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Abstract 

This study evaluates the static and fatigue bond behavior in basalt fiber-reinforced polymer (BFRP) bars embedded 
in concrete. For bond behavior under a mono-tensile load, BFRP bars with four types of surface patterns (round, 
rectangular, cross-winding, and spiral-winding) were adopted, and 20 groups of rib parameters were introduced for 
round-type BFRP bars. The bond–slip relationships and the influences of the above parameters on bond behavior 
were investigated. An analytical model for simulating the relationships of full bond slip was studied by data fitting. For 
bond behavior under cyclic loads, the relationship between stress levels and the number of cycles was investigated, 
and the slip of round-ribbed BFRP bars was studied with respect to the number of cycles. The results showed that 
the rectangular, cross-winding, and spiral-winding ribbed bars experienced serious wear, and that the average bond 
strength was approximately 80.6% of that of the round-ribbed bars. Thus, the bond behavior of the round rib is supe-
rior to those of the other surfaces. In addition, a bond–slip constitutive model for a BFRP bar is proposed, represent-
ing four main stages: a micro-slip stage, a slip stage, a descending stage, and a residual stage. Under cyclic loads, an 
equation was proposed for predicting fatigue life with a regression coefficient of 0.880, and a development law of slip 
was characterized as three stages: the linear increase stage, the steady increase stage, and the sharp increase stage, 
respectively.
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1  Introduction
Fiber-reinforced plastic (FRP) bars have been applied to 
concrete structures, as they exhibit a high strength-to-
weight ratio, are non-electromagnetic, and have excel-
lent corrosion resistance (Wu et  al. 2007; Keller 2003). 
FRP bars can be advantageously used in reinforced con-
crete buildings, bridges, retaining walls, underwater 
and underground tunnels, roadways, and other struc-
tures (Hollaway 2010; Chaallal 1993). In particular, 
when steel rebar of structures are exposed to corrosive 

environments, corrosion and deterioration are acceler-
ated (Saito 2002). Therefore, the FRP bar, with its high 
strength and excellent corrosion resistance, could possi-
bly be set as the reinforcement instead of steel rebar, and 
also could improve the service life and decrease the main-
tenance cost during the whole life cycle of the structure.

The bond behavior between bar and concrete is a criti-
cal aspect of the structural behavior for any type of rein-
forcement, including FRP reinforcement. However, the 
bond between the FRP bar and concrete differs from the 
well-known properties of steel-reinforced concrete, and 
the bond mechanism of structures with FRP-reinforced 
bars in practical engineering is complex. Such complex-
ity arises from the differences in load bearings, develop-
ment of cracks, and failure modes of concrete structures, 
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and from the significant variations of FRP material with 
different fiber categories (such as carbon, glass, aramid, 
and polyvinyl alcohol), outer surface shapes, treatments 
(e.g., ribbed, indented, or braided bars), bond lengths, bar 
diameters, and so on. Achillides and Pilakoutas (2004) 
found that no significant difference was found between 
the bond strengths developed by GFRP and CFRP bars, 
which were 8.9  MPa and 9.0  MPa respectively. Aramid 
and hybrid development bars showed slightly lower bond 
strengths of 5.4  MPa. Malvar et  al. (2003) carried out 
tensile and bond tests for carbon fiber reinforced poly-
mer (CFRP) rebars. They found that bars with molded 
external deformations mimic those of steel rebar exhib-
ited a bond strength of 10.1 MPa, bar with small defor-
mation (0.0025 mm or 0.001 in high) was only 3.59 MPa. 
Cosenza et al. (1999) studied bond behavior of GFRP bar. 
They reported a bond strength of 14.5  MPa at a slip of 
0.25  mm with an embedment length of about 10  days 
(bar diameter). Straight FRP rods (smooth rods, grain-
covered and sandblasted rebar) were compared with 
deformed FRP rods (ribbed, indented, twisted, sand 
braided) (Cosenza et  al. 1997), results indicated that 
braided and sanded bars exhibited the best bond strength 
of 17.78  MPa, grain covered came next with a strength 
of 12.05 MPa. It is clear that bond behavior was primar-
ily depend on the shape of outer surface. Darwin and 
Graham (1993) explored effect of deformation pattern 
(height and spacing) on bond strength of steel bars. The 
relative area (ratio of projected rib area normal to bar 
axis to product of nominal bar perimeter and center-to-
center rib spacing) was introduced to evaluate combi-
nations of rib height and spacing. The bond strength of 
FRP bars with rib height, spacing and rib width adopts 
the ratio in this paper. Malvar et  al. (2003) found that 
bond stress can be increased 2.5 times to about 10 MPa 
(1450 psi) by varying the confining pressure from 3.45 to 
24.1 MPa (500–3500 psi). The importance of lateral con-
finement has also been discussed by other researchers 
(Cox and Herrmann 1992; Cox and Guo 1999). Barena 
et  al. (2009) carried out experimental study of bond 
behavior between concrete and FRP bars using a pull-out 
test. The experimental results confirm the tendency of 
rebars with larger diameters to have lower bond strength 
while the initial stiffness is not mainly influenced by the 
rebar diameter. Caro et al. (2017) conducted experimen-
tal studies on the bonds of FRP bars with parameters of 
embedment length, FRP bar type and diameter, concrete 
compressive strength and hole diameter. They found that 
increase in bar diameter from 10 to 12 mm led to a 30.4% 
increase in the pull-out capacity and 9.2% decrease in the 
maximum average bond stress for the specimens with DE 
CFRP bars. The behavior of the corresponding specimens 
with DE GFRP bars were not affected by the change in 

bar diameter. Tekle et al. (2017) conducted experiments 
on bond behavior of GFRP reinforcement in alkali acti-
vated cement concrete. Results showed that GFRP rein-
forced AAC concrete has a similar bond–slip curve with 
GFRP reinforced OPC concrete. Achillides and Pilakou-
tas (2004) reported that the mode of bond failure of FRP 
bars in most cases differs from the mode of bond failure 
of steel deformed bars. Under the condition of adequate 
confinement of bars, shear cracks develop between steel 
bar ribs and surrounding concrete while bond failure 
occurs partly on the surface of the FRP bar.

Most of the conducted studies have focused on the 
bond behavior of steel bars, carbon fiber-reinforced poly-
mer (CFRP), glass fiber-reinforced polymer (GFRP) and 
aramid fiber-reinforced polymer (AFRP) bars, only a 
few experimental studies have been conducted on bond 
behavior between a basalt fiber-reinforced polymer 
(BFRP) bar and concrete. In recent decades, the BFRP 
bar has appeared promising, owing to its high perfor-
mance-to-cost ratio (compared to CFRP) and high cor-
rosion resistance (compared to GFRP), and it is also an 
environmentally friendly-material, as the fiber is pulled 
over a roller with neither precursors nor additives in the 
manufacturing process (Lopresto et al. 2011; Torres et al. 
2013). Thus, the application of a BFRP bar can also ben-
efit the sustainable development of construction. Nowa-
days, BFRP bars with outer surface shapes with round, 
rectangular, cross winding, and spiral winding ribs are 
produced by machines, with high efficiency and high 
quality. To make full use of their excellent properties, 
sufficient studies need to be conducted to determine a 
rational approach to the design of structures reinforced 
with BFRP bars, particularly in the ductility design of 
seismic structures. In addition, there is a primary need 
to explore more influencing factors and to develop con-
stitutive laws for the BFRP bar, i.e., a new theory for the 
design of reinforced structures with BFRP bars needs to 
be developed.

For this purpose, a wide range of bond tests are per-
formed to examine bond strength, slip, and different 
failure modes, to investigate how different types of rib 
parameters interact with concrete. A comparison of 
failure modes and bond–slip behavior between BFRP 
bars and steel reinforcement is performed, and the 
resisting mechanism activated in the pull-out tests is 
realized. Subsequently, bond–slip constitutive laws are 
determined and a fitting is obtained for a BFRP bar, and 
rational approaches are proposed to forecast the bond 
performance, and to design the ductility of structures 
reinforced with BFRP bar. In addition, the long-term 
bonds between BFRP bars and concrete under cyclic 
loads are studied, to produce an alternative way to fore-
cast fatigue life and to better understand the increase 
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of local deformation, the decrease of stiffness, and early 
failure in practical engineering.

2 � Test Program
2.1 � Parameters of Test Specimen
For monotonic tests and cyclic tests, specimens adopt 
the same design characteristics based on the code of 
Japan, with an FRP bar with a diameter smaller than 
17 mm, and with the side length of concrete cube speci-
men recommended to be set to 100 mm (Japan Society 
of Civil Engineering 1995). The bond length is advised 
to be four times or more than the diameter, as the bond 
stress within this length range could be approximately 
considered as an average distribution. Therefore, in this 
study, a BFRP bar with diameter of 12 mm and a con-
crete cube with a size of 100 mm × 100 mm × 100 mm 
are chosen as shown in Fig.  1, where the bond length 
is set to 5d (d is the bar diameter, and thus the bond 
length is 60 mm). A debond length of 40 mm is selected; 
this denotes the distance between the concrete and the 
PVC plastic tube, which is sealed with resin at the top 
end to fix the bar.

2.1.1 � Concrete
Six groups of casting were made during the period of 
research. Concrete grade of C30 was adopted, in which the 
largest diameter of coarse aggregate is 20 mm. The grade 
of ordinary Portland cement is R32.5, the ratio of water to 
cement is 0.5. The compressive strengths of concrete (fcu) 
for each batch of pullout tests are shown in Table 4.

2.1.2 � BFRP Bar
As shown in Fig.  2, the BFRP bar adopted in this study 
can be classified with different surface shapes, e.g., as a 
round rib, rectangular rib, cross-winding rib and spiral-
winding rib, and a steel rebar with crescent rib is also 
introduced. The BFRP bars are produced automatically, 
by pultrusion with a basalt fiber volume of 70% and vinyl 
ester resin volume of 30%. The mechanical properties of 
the rebar are shown in Table 1.

In fact, the round rib was made from a spiral indenta-
tion in the bar that results from a spiral strand wrapped 
around the outside diameter, whereas the rectangular 
rib was machined by intervals of cutting off continuous 
longitudinal basalt fiber bound with a lathe. The cross-
winding and spiral-winding  ribbed bars are pultruded 

50 60 40 400

10
0

100

PVC plastic tube

Concrete cube

BFRP bar

Fig. 1  Specimen for monotonic test and cyclic test.

a Round rib b Rectangular rib

c Cross-winding rib d Spiral -winding rib

e Steel rebar with crescent rib
Fig. 2  Surface shape of rebar.
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with a smooth surface, around which cross strands or spi-
ral strands are wrapped and glued with polyester resin. 
Moreover, 20 groups of rib parameters including the shape, 
height (HR), space (SR), and width (WR) are introduced in 
Table 2. For monotonic tests, a total of 60 bars are investi-
gated with three specimens in each group. Based on previ-
ous researches (Darwin and Graham 1993), relative rib area 
Rr is an appropriate parameter to evaluate effect of defor-
mations on bond strength of steel bars. Rr is introduced to 
evaluate effect of BFRP bar rib on bond strength. 

2.2 � Test Setup
As shown in Fig. 3, the specimen is fixed in the hanging 
basket; the BFRP bar passes through the preformed hole 
in the lower plate of the hanging basket and is clamped 

(1)Rr =
projected rib area normal to bar axis

nominal bar perimeter × rib space

by the lower pair of clamps of the machine. During the 
process of loading, the machine moves upward or down-
ward, and BFRP bar can achieve free rotation in the pre-
formed hole so as to maintain the pull-out force in the 
axial direction. To measure the slip at the loaded end, a 
linear variable differential transformer (LVDT) rack is set 
at the clamping end of the specimen, and keeps the same 
horizontal position as the initial position of debonding of 
the BFRP bar. Two LVDTs are fixed at both the left and 
right sides, so the tilt deviation during the loading pro-
cess can be eliminated by their mean value. The displace-
ment at the free end of the specimen is measured using 
the upper LVDT.

2.3 � Loading System
For the mono-tensile test, testing machines produced 
by the Swiss Walter + Bai Company are adopted, with 
the accuracy of grade 0.5. Unidirectional tension is 

Table 1  Measured mechanical properties.

Type Nominal diameter/
mm

Density/(g/cm3) Elastic modulus/
GPa

Yield strength/
MPa

Tensile strength/
MPa

Elongation/%

BFRP bar 12 2.1 55 – 1208 2.5

Steel rebar 12 7.8 195 425 – 15

Table 2  Parameters of specimens.

B-r-0.84-9-1.5 indicates: B, the BFRP bar; r, round rib; 0.84, the rib height; 9, the rib spacing, 1.5, the rib width.

Series Rib shape Number Height/mm (HR) Space/mm (SR) Width/mm (WR) Relative rib 
area (Rr)

I Round B-r-0.84-9-1.5 0.84 9 1.5 0.093

B-r-0.84-9-2.5 0.84 9 2.5

B-r-0.84-9-4 0.84 9 4

B-r-0.84-12-1.5 0.84 12 1.5 0.070

B-r-0.84-12-2.5 0.84 12 2.5

B-r-0.84-12-4 0.84 12 4

B-r-0.84-18-2.5 0.84 18 2.5 0.047

B-r-0.84-18-4 0.84 18 4

B-r-1.08-9-1.5 1.08 9 1.5 0.120

B-r-1.08-9-2.5 1.08 9 2.5

B-r-1.08-9-4 1.08 9 4

B-r-1.08-12-1.5 1.08 12 1.5 0.090

B-r-1.08-12-2.5 1.08 12 2.5

B-r-1.08-12-4 1.08 12 4

B-r-1.08-18-2.5 1.08 18 2.5 0.060

B-r-1.08-18-4 1.08 18 4

II Rectangular B-rec-0.84-12-4 0.84 12 4

III Crossing winding B-cw-0.84-12-4 0.84 12 4

IV Spiral winding B-sw-0.84-12-4 0.84 12 4

V Crescent S – – –
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adopted with a stroke speed of 0.75  mm/min, which 
is smaller than the displacement controlling speed of 
1.3 mm/min stipulated by ACI standards (ACI 440.3R-
04 2004). The force sensor of the machine records the 
force at the loaded end; the slips at loaded end and 
unloaded end are recorded by the three LVDTs. The 
data were collected via data logger DH 3816 N provided 
by Donghua Testing Technology Co., Ltd.

With the same test setup, the round-ribbed BFRP bars 
were selected to conduct the study on fatigue behavior 
under cyclic loads. The fatigue tests are carried out at 
a frequency of 5 Hz according to the guidelines of the 
Japan Society of Civil Engineers (JSCE) (1995), and the 
loading scheme of the stress level (Sl) and the stress 
ratio (R) are shown in Table 3.

In the above, Sl = σmax/σu, σmax was the maximum 
loading stress, and σu was the bond strength, and was 
set to 22.5  MPa according to the mono-tensile results 
(Table  4). R = σmin/σmax, and σmin was the minimum 
loading stress, set to 1/10 of the value of the bond 
strength.

2.4 � Data Process
2.4.1 � Slip at Loaded End
As the BFRP bar was embedded in the concrete, its slip 
could not be measured directly. The slip at loaded end 
should be calculated by S = Sm − δe (Hao et  al. 2009), 
where Sm is the measuring slip of the BFRP bar by lower 

two LVDTs, which represents bar slip but also the bar 
elongation. δe is the elastic elongation of the BFRP bar 
above the embedment length.

2.4.2 � Bond Strength Under Mono‑tensile Load
Based on the literature (Achillides and Pilakoutas 2004; 
Chaallal and Benmokrane 1993), for concrete strengths 
less than 15 MPa, the concrete is crushed in front of the 
bar deformations, and the bond strength is controlled 
mainly by the shear strength of concrete. For concrete 
strengths greater than 30  MPa, the bond strength of 
FRP bars does not appear to be controlled by the con-
crete strength. A concrete grade of C30 is adopted in 
this paper and their compressive strengths of each 
batch are shown in Table  4. Within a bond length of 
5d, the bond stress could be considered to be uniform 
along the embedded length. Therefore, the bond stress 

1 BFRP rebar

2 bond specimen

3 LVDT

4 LVDT rack

5 lower plate

6 griper rack

7 metal grip

1

2

3
44

44

3 5

6
7

3

7

Fig. 3  Schematic of the test setup.

Table 3  Loading scheme of specimen under cyclic load.

Number 
of specimen

Stress level (Sl) σmax/MPa σmin/MPa R

FB01 0.60 13.5 2.25 0.167

FB1-1, FB1-2 0.65 14.63 0.154

FB2-1, FB2-2 0.68 15.30 0.147

FB3-1, FB3-2 0.73 16.43 0.137

FB4-1, FB4-2 0.75 16.88 0.1333

FB5-1, FB5-2 0.80 18.00 0.125
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τ is calculated by dividing the pull-out force P by the 
surface area of the rebar embedded in the concrete, 
πdld, where d is the diameter of the BFRP bar, and ld is 
the bond length of the BFRP bar.

3 � Test Results
3.1 � Failure Modes Under Mono‑tensile Load
There are mainly two types of failure modes (Figs. 4 and 
5). One is a pull-out of the bar, and the other is a split fail-
ure of the concrete.

In most cases, rectangular-ribbed, cross-winding-
ribbed, and spiral-winding-ribbed bar exhibit overall 
pull-out failures. The rectangular, cross-winding, and 
spiral-winding ribs of the BFRP bars are worn away heav-
ily with respect to the round-ribbed bar (Fig.  4). The 
surface of the rectangular rib is sheared off at a discon-
tinuous fiber, whereas both the cross- and spiral-winding 
ribs (glued to the bar) are prone to separate from the 
inner bar, and then to fracture during the pull-out pro-
cess. In contrast, the round-ribbed BFRP bar and steel 

Table 4  Results of pull-out test under mono-tensile load.

The values of ultimate bond strength are the mean of experimental results. Slip* means slip corresponding to max bond stress.

fcu is the compressive strength of concrete.

Series Number of specimen Average pull-out 
strength/MPa

CV of pull-out 
strength/%

Average slip* 
at loaded end/mm

CV of slip*/% fcu /MPa

I B-r-0.84-9-1.5 17.30 4.78 2.66 1.24 23

B-r-0.84-9-2.5 17.54 3.12 2.74 0.89

B-r-0.84-9-4 18.10 5.63 1.22 0.82

B-r-0.84-12-1.5 18.81 5.82 3.73 2.85 35

B-r-0.84-12-2.5 17.32 1.70 3.41 15.12

B-r-0.84-12-4 19.80 3.55 3.87 6.79

B-r-0.84-18-2.5 13.19 3.84 3.96 4.12 27

B-r-0.84-18-4 12.65 8.32 4.00 2.70

B-r-1.08-9-1.5 14.85 0.33 2.93 2.69 29

B-r-1.08-9-2.5 16.65 1.67 2.67 4.00

B-r-1.08-9-4 16.27 3.35 2.40 10.42

B-r-1.08-12-1.5 20.00 6.72 3.94 3.72 31

B-r-1.08-12-2.5 22.50 1.64 3.56 5.82

B-r-1.08-12-4 20.01 0.00 3.41 2.09

B-r-1.08-18-2.5 11.69 2.37 5.65 2.61 27

B-r-1.08-18-4 13.15 4.56 3.94 5.09

II B-rec-0.84-12-4 11.20 6.12 1.04 8.21 28

III B-cw-0.84-12-4 13.48 7.09 3.37 4.51

IV B-sw-0.84-12-4 13.59 5.03 4.28 7.07

V S 11.66 8.20 1.69 0.01 28

Round Rectangular Cross winding Spiral winding Steel
Surface of concrete with basalt fiber-

reinforced polymer (BFRP) bar
Surface of concrete with steel bar

Fig. 4  Failure modes under mono-tensile load.
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rebar nearly remain in good condition, while the embed-
ded concrete between each two adjacent ribs is seriously 
shredded. As a detailed observation on the interface with 
concrete specimens in Fig. 4, the surfaces of the profiles 
of BFRP bars (rectangular, cross-winding, and spiral-
winding ribbed) are nearly flat, whereas those of the 
round-ribbed bar and steel rebar are evidently rough, 
with a small amount of concrete shredded and taken 
out. In rare cases of the ribbed BFRP bar, the concrete 
experiences a spilt failure, where the rib of the BFRP bar 
appears to be worn, and the concrete embedded in the 
rib experiences shear failure.

In conclusion, the round-ribbed BFRP bar possesses 
the strongest rib strength, as the longitudinal basalt fibers 
at the rib are continuous, whereas those of the rectangu-
lar rib are discontinuous owing to the cutting during the 
formation of the rib shape. The detach failure of cross-
winding and spiral-winding ribs initiates at the bond sur-
face between the fiber bound and the bar surface, owing 
to the limited contact area and glue strength between 
the fiber bounds and bar surface. In that regard, all the 
analysis in this study is based on data that excludes split 
failure, as this occurs suddenly and leads to brittle bond 
failure.

3.2 � Failure Modes Under Cyclic Loads
The three types of failure modes observed during the 
cyclic test are the pull-out of bar, the split of the concrete, 
and the fracture of the bar, respectively.

The first type was characterized as the pull-out of 
the BFRP bar with no evident cracks on the concrete 
(Fig.  5a). For specimens FB01, FB1-1, FB1-2 and FB2-1 
with relatively low stress levels, the pulled-out bar exhib-
ited a worn rib, while the small amount of concrete 
embedded between the two adjacent ribs was sheared off. 
It can be seen from the profile in Fig.  5a that the bond 
surface against concrete was relatively smooth, which 
was attributed to the continuous micro-damage accumu-
lation between the BFRP bar and the concrete. It can be 
concluded that concrete shears the ribs on the surfaces 
of the BFRP bars under cyclic loads, and that the bond 

surface was beginning to fail because of the continuous 
accumulation of damage from the loaded end. Then, the 
effective bond length was extended to the free end until 
reaching its lowest limit, abruptly causing a large slip and 
eventually pulling-out failure.

In the second type of failure mode, the BFRP bar was 
pulled out but the concrete has evident cracks. This 
involves the specimens of FB3-1, FB3-2, FB4-1, FB4-
2, FB5-1 and FB5-2. For specimens with a higher stress 
level, a rib with sheared-off concrete indicated such 
specimens tend to split under cyclic loads. As observed, 
the cracks initiated at the free end and developed along 
the bar, then expanded from the interacted surface of 
the BFRP bar and concrete to the outer surface within a 
few seconds, and finally and abruptly turned into a lon-
gitudinal split crack along the direction of the embedded 
BFRP bar. As indicated, there is evident bond resistance 
between the ribs and concrete under higher cyclic loads, 
and the bond behavior develops primarily from mechani-
cal interlocking.

The third type of failure mode was characterized as 
fracture of the BFRP bar and was only exhibited in speci-
men FB2-2 at cycles of 300,000. The delamination of fiber 
on the external surface against resin caused the fracture 
of fiber when the tension reaches a peak. Immediately, 
the fibers of the inner surface were pulled out as a whole. 
In this regard, fabrication defects of the BFRP bar may 
cause this type of failure mode.

3.3 � Test Results
The experimental results of pull-out tests under a mono-
tensile load are shown in Table 4.

In terms of cyclic test, a total of 11 round-ribbed BFRP 
bars were selected to conduct study on fatigue behavior. 
In order to research the S–N curve of bond behavior, 6 
groups of stress levels were designed. For stress level of 
0.60, the specimen FB01 reaches terminal cycles at 2 mil-
lion, and the specimen without failure is not included in 
curve fitting. Thus one specimen for FB01 was reason-
able. For stress level ranges from 0.65 to 0.80, two speci-
mens for each stress level are adopted. It will be better 

a Pull -out of BFRP bar b Split of concrete c fracture of BFRP bar 
Fig. 5  Failure modes under cyclic loads.
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to conduct fatigue test with more than three specimens, 
while considering the experiment work and time con-
suming, the authors select 2 specimens according to 
literatures (El Refai 2013; Shi et al. 2017). The results of 
specimens under cyclic loads with different stress levels 
are listed in Table 5.

4 � Analysis of Rib Parameters Under Mono‑tensile 
Load

4.1 � Analysis of Rib Shape
As the bond–slip curves of BFRP bars with round ribs 
(B-r), rectangular ribs (B-rec), cross-winding ribs (B-cw) 
and spiral-winding ribs (B-sw) appear to have similar 
tendencies, one group of bond–slip curves was analyzed 
(Fig. 6) for each type of bar, to understand the interaction 
between different types of ribbed BFRP bars and con-
crete. In addition, comparisons of the bond strength (the 
maximum bond stress in bond–slip curve) and deform-
ability between steel rebars (S) and BFRP bars have been 
carried out.

In terms of the maximum bond stress (Fig.  7), the 
round-ribbed BFRP bar possesses a bond strength of 

15.8  MPa, which is 29.5% larger than that of steel rebar 
(12.2  MPa). The average strength of rectangular-ribbed, 
cross-winding-ribbed and spiral-winding-ribbed BFRP 
bars is 80.6% that of the round rib type. However, the 
slip at the maximum bond stress of steel rebar is smaller 
than B-cw and B-sw, but is 25% larger than B-r and B-rec. 
This could be attributed to the fact that the steel rib has 
a larger stiffness as compared to glued ribs (B-cw and 
B-sw). In addition, the machined rectangular-ribbed bar 
experiences the lowest bond strength, while its slip is rela-
tively small. This is attributed to the discontinuous fiber 
having a wider rib contact area with the concrete matrix 
as compared to other rib shapes.

For the residual stage, the bond strength of all the 
BFRP bars exhibits cyclic attenuation against the slip. The 
round-ribbed BFRP bar finally decreases to the strength 
of 7.04 MPa, then the curve experiences cyclic attenua-
tion. In contrast, those of steel rebar gradually decay, and 
become linear after a rapid drop of bond strength. Such 
differences in the residual bond behavior are attributed 
to the fact that the engaged tooth between the steel rib 
and concrete experiences failure, while the ribbed BFRP 
bars still possess certain mechanical interaction with 
partly engaged teeth. In addition, the residual strength is 
considered as an adequate development of bond ductil-
ity, which exhibits excellent energy consumption perfor-
mances in seismic design.

It could be concluded that with reasonable design, the 
round-ribbed BFRP bars would exhibit reliable bond 
behavior in terms of bond stress, slip, and residual bond 
ductility, and thus the following optimization analysis is 
conducted based on the round-ribbed BFRP bars.

4.2 � Analysis of Rib Spacing
An analysis of the rib spacing is carried out to evalu-
ate the bond strength and corresponding slip against 
the rib spacing. As shown in Fig. 8a, the bond strength 

Table 5  Results of specimens under cyclic loads.

No. Cycles Description of failure Slip*/mm

FB01 2 million Terminal cycles was reached –

FB1-1 30,254 BFRP bar was pull out without obvious cracks on the concrete 4.71

FB1-2 330,000 BFRP bar was pull out without obvious cracks on the concrete 3.24

FB2-1 58,396 BFRP bar was pull out without obvious cracks on the concrete 4.89

FB2-2 300,000 Tensile failure of BFRP bar, the concrete has no obvious cracks –

FB3-1 444 BFRP bar was pull out with cracks on the concrete 2.87

FB3-2 – – –

FB4-1 5846 BFRP bar was pull out with cracks on the concrete 4.26

FB4-2 49,133 –

FB5-1 31 BFRP bar was pull out with cracks on the concrete 2.12

FB5-2 – – –
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first experiences an increase, and then decreases while 
the slip keeps increasing. For the given space/diameter 
of 1, the bond strength (19.74 MPa) improves by 19.7% 
and 55.8% as compared to space/diameters of 0.5 and 
1.5, respectively. Such a phenomenon is caused by the 
fact that, with an increase in rib spacing, the number 
of interlocking teeth for the BFRP bar against concrete 
will decrease as the bond length remains constant, and 
thus the total mechanical interlock effect will be weak-
ened. Meanwhile, adequate slip is needed to develop 
sufficient bond resistance (Fig. 8b). However, a large slip 
can generate large cracks in structures and should be 
avoided at the serviceability state. The average slip with 
a rib spacing of 12  mm was 3.77  mm, which is larger 
than 2.44  mm (corresponding to rib spacing/diameter 
of 0.75) and smaller than that of 3.87 mm (correspond-
ing to rib spacing/diameter of 1.5). Therefore, a space/

diameter of 1 is suggested, with the maximum bond 
strength and moderate slip.

4.3 � Analysis of Rib Width
The bond strength and corresponding slip against the 
rib width are exhibited in Fig. 9. The bond strength ini-
tially decreases by 7.1%, and then increases 1.1% with 
the increase in rib width. Correspondingly, the slip 
reaches the maximum value at the width/diameter of 
0.2. No obvious law for width against strength or slip 
could be obtained, but a width/diameter of 0.2 is sug-
gested to be avoided in practice.

4.4 � Analysis of Rib Height
Bond behavior at different rib heights is also estimated 
quantitatively, and the results are shown in Fig. 10. With 
an increase of rib height, the bond strength decreases, 
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while the slip increases. In fact, when the rib height 
increases to a certain value, the rib will experience 
failure first as compared to concrete, with such failure 
being caused by excessive mechanical interlocking.

Thus, a parameter of a rib spacing/diameter of 1 
is recommended in this study, whereas the suitable 
width and height still require further investigations. 
In addition, a BFRP bar with a rib spacing of 12  mm, 
a rib width of 2.5  mm, and a rib height of 1.08  mm 
possesses the highest strength, and a BFRP bar with 
these rib parameter is selected for further study on its 
fatigue behavior.

4.5 � Analysis of Relative Rib Area
Literature (Darwin and Graham 1993) indicated that, the 
magnitude of the increase on bond strength increases 
with an increase in the relative rib area. This did not 
occur in this study on BFRP bar. As shown in Fig.  11, 

BFRP bars with rib heights of 0.84  mm and 1.08  mm 
reach the maximum bond strength with relative rib area 
of 0.07 and 0.09 respectively, and then the bond strength 
decreases with the increase of Rr. The difference may be 
attributed to the shear failure at surface layer of BFRP 
bars, and further study is needed.

4.6 � Bond–Slip Constitutive Model
4.6.1 � Establishment of Bond–Slip Constitutive Model
The Bertero–Popov–Eligehausen (BPE) model was first 
proposed by Eligehausen in 1983 (Rossett et al. 1995) and 
was applied to concrete structures reinforced with FRP 
by Popov and Bertero (Eligehausen et al. 1983). Then, it 
was widely adopted in the numerical analysis of inter-
faces between deformed steel rebars and concrete, and 
later, it was successfully applied in analysis of FRP-rein-
forced structures. Despite the numerous formulations 
and models proposed in the past for FRP bars, such as 
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the BPE model (Eligehausen et  al. 1983), modified BPE 
model (Cosenza et al. 1997) and the Cosenza–Manfredi–
Realfonzo (CMR) model (Cosenza et  al. 1995), these 
efforts focused on theoretical modeling, while ignoring 
the considerations of both explicit and physical concepts. 
Based on previous models, Gao et al. (2003) proposed a 
continuous curve model with an infinite slope at the ori-
gin point, and zero at the ultimate slip. The model was 
developed with a mathematical derivation with physi-
cal meanings, whereas its expression of the descending 
branch was complex. Furthermore, a continuous bond–
slip model with four branches for GFRP/steel wire com-
posite rebars was proposed by Hao et al. (2009). Xue et al. 
(2016) propose a whole model of the bond–slip for GFRP 
bars with four branches, i.e. a linearly ascending branch, 
a ascending branch of the BPE Model, a linearly descend-
ing branch and a residual branch in the shape of the 
sinusoid.

Nevertheless, a constitutive model for BFRP bars still 
needs to be explored with additional effort, as two main 
deficiencies exist in previous models. First, the CMR 
model and Gao’s model are not suitable for a BFRP bar, 
as the ascending branch cannot be correctly fitted, as 
shown in Fig.  12. For the residual stage, the model of 
Gao adopts four parameters to describe the residual 
bond strength, whereas the expression is complex. In 
fact, residual bond strength is not recommended to 
be utilized in terms of bond design, while the residual 
stage exhibits development of bond ductility. There-
fore, an optimized bond–slip constitutive model for a 
BFRP bar with explicit mathematical meaning is pro-
posed, where a linearly descending branch was adopted 
to characterize the residual branch (shown in Fig. 13). 
Compared to Xue’s model, the first three branches are 

similar whereas the residual branch is calibrated form 
the perspective of energy conservation.

As indicated in Fig. 13a, the OA segment is defined as 
the micro-slip stage, where the bond strength τ1 is lin-
ear, up to a bond slip of s1. Then, the τ–s curve gradu-
ally turns non-linear, and the ascending branch of AB 
adopts the expression of the modified BPE model. The 
descending segment of BC was simulated approxi-
mately linearly. In terms of energy conservation at the 
residual segments, the CD segment adopts a simplified 
linear model whose envelope area equals the experi-
mental result.

The expressions for the proposed bond–slip are listed 
as Eq. 2 to Eq. 5.

In the above, τ1, τ2, τ3 and τ4 are the bond strengths cor-
responding to points A, B, C, and D, respectively, s1, s2, s3 
and s4 are the corresponding slips, respectively, and all of 
the them must be calibrated based on the experimental 
results. A proposed bond–slip model for B-r-1.08-9-2.5 is 
plotted using parameters in Table 6. Comparison of pro-
posed model and experimental data during the whole slip 
process is shown in Fig. 13b.

(2)Micro-slide section τ =
τ1

s1
s (s ≤ s1)

(3)

Slide section τ = (τ2 − τ1)

(

s − s1

s2 − s1

)α

+ τ1 (s1 < s ≤ s2)

(4)

Descending section τ = τ2+(τ3 − τ2)

[

s − s2

s3 − s2

]

(s2 < s ≤ s3)

(5)

Residual section τ = τ3+(τ4 − τ3)

[

s − s3

s4 − s3

]

(s > s3)
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4.6.2 � Fitting of the Bond–Slip Constitutive Law
The data of the boundary points A, B, and C (shown in 
Table  6) are obtained from the pull-out tests, whereas 
D is determined by the area under the residual sec-
tion of the graph. To obtain the parameter α in Eq.  3, 
curve fitting is carried out on the experimental data 
with Origin (a professional data processing software). 

The regression coefficient R2 of the OABC segment is 
shown in Table 6.

5 � Analysis of Fatigue Behavior
5.1 � Prediction of Fatigue Life by Data Fitting
An S–N curve was adopted to predict the fatigue life, 
with a linear scale of the cycles of corresponding stress 
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Table 6  Data of boundary point and fit value of parameters.

Specimen number Experimental data of boundary points Parameter α Regression 
coefficient R2

A B C D

s1 τ1 s2 τ2 s3 τ3 s4 τ4

mm MPa mm MPa mm MPa mm MPa

B-r-0.84-9-1.5 0.14 3.36 2.62 16.23 8.10 3.91 57.3 2.87 0.49 0.920

B-r-0.84-9-2.5 0.19 3.54 2.68 15.32 7.80 3.85 60.4 1.33 0.31 0.931

B-r-0.84-9-4 0.12 6.10 1.66 16.07 6.38 4.57 53.8 1.23 0.48 0.933

B-r-0.84-12-1.5 0.55 12.95 2.94 23.46 9.51 7.20 55.1 6.13 0.60 0.936

B-r-0.84-12-2.5 0.51 11.82 3.47 28.26 10.58 9.83 53.2 9.49 0.46 0.930

B-r-0.84-12-4 0.29 6.95 2.86 21.10 9.89 7.80 54.7 7.49 0.70 0.936

B-r-0.84-18-2.5 0.54 4.75 4.30 12.28 17.60 1.52 49.3 4.75 0.39 0.944

B-r-0.84-18-4 0.57 3.15 4.03 10.83 15.86 1.63 46.3 2.81 0.70 0.906

B-r-1.08-9-1.5 0.06 3.35 3.15 14.54 7.95 3.09 31.6 5.60 0.55 0.917

B-r-1.08-9-2.5 0.14 2.14 2.74 15.94 7.44 3.88 31.9 4.44 0.58 0.936

B-r-1.08-9-4 0.10 4.07 1.42 15.81 7.06 7.12 50.5 0.46 0.47 0.931

B-r-1.08-12-1.5 0.57 7.63 4.21 21.09 11.59 5.12 31.5 9.17 0.40 0.940

B-r-1.08-12-2.5 0.57 5.35 3.46 22.53 10.41 4.29 45.2 5.55 0.58 0.944

B-r-1.08-12-4 0.62 5.02 3.41 20.41 10.11 4.68 31.5 8.55 0.57 0.932

B-r-1.08-18-2.5 0.39 2.58 5.48 10.85 16.35 1.16 60.1 3.19 0.44 0.950

B-r-1.08-18-4 0.36 2.63 4.21 13.00 17.13 2.30 60.3 3.11 0.50 0.921

B-rec-0.84-12-4 0.37 3.51 1.07 11.69 7.13 5.81 50.5 1.01 0.39 0.911

B-cw-0.84-12-4 0.23 4.51 3.12 14.11 7.53 7.58 39.0 3.41 0.45 0.956

B-sw-0.84-12-4 0.39 5.65 4.98 13.62 14.58 4.72 37.9 1.50 0.60 0.921
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levels on the vertical axis, and a logarithmic scale of the 
cycles on the horizontal axis. The approximation line was 
drawn by a least square fit by the data in Table 5, and the 
static strength with 1 cycle. For three groups of bars, with 
rib spacing of 12 mm, rib width of 2.5 mm, and rib height 
of 1.08 mm, the static strengths are 22.1 MPa, 22.5 MPa, 
and 23.0 MPa, respectively, corresponding to stress levels 
of 0.98, 1.00, and 1.02, respectively. The data of the speci-
men without failure in the fatigue test is not included in 
the curve fitting, and the other data show a relatively low 
scattering. The prediction obtained by Eq.  (6) and the 
prediction of the S–N fatigue curve are shown in Fig. 14. 

The slope of the curve characterizes the degradation 
rate of the expected fatigue life. The proposed equation 
for predicting fatigue life has a regression coefficient of 
R2 = 0.880. Substituting N = 2 × 106 into Eq. 6, the stress 
level for 2 million cycles is calculated to be 0.589, which 
is 1.8% smaller than the experimental value of 0.6. The 
discrete data is acceptable, and the model is valid for pre-
diction of fatigue life.

5.2 � Slip Analysis Under Cyclic Loads
Bond behavior under cyclic loading was mainly char-
acterized by slip, stress level (Sl), and number of cycles 
(N), as shown in Fig. 15. The slip* of mono-tensile speci-
men (B-r-1.08-12-2.5) was compared with that of fatigue 
specimen with the same bar pattern (rib spacing of 
12  mm, height of 1.08  mm and width of 2.5  mm). The 
ratio of fatigue slip to mono-tensile slip at the loaded end 
was adopted to evaluate the increased slip for specimens 
under cyclic loads. N/Nf was adopted to normalize slip 
against the cycles, where Nf was the fatigue life.

(6)S = −0.026 ln(x)+ 0.9662

As shown in Fig.  15b, the slips under cyclic loads 
are much larger than those under mono-tensile loads 
(Fig. 15a) with the largest ratio at 203%, and are attrib-
uted to the accumulation of damage during the cyclic 
process. For the stress levels of 0.73, 0.75, and 0.8, 
the slip ratios are smaller than that of 0.65 and 0.68. 
According to the aforementioned failure modes, the 
small slips were attributed to the splitting of concrete 
occurring at high stress levels, where the over-devel-
oped bearing resistance causes early pull-out of the 
BFRP bar. In particular, at the stress level of 0.8, the 
slip ratio could only reach 74%, with a fatigue life of 31 
cycles.

As indicated in Fig.  15c, the development of slip 
under cyclic loads is classified into three stages. The 
first stage ranges from the fatigue life of 0% to 10%, 
where the slip increases linearly. From the fatigue life 
of 10% to 90%, the slip developed steadily. At the last 
10% of the fatigue life, the slip increased sharply, and 
the third stage was terminated until the pull-out of the 
BFRP bar. This phenomenon could be expressed by the 
model shown in Fig. 15d.

Under lower cyclic loads, the failure of the chemi-
cal bond and friction between the rib and concrete are 
the dominant factors causing the slip increase at the 
first stage. With an increase in the number of cycles, 
mechanical interlocking becomes the primary means 
of stress transfer and the rib is worn away repeatedly; 
this is attributed to the stable increase of slip during 
the second stage. With the accumulation of rib damage, 
the bar is pulled out abruptly when the rib is eliminated 
to a certain extent, indicating complete failure of the 
specimen.

In fact, a large number of micro-cracks were gener-
ated during the hydration of concrete and were distrib-
uted on the interface of cement and aggregate. Under a 
high stress level, the concrete around the bar is separated 
into several wedges by the rib of the bar, and the stress 
at the top of the cracks was relatively large. Micro-cracks 
develop rapidly when the stress of wedges exceeds the 
cohesive strength of concrete. When the development 
of micro-cracks reaches the saturation state, the wedge 
starts to crush, and the slip gains a quick increase, as 
exhibited in the first stage. Afterwards, micro-cracks 
turn into macro cracks, and the slip enters a stable stage. 
With the increase of cycles, the wedges crush quickly and 
steadily with the accumulation of damage. The BFRP bar 
is pulled out when the last few wedges are crushed.

6 � Conclusions
In this study, the bond behavior between a BFRP bar 
and concrete was investigated, based on monotonic tests 
and cyclic tests. The bond behavior and the influence of 

S = -0.026ln(x) + 0.9662
R² = 0.880
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the rib parameters were analyzed, and then an analyti-
cal model of bond–slip behavior was proposed for the 
BFRP bar. Moreover, the fatigue behavior of a selected 
BFRP bar was evaluated. The following conclusions were 
drawn.

1.	 The failure modes of structures reinforced with BFRP 
bar under the mono-tensile test could be classified 
as pull-out failure and split failure, while those of 
the cyclic tests can be categorized as pull-out of the 
bar, split of the concrete, and fracture of the bar. The 
first two types of failure modes occur more abruptly 
under cyclic tests as compared to those under mono-
tensile loads.

2.	 In the analysis of rib parameters, the round-ribbed 
BFRP bar exhibits the largest bond strength as com-
pared to other rib shapes. In addition, a rib spac-
ing/diameter of 1 is recommended, while avoiding a 
width/diameter of 0.2. A rib spacing of 12 mm and a 
rib width of 2.5 mm are recommended for maximum 
bond strength and moderate slip.

3.	 The bond–slip constitutive model dedicated to the 
BFRP bar was proposed with four main stages, i.e., 
micro-slip, slip, descending, and residual stages. The 
parameter fitting in the proposed model shows rea-
sonable agreement between numerical and actual 
values at the first three stages. For the residual stage, 
bond ductility is the focus, and it is characterized lin-
early based on conservation of energy.

4.	 The fatigue life is predicted by an S–N fatigue curve 
and an equation with a regression coefficient of 
R2 = 0.880; it reaches high accuracy at 2 million 
cycles, with an error of 1.8% as compared to that of 
the experimental test. In addition, the development 
of slip under cyclic loads was classified into three 
stages, providing an alternate way to understand the 
failure mechanism.
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