature [3, 5, 10].  

With regard to specimens with sand coated aramid FRP rebars, it is found that ARA-S-9 

samples present a lower bond strength compared to specimens with GLASS-S-9.5 and 

CARBO-S-10 rebars, despite their braided geometry (note that the comparison is made at 
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nearly equivalent bar diameter). One possible explanation lies in the fact that sand particles of 

the surface coating are smoother and less angular for rebars of the ARA series, as shown in 

Fig. 4. 

Optical fiber instrumentation was expected to be a non-intrusive tool compared to other 

measurement systems, like strain gauges, due to the low diameter of the fiber, the modest size 

of the groove and absence of connecting wire except the fiber itself. However, if this non-

intrusiveness was actually observed in most of the experiments (see Fig.7, Fig. 8-a, Fig. 9, 

Fig. 10-b, Fig. 11-a), the whole CARBO-S-10 series (Fig. 10-a) exhibited a significantly 

different behavior depending upon whether an optical fiber was attached or not to the rebar. 

For these specimens equipped with DOFS, a continuous increase of the bond stress was 

observed after the first linear branch of bond-slip curves, whereas a large decrease was 

recorded after the pic stress for companion non-instrumented specimens. A similar difference 

in the bond behavior was also observed for the GLASS-NS-12.7 series (Fig 8.b). From the 

author’s point of view, this phenomenon could be attributed to some local surface roughness 

formed by the adhesive when bonding the optical fiber to the rebar, which increases friction 

during pull-out of the bar. However, authors cannot explain why such local roughness was 

formed only in the case of instrumented CARBO-S-10 and GLASS-NS-12.7 rebars. Later, we 

will use DOFS measurements to study the interface behavior at a more local scale, but the 

reader should keep in mind that such instrumentation affects significantly the bond behavior 

for these two types of specimens (CARBO-S-10 and GLASS-NS-12.7). It should be noted 

that previous studies did not reveal any change in the bond behavior associated with optical 

fiber instrumentation in the case of deformed steel rebars [13-15]. 

When focusing on the effect of the bar diameter, and in view of experimental results for 

specimens with rebars of the GLASS-S subseries (3 different diameters in the range 9.5-15.9 

mm) and ARA-S subseries (2 different diameters, 9 and 15 mm), it can be concluded that the 
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bond strength globally increases with the bar diameter. It is worth mentioning that the inverse 

trend is usually reported in the literature [4, 5, 10, 19, 23]. Note, however, that for pull-out 

tests performed in the present study, all rebars were embedded over a length corresponding to 

six times their diameter. A constant ratio between embedded length and diameter (here a ratio 

of six) for all specimen was chosen to facilitate the comparison of bond characteristics, as it 

produces also a constant ratio between the applied tensile stress (1) in the free part of the 

rebars at bond failure (1 = 4F1/d2, if F1 is the ultimate load) and the bond strength 

(1=F1/6 d 2). In these conditions the ratio 1/1 = 24 is independent of the rebar diameter. 

However, as a direct consequence, the embedment length varies with the bar diameter. 

 

Table 4. Results of pull-out tests 

 
Ultimate 

capacity F1 (kN) 

Bond strength 

1 (MPa) 
Tensile stress* 

1 (MPa) 

GLASS-S-9.5-1 15.6 9.2 220 

GLASS-S-9.5-2 13.9 8.1 195 

GLASS-S-9.5-3-OF 11.8 7.0 167 

GLASS-S-9.5-4-OF 13.4 7.9 189 

Mean 13.7 ± 1.3 8.0 ± 0.8 193 ± 19 

GLASS-S-12.7-1 32.7 10.7 258 

GLASS-S-12.7-2 30.1 9.9 237 

GLASS-S-12.7-3-OF 28.2 9.3 223 

GLASS-S-12.7-4-OF 33.8 11.1 267 

Mean 31.2 ± 2.2 10.3 ± 0.7 246 ± 17 

GLASS-S-15.9-1 55.6 11.7 280 

GLASS-S-15.9-2 56.6 11.9 285 

GLASS-S-15.9-3-OF 46.2 9.7 233 

GLASS-S-15.9-4-OF 52.7 11.1 265 

Mean 52.8 ± 4.0 11.1 ± 0.8 266 ± 20 

GLASS-NS-12.7-1 5.1 1.7 40 

GLASS-NS-12.7-2 4.5 1.5 36 

GLASS-NS-12.7-3-OF 5.8 1.9 46 

GLASS-NS-12.7-4-OF 5.7 1.9 45 

Mean 5.3 ± 0.5 1.7 ± 0.2 42 ± 4 

CARBO-S-10-1 11.5 6.1 147 

CARBO-S-10-2 11.0 5.8 140 

CARBO-S-10-3-OF 13.4 7.1 171 

CARBO-S-10-4-OF 14.7 7.8 187 

Mean 12.7 ± 1.5 6.7 ± 0.8 161 ± 19 

CARBO-NS-10-1 9.6 5.1 122 
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Ultimate 

capacity F1 (kN) 

Bond strength 

1 (MPa) 
Tensile stress* 

1 (MPa) 

CARBO-NS-10-2 10.3 5.5 131 

CARBO-NS-10-3-OF 13.4 7.1 171 

CARBO-NS-10-4-OF 10.7 5.7 136 

Mean 11.0 ± 1.5 5.8± 0.8 140 ± 19 

ARA-S-9-1 10.6 6.9 166 

ARA-S-9-2 9.8 6.4 153 

ARA-S-9-3-OF 9.7 6.4 153 

ARA-S-9-4-OF 10.3 6.8 162 

Mean 10.1 ± 0.4 6.6 ± 0.2 159 ± 6 

ARA-S-15-1 41.9 9.9 237 

ARA-S-15-2 43.3 10.2 245 

ARA-S-15-3-OF 37.8 8.9 214 

ARA-S-15-4-OF 32.0 7.5 181 

Mean 38.7 ±4.4 9.1 ± 1.0 219 ± 25 

STEEL-D-12-1 25.8 9.5 228 

STEEL-D-12-2 25.7 9.5 227 

STEEL-D-12-3-OF 22.3 8.2 197 

STEEL-D-12-4-OF 30.6 11.3 271 

Mean 26.1 ± 3.0 9.6 ± 1.1 231 ± 26 

  * Tensile stress in the loaded part of the rebar at bond failure 

 

 

Fig 12. Summary of the bond strengths obtained for the various specimens 
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Fig 13. Comparison of typical bond-slip curves for the various types of bars 

 

Previous results show globally a complex interface behavior, depending: 

- on the nature of the constituent materials and the surface characteristics of the 

considered rebar, as already seen in the literature [2-5, 10], 

- on its diameter, although the results of the present study differ with the trend usually 

reported in the literature [4, 5, 10, 19, 23].  

To perform a deeper analysis, it was therefore decided to study the interface mechanisms at a 

more local level, using strain profiles recorded during pull-out tests on specimens 

instrumented over their entire embedded length by DOFS. 

 

3.3. Analysis of the local bond behavior using DOFS instrumentation 

3.3.1. Strain distribution along the embedded length 

Before moving forward, let’s recall that the embedment length correspond to the length along 

which the rebar is in contact with concrete, while the "development length" is the part of the 

embedded length over which the rebar actually transfers the applied longitudinal force to the 

surrounding concrete. As previously stated, the embedded length is equal to six times the 

diameter of the rebar for all pull-out specimens considered in this study. 
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Longitudinal strain distributions measured during pull-out tests by the DOFS attached to the 

rebars are shown in Fig 14 to Fig 20, for several load levels corresponding to about 20, 40 

and 80 % (exact values are specified in the figures) of the bond strength of each considered 

type of rebar (see Table 4). However, considering i) that the pull-out response of samples of 

the CARBO-S-10 and GLASS-NS-12.7 series was altered by the presence of DFOS and ii) 

that this difference was only noticeable after the first linear branch of bond-slip curves of 

these series, the analysis of strain profiles performed later in this section was accomplished 

taking into account experimental measurements recorded at low load level only, 

corresponding to approximately 20 % of the bond strength. 

On the curves displayed in Fig 14 to Fig 20, the two ends of the embedded length are 

indicated by two vertical black dotted lines. The strain decreases progressively from the 

loaded end (x<0) to the free end of the rebar. Note that strain profiles could not be recorded 

during pull-out tests on specimens with ARA-S-9-4-OF, ARA-S-15-3-OF, CARBO-S-10-3-

OF and STEEL-D-12-4-OF rebars, due to failure of the optical fibers during sample 

preparation or handling. 

 

 

Fig 14. Strain distribution measured during pull-out tests along the embedded length of             

(a) GLASS-S-9.5-3-OF and (b) GLASS-S-9.5-4-OF rebars 

(a) (b) 



23 

 

 

Fig 15. Strain distribution measured during pull-out tests along the embedded length of             

(a) GLASS-S-12.7-3-OF and (b) GLASS-S-12.7-4-OF rebars 

 

Fig 16. Strain distribution measured during pull-out tests, along the embedded length of            

(a) GLASS-S-15.9-3-OF and (b) GLASS-S-15.9-4-OF rebars  

 

Fig 17. Strain distribution measured during pull-out tests along the embedded length of             

(a) GLASS-NS-12.7-3-OF and (b) GLASS-NS-12.7-4-OF rebars 

(a) 

(a) 

(a) 

(b) 

(b) 

(b) 
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Fig 18. Strain distribution measured during pull-out tests along the embedded length of             

(a) CARBO-S-10-4-OF and (b) STEEL-D-12-3-OF rebars 

 

Fig 19. Strain distribution measured during pull-out tests along the embedded length of             

(a) CARBO-NS-10-3-OF and (b) CARBO-NS-10-4-OF rebars 

 

Fig 20. Strain distribution measured during pull-out tests along the embedded length of             

(a) ARA-S-9-3-OF and (b) ARA-S-15-4-OF rebars 

 

According to the literature [24, 25], characteristics of the stress distribution are as follow: the 

maximum stress value is located near the loaded end of the rebar, then stress decreases 

(a) 

(a) 

(a) 

(b) 

(b) 

(b) 
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towards the free end and finally vanishes. It is to note that, assuming a perfect initial 

positioning of the rebars in the concrete cylinder, pull-out loading leads to a constant tension 

of the free length of the rebar. However, as ever underlined by other authors [26], any slight 

deviations from an ideal axial alignment will generate a component of bending and an 

induced non constant strain profile of the free length of the rebar (see for example Fig. 19.b 

and Fig 20.a). In the present study, development lengths are found to be lower than embedded 

lengths for all rebars. At the lowest load level (corresponding roughly to 20% of the mean 

bond strength), strains are mainly concentrated at the beginning of the embedded area, near 

the loaded end. No obvious sign of interfacial damage can be detected at such low load level. 

As load increases, the concrete/rebar interface becomes increasingly damaged and strains are 

progressively redistributed over the entire embedded length.  

It is interesting to note that a waving effect is observed on most experimental strain 

distribution curves. This can be explained by the fact that the DOFS is installed close to the 

concrete/rebar interface, and measured strain is thus locally affected by the surface geometry 

of the rebar [15]. In Fig 20, the strain profiles obtained for specimens with ARA-S rebars 

present wave forms showing a period in the order of one cm, in line with the surface geometry 

of braided aramid ropes (presence of concavo-convex shapes with a spatial period of one cm, 

due to the braiding process). Similarly, waves forms observed on strain profiles of specimens 

with CARBO rebars (see Fig 18 and Fig 19), may also originate from the periodic surface 

relief associated to the white yarn helically wrapped around the bars (Cf. Fig 1).  

 

3.3.2. Assessment of the development length 

Strain profiles were recorded during pull-out tests, which made it possible to assess the 

development lengths of the various rebars under consideration. In order to use an objective 

and reproducible quantification method, the definition of the development length proposed by 
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Yuan [27] was adopted. This author defined the development length as the length LD 

necessary to transfer 97% of the force applied to the rebar. It has recently been applied to the 

processing of experimental data in the field of adhesive bonding [28, 29]. Following this 

approach, the criterion for determining the development length is written as follows: 

 =
DL

Fdxxd
0

97.0)(  (2) 

with : 

=
EL

dxxdF
0

)(  (3) 

where LD the development length, d the rebar diameter,  (x) the bond stress at the abscissa x 

(along the rebar), dx an infinitesimal length of the rebar, F the tensile force applied to the 

rebar and LE the embedment length in concrete. 

Considering the force equilibrium of an elemental portion the rebar of length dx anchored in 

the concrete (Fig 21), the equilibrium can be written as below [13]:  

 )()(
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=   (4) 

where xx(x) is the tensile stress in the rebar at the abscissa x. 

 

Assuming a linear elastic behavior of the FRP rebar and using Hooke’s law, the tensile stress 

can be expressed as: 

)()( xEx xxxx  =  (5) 

And considering: 
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Then, Eq. 4 becomes: 
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The previous criterion (Eq. 2 and 3) can therefore be written as follows: 
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And finally comes: 

)0(03.0)( xxDxx L  =  (10) 

 

 

Fig 21. Equilibrium of forces on a section of rebar anchored in concrete 

 

Based on the proposed approach, values of the development lengths were estimated for each 

type of rebar, considering experimental strain measurements recorded at the lowest load level 

(around of 20 % of the bond strength), and assuming that the interface remained undamaged. 

Calculated values of the development length are listed in Table 5 and are also summarized in 

the form of a bar graph in Fig 22. 

Results point out an increase in the development length as a function of the bar diameter, for a 

given series of rebars (Fig 22). This trend is consistent with the literature [25, 30, 31]. 

With regard to the effect of sand coating, the uncoated rebars GLASS-NS-12.7-OF present a 

much lower development length than the sand coated rebars GLASS-S-12.7-OF. The opposite 

trend is observed for rebars of the CARBO series (slightly lower development length obtained 

for the sand-coated rebars), but this latter result should be taken with circumspection, as the 
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DOFS instrumentation was previously reported to affect significantly the pull-out response of 

CARBO-S-10-OF specimens (cf. section 3.2.2). 

Moreover, no clear trend can be established regarding the effect of the elastic modulus of the 

rebars (and hence the nature of the fibers) on the development length, as shown in Fig 23. 

Globally, all these results attest to the complexity of interfacial mechanisms between the FRP 

reinforcements and surrounding concrete. 

 

Table 5. Development lengths calculated for the various rebars 

 
Development 

length LD (mm) 
LD / d 

GLASS-S-9.5-3-OF 40 4.2 

GLASS-S-9.5-4-OF 33 3.5 

Mean 36.5 ± 3.5 3.8 ± 0.4 
GLASS-S-12.7-3-OF 51 4.0 

GLASS-S-12.7-4-OF 63 5.0 

Mean 57 ± 6 4.5 ± 0.5 

GLASS-S-15.9-3-OF 70 4.4 

GLASS-S-15.9-4-OF 73 4.6 

Mean 71.5 ± 1.5 4.5 ± 0.1 

GLASS-NS-12.7-3-OF 32 2.5 

GLASS-NS-12.7-4-OF 23 1.8 

Mean 27.5 ± 4.5 2.2 ± 0.4 
CARBO-S-10-3-OF Not available - 

CARBO-S-10-4-OF 33 3.3 

Mean 33 3.3 
CARBO-NS-10-3-OF 38 3.8 

CARBO-NS-10-4-OF 38 3.8 

Mean 38 ± 0 3.8 ± 0.0 
ARA-S-9-3-OF 30 3.3 

ARA-S-9-4-OF Not available - 

Mean 30 3.3 
ARA-S-15-3-OF Not available - 

ARA-S-15-4-OF 61 4.1 

Mean 61 4.1 
STEEL-D-12-3-OF 52 4.3 

STEEL-D-12-4-OF Not available - 

Mean 52 4.3 
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Fig 22. Development lengths of the various rebars (averaged values based on two tests) 

 

 

Fig 23. Development length versus elastic modulus for the various rebars under study. Elastic 

moduli were previously determined by tensile tests (see Table 3) 

 

4. Conclusions 

The various FRP composite rebars were first characterized by tensile test while their surfaces 

were observed by SEM. These preliminary characterizations showed that tensile properties 

are in line (or even better) with values reported by the manufacturers, and revealed substantial 

differences in the size and shape of particles from the sand coatings. 

The bond-slip behavior of the various rebars embedded in concrete cylinders was then 

determined by pull-out tests. An original aspect of this experimental work lies in the 
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instrumentation of specimens by distributed optical fiber sensors attached to the rebar surface. 

This DOFS device provided access to local information related to interfacial load transfer 

mechanisms, such as the longitudinal strain profile along the embedded length or the effective 

development length of the rebars. This latter is an essential criterion in the design of the 

anchorage. Nevertheless, this instrumentation was found to be intrusive for few rebars 

(CARBO-S and GLASS-NS), and strain measurement should be interpreted with caution in 

these specific cases. 

Following this experimental campaign, it has been globally noted that characteristics of the 

sand coating play a major role in the load transfer mechanism at the interface (rigidity of the 

interface, bond strength and post-peak stress plateau related to friction). Efficiency of the sand 

coating tends to increase with the size and angulosity of the sand particles. The sand coating 

of GLASS-S was found to provide higher bond performances compared to that of CARBO-S 

series or ARA-S series, although these latter rebars exhibit additional surface relief due to the 

braiding process. 

For equivalent bar diameters, pull-out specimens with GLASS-S-12.7 rebars exhibited 

slightly higher bond strength values compared to specimens with reference deformed steel 

rebars (STEEL-D-12), which is quite encouraging. 

In addition, experimental results showed an increase in bond strength versus the bar diameter, 

although an inverse trend is usually reported in the literature. 

Interpretation of strain profiles recorded by DOFS instrumentation made it possible to 

estimate the development length of each bar. Results revealed an increase in the development 

length with the bar diameter, but no clear effect of the elastic modulus of rebars (which is 

closely related to the nature/stiffness of fibers). 

More generally, the diversity of strain profiles highlighted the complex distribution of shear 

stresses and the multiple phenomena involved in the load transfer mechanisms between 
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concrete and its FRP reinforcement. Such a complexity may originate from the high 

variability in the FRP characteristics, depending on many factors, such as the nature and 

relative contents of constituent materials (fibers and polymer matrix), the type of surface 

coating and geometry, or the manufacturing process. 

Additional studies are needed to investigate further the bond behavior of FRP rebars with 

concrete at the local level. This knowledge is essential for establishment of suitable design 

standards and for further optimization of FRP rebar characteristics (surface coating, 

manufacturing process…). 
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