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Abstract

This comprehensive experimental study aimed to determine the bond performance of basalt fiber reinforced polymer (BFRP) bars
in geopolymer concrete (GC). The study examined the bond performance of BFRP bars and GC by considering several parameters,
including bar diameters of 8, 10, and 12 mm, embedment lengths of 4, 8, and 12 d, mm (where db is the diameter of the bar), concrete
covers of 20, 40, and 70 mm and compressive strengths of 21.7 and 34.4 MPa. The study also compared the effect of the bar surface
and bar type on GC bond performance. Eventually, the results were compared with ordinary concrete (OC). The obtained results
indicated that an increase in the BFRP bar diameter results in a decrease in the average bond stress. Similarly, an increase in the
length of the bond leads to a reduction in the bond stress. The specimen possessing a short embedment length failed due to bar
pullout, while the specimens with a longer embedment length failed as a result of concrete splitting. The outcomes also showed that
the strength of bond increases with an increase in compressive strength and cover thickness. Furthermore, the results also indicated
that BFRP-reinforced GC has comparable bond performance to steel-reinforced GC and BFRP-reinforced OC and performed better

than OC. Last, Comparisons between the existing bond-slip models were offered to demonstrate the best bond stress-slip model for

FRP bars and GC for ascending branch up to ultimate bond stress of the bond slip curves and for whole curves.
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1 Introduction

Concrete based on cement and containing internal steel
reinforcement is among the most preferred composite raw
materials in civil infrastructure. However, various issues
have arisen regarding its usage, making most researchers
and constructors search for other alternatives. Due to the
increase in global warming, cement usage is not encour-
aged because of its production process, which consumes
a large amount of energy, resulting in severe environmen-
tal effects. Researchers have reported that manufactur-
ing a single ton of cement consumes about one ton of raw
materials and produces a large amount of carbon dioxide
(CO,) released to the environment [1]. Additionally, there
are various substandard and deteriorated structures, which
require a high cost of rehabilitation or repair and some-
times require a total replacement. In addition, the corro-
sion of the steel bar is associated with many effects on
the serviceability as well as durability of traditional rein-
forced concrete structures. Various studies have explained

that the corrosion of steel bars in reinforced concrete
structures minimizes the tensile strength of bars due to
a reduction in the cross-sectional area and a reduction in
the bond between the steel bar and the surrounding con-
crete [2]. These issues have motivated scientists and engi-
neers to discover other alternatives for both OC and steel
reinforcement to increase sustainability. The solutions
being used are substituting cement-dependent concrete
with GC and the use of fiber reinforced polymer (FRP)
bars instead of steel bars.

Geopolymers, which are environmentally friendly
binders, are obtained by an alkaline solution that activates
aluminosilicate materials, such as metakaolin, fly ash and
slag. Geopolymers have, therefore, attracted consider-
able attention in recent years as an alternative to Portland
cement [3, 4]. Geopolymer binders usually minimize the
release of greenhouse gases and energy requirements with
the effective use of byproducts from industries. In addition
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to the reduction in the carbon footprint, the use of indus-
trial byproducts, which include disposable fly ash, saves
most of the unused raw materials, which would be used
in the production of concrete. Moreover, different eligible
features of GC have also been reported in the literature,
such as fire and acid resistance, dimensional stability, and
rapid development of mechanical strength. Moreover, the
required material cost of fly ash-based geopolymer con-
crete is approximately 10-30% lower than that of OC [3].
Even though GC possess more excellence with its behav-
ior and performance, its curing methods and utilization of
alkaline solution in concrete require more skilled labors
and practice. Moreover, it's a little difficult to control impu-
rities of binder (fly ash and slag). Apart from this, drying
shrinkage, efflorescence are the most common problems.
The deficiency of standard mix design procedure is also
challenging for many supervisors and practical engineers
when required with huge volume of concrete compared to
OC. GC of very high strength grade (above 80 MPa grade)
is difficult to handle and place due to higher cohesion and
significantly shorter setting time [5].

Substitution of steel bars with FRP bars as the reinforce-
ment of reinforced concrete structures is entirely acceptable
to promote durability and to increase serviceability. FRP
composite materials are usually resistant to corrosion, non-
magnetic, and durable [6]. Materials used in FRPs possess
lower ductility and bonding strength and anisotropic prop-
erties compared to steel bars. The most used FRP reinforc-
ing bars for concrete structures are usually made of glass
(GFRP), carbon (CFRP), and aramid (AFRP). The newly
manufactured type of reinforcing bars made of basalt fiber
has captured considerable interest as an excellent alternative
to other bars due to its efficiency and low prices. In addi-
tion, it is suitable for easy processing and is also resistant
to high temperatures, vibration, impact loading, corrosion
and acids [7]. BFRP has been used as a reinforcement for
emerging concrete structures as a result of these outstand-
ing properties. Although it possesses the ability to substi-
tute carbon and glass composites in reinforced concrete
structures, BFRP reinforcement is not among the already
approved types of FRP in the majority of the design codes,
as there is a lack of sufficient research [8].

Bringing together the several beneficial features of
FRP and GC provides an essential technology in the
construction field. It is difficult for reinforced GC to be
widely accepted in industry. Therefore, its bond with
FRP bars should be thoroughly evaluated, since it is an
essential feature that affects strength and durability. Good

bond performance should be available between the FRP
bar and GC to successfully transmit stress from one to
another and to acquire a composite action. The mechan-
ical interlocking between ribs of deformed bars and the
concrete performs a fundamental function regarding the
transmission of forces accompanied by chemical adhe-
sion and friction between the surrounding concrete and
the bar [9]. Chemical adhesion and friction controlled
the force transfer mechanism for sand-coated FRP bars,
according to Antonietta Aiello et al. [10], with mechan-
ical interlocking providing a significant contribution to
deformed bars. Various progressive researches on the
stress transmission mechanism via the bond performance
between OC and FRPs were undertaken by Wei et al. [9],
Lin and Zhang [11], and De Lorenzis et al. [12]. The bond-
ing performance of various types of FRP bars in OC was
investigated. The bond-slip curve was found to be simi-
lar in all of these investigations. However, recent devel-
opments in FRP research have indicated that the bond
between FRPs and concrete depends on various factors.
Such factors include embedment length, diameter, loca-
tion and roughness of the surface of the FRP bars, com-
pressive strength, cover, and confinement provided by the
transverse reinforcement [13—16].

Solyom and Balédzs [17] conducted a thorough exper-
imental investigation on the impact of surface features
on the bonding performance of FRP bars in concrete.
It was discovered that the bond stress—slip behavior,
bond strength, and failure mode all vary significantly
depending on the surface characteristics. Vilanova et al.
[18] investigated the bond slip of FRP bars in concrete
under long-term loads. In comparison to the lowest con-
crete strength, the specimens with the highest concrete
compressive strength demonstrated a lesser loss of bond
stresses towards the loaded end (for short and long bond
lengths). Furthermore, the findings of Mosley et al. [19]
indicate that steel reinforcement achieves much bet-
ter bond strength than FRP reinforcement and that the
reinforcement modulus of elasticity is an essential vari-
able impacting bond strength. the impact of air-entrain-
ing admixtures (AEA) on the bond performance of FRP
bars to concrete with different compressive strengths were
undertaken by Solyom and Balazs [20], the statistical sig-
nificance of the influence of AEA on bond features was
determined, yielding a reduction factor to account for
the effect of AEA on bond strength. The test results indi-
cate that the bond strength of FRP bars in Air-Entrained
Concrete (AEC) was statistically considerably lower than



in OC. However, the reduction is minor that it could be
accounted for during the design stage by simply increas-
ing the development length of reinforcement.

Research on the bond mechanics between GC and
the deformed steel bar was initiated and authorized by
Sofi et al. [21]. The researchers indicated that inorganic
polymer concrete (IPC) bonds were similar to ordinary
Portland cement-based concrete. Therefore, steel and IPC
combinations may be applied to resist tensile and com-
pressive stresses. Sarker [22] compared the bond strength
of GC with that of OC. As a result of the comparison, the
researcher concluded that although OC and GC possessed
the same compressive strength, the bond performance
of GC was higher than that of OC. The difference was
a result of the higher tensile strength of GC. In a different
study, Selby [23] explained that the bond strength of GC
possessed almost the same strength as that of OC on a rel-
ative basis. Additionally, the researcher also explained that
the GC had chemical adhesion, which was twice that of
OC. Therefore, good chemical adhesion would hinder the
early improvement of interfacial cracks between FRP bars
and the concrete, as well as between longitudinal cracks
and the nearby concrete.

The majority of the previous researches dealt with FRP -
OC bonds, steel-GC, and also steel-OC. However, there are
few studies regarding bonding performance between FRP
bar and GC. The study carried out by Maranan et al. [24]
is one of them and is related with the bond performance
between FRP and GC. The researchers investigated the
bond performance of GC reinforced by the sand-coated
glass Fiber-reinforced polymer (GFRP) bars and also made
a comparison with GC reinforced by steel bar. The results
obtained by the authors indicated that GC reinforced by
the sand-coated GFRP possessed the comparable bond
strength with that of GC reinforced by steel bar. An almost
similar phenomenon was also obtained by Tekle et al. [25].
Since the application of BFRP composites has been in
civil engineering only for some years, BFRP related stud-
ies regarding fundamental physic-chemical characteristics
and bond performance are quite limited. This lack of over-
all understanding of the BFRP composites will prevent its
broad and safe usage. Moreover, no research has been per-
formed on the bond behavior between the BFRP and the
GC which is the fundamental motivation of this study.

This paper presents a comprehensive and detailed exper-
imental study on the bond performance between GC and
BFRP bars. Direct pullout tests were implemented by the
consideration of several factors that affect the bond strength,
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including embedment length, type and diameter of FRP
bars, surface configuration of the bar, concrete type, con-
crete cover thickness, and compressive strength. Moreover,
the outcomes were compared with those of GC reinforced
by steel bars to promote the acceptability of BFRP as an
efficient alternative to steel reinforcement for GC.

2 Experimental program

2.1 Materials

2.1.1 Geopolymer concrete

The used GC consisted of fine and coarse aggregates,
superplasticizer, water, and a geopolymer paste made
from the chemical activation of two industrial by-prod-
ucts ground granulated blast furnace slag (GGBFS) and
Class F fly ash (FA) using an alkaline activating solution.
The slag and fly ash obtained from Iskenderun and Adana
(Turkey), were used as binder, and they were compatible
with the ASTM C989-05 [26] and ASTM C618 [27] stan-
dards, respectively. The alkaline activator was based on
combination of sodium hydroxide (NaOH) and sodium sil-
icate (Na,Si0;). The sodium hydroxide was in the form of
a flake and its purity was 98%, while Na,SiO, comprised
13.7% Na20, 29.4% Si02, 55.5% H20 and its modulus
(Ms) was equivalent to 2.14, (where Ms = Si20/Na20).
The river aggregates whose largest particle sizes are 4 mm
and 12 mm were utilized for fine and coarse aggregates,
respectively. The sieve analysis of aggregates and the phys-
ical properties were measured and illustrated in Table 1,
according to ASTM C127 [28]. Moreover, a latest gener-
ation of polycarboxylic-dependent superplasticizer (SP),
was used in the different mixtures. A Portland cement
(PC) based on Turkish standard was also used during the
study to produce ordinary concrete for comparison with
GC. Additionally, the chemical and physical properties of
GGBFS, PC and FA are summarized in Table 2.

2.1.2 Reinforcing bars

In the study, three types of reinforcing materials were
utilized. The types consisted of BFRP, GFRP as well as
deformed steel bars. Both BFRP and GFRP reinforcing
bars were produced through the protrusion process of con-
tinuous fibers immersed in a vinyl resin and contained at
least 65% fiber volume ratio. As shown in Fig. 1, for BFRP
three different diameters 8, 10, and 12 mm were considered,
while for GFRP and steel bars only one diameter (10 mm)
was adopted to make comparison with BFRP bars. As indi-
cated by the manufacturer, the geometric and guaranteed
properties of FRP bars are given in Table 3. The elastic
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Table 1 Physical properties and sieve analysis of course and fine aggregates
Sieve Size (mm) 16 8 4 2 1 0.5 0.25 Fineness Modules Specific Gravity Absorption
Fine Aggregate 100 100 87.1 51.4 323 15.8 4.1 2.36 2.55 3.2
Coarse Aggregate 100 67.9 32 0 0 0 0 5.57 2.61 1.8

Table 2 Physical properties and Chemical composition of fly ash, slag, and PC

Component ~ CaO  Na,0  K,0  SiO, Fe,0, ALO, MgO SO, SGpr Z‘i‘fyc IL;:;I‘;E Blai?;};:gne“
Flyash (%) 224 038 337 572 71 244 24 0.29 215 1.52 379
Slag (%) 3402035 097 364 069 1039 103 049 2.79 1.64 418
PC (%) 6212 017 08 197 28 516 117 263 3.15 2.99 326

modulus and the tensile strength were also measured by the
use of a nominal cross-sectional area. Moreover, The BFRP
bars having 10 mm diameter, consisted of various surface
conditions (cross helically wrapped (BCHW), ribbed (BR),
and sand coated surfaces (BS), as shown in Fig. 1 .

2.2 Mix proportions

Geopolymer concrete is a relatively new invention. As
a result, there is no standard mix design for GC. To obtain
a target compressive strength of 20 and 35 MPa, different
trail mixes were performed, the concrete mix proportions
are shown in Table 4. The alkaline activator used in the
manufacture of GC comprised of NaOH and Na,SiO, solu-
tions. A solution of sodium silicate was mixed with a 12M
solution of NaOH at least 24 hours before casting [1]. The
NaOH pellets, which were commercially available with
purity of about 98%, were melted in water to obtain the
12M NaOH solution. For economic purposes and uses,
the ratio of Na,SiO; to NaOH lay within the range of
1.5-2.5, [29] and thus the ratio of 2.5 was used in the study,
while that of liquid to binder was 0.5.

At the initial mixing stage, the coarse and fine aggre-
gates were mixed with each other for approximately 2 min-
utes before the addition of binder materials. Then the dry
ingredients were also combined in a pan mixer having a vol-
ume of about 80 liters for other 2 minutes. Additionally, the
alkali activator, superplasticizer, and also extra water were

gradually put to the mixture, and the process progressed
for a maximum of another 3 minutes. Afterwards, newly
manufactured concrete was mixed for another 2 minutes in
order to ensure uniformity and homogeneity.

GR SD

(@) ©)
Fig. 1 (a) different BFRP surface condition; (b) different BFRP bar
diameter; (c) Different reinforcement bar

Table 3 Guaranteed properties of FRP and steel reinforcing bars as
reported by the manufacturer

Reinforced bars 0,(mm) Af(mrnz) F,(MPa) E(GPa)
BFRP 8.0 50.27 1152 48+2.5
BFRP 10 78.54 1146 48+2.5
BFRP 12 113.1 1143 47+£2.5
GFRP 10.0 78.54 1020 40.+2.5
steel 10.0 78.54 565 200

0, Bar diameter, A/: nominal cross-sectional area, F;‘: Guaranteed
tensile strength, £;: Modulus of elasticity

Table 4 Mix proportion of the concrete and concrete strength

Mix  FlyAsh Slag cement Fine Agg. CA"ngse Na,SiO#NaOH Water  SP NS;%%/ [Elil;zleir/ wie (ﬁ;aa) (hfZ:a)
GC35 225 225 - 683.4 835.3 225 405 27 25 0.5 - 344 327
GC20 320 80 - 709 868 200 2 24 25 0.5 - 207 21
ocC - - 440 665 1225 - 198 2.38 - - 045 336 312

Note: All amounts are based on kg/m3, except Alkali/Binder Na,SiO;/NaOH, and w/c; ‘Based on 100 mm x 200 mm cylinder testing; “avera



2.3 Experimental matrix

Table 5 gives summary and average test results of the 38
tested specimens in detail. The study considered three bar
types which were BFRP, steel, and GFRP bars. BFRP bars
possessed diameters of 8, 10, 12 mm and a ribbed surface
with different embedded lengths, while both GFRP and
steel bar had diameter of 10 mm and ribbed surface. The
10 mm diameter of BFRP bars comprising various surface
conditions was also adopted as a different variable. The
concrete's cover thickness with three values (20, 40, and
70 mm) was also considered. Two compressive strength
values of 21.7 and 34.4 MPa were also taken into consider-
ation in order to determine the effect of concrete strength
on bond behavior. The total number of pullout specimens
was 38 and classified to 19 different sets, for each set two
nominally identical specimens were tested to obtain more
accurate results. In addition, to perform the analysis of the
results, the concrete splitting tensile strength and the com-
pressive strength tests were performed.

The designation of tested specimens comprises of two
parts. The first part shows the concrete' details with the
first two letters representing the type of concrete, whereby
OC and GC (ordinary concrete and geopolymer concrete),
respectively. The next two numbers indicate the compres-
sive strength in MPa and the concrete cover in terms of
mm. The second part shows bar details with the first letter
representing the type of bar where G, S, and B represent
GFRP, steel, and BFRP bars, respectively. The second let-
ter also shows the bar surface's condition as CHW, R, and
S standing for cross helically wrapped, ribbed, and sand
coated surfaces, respectively. The next number demon-
strates the diameter of the bars in mm, while the follow-
ing number shows the embedment length regarded as 4, 8,
and 12 times the bar's diameter and the last number shows
the number of the sample. For example, the specimen
GC/34/70-BR/8/8d-1 is geopolymer concrete specimen
with a 34 MPa compressive strength and 70 mm cover,
and it is reinforced with basalt ribbed bar with 8 mm diam-
eter, embedment length is 8db, and specimen number is
one for its group.

2.4 Process of specimen production

Processing details of GC and the specimen preparation
are shown in Fig. 2. Different pull out tests were achieved
depending on the standards of ACI440.3R-04 [30] and also
CSA-S806-12 [31]. According to the CSA-S806-12 [31],
the appropriate size of the concrete cube is 150 mm. These
pullout specimens consisted of a FRP bar which was
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horizontally put into the cubic plywood molds of 150 x
150 x 150 mm to obtain a concentric alignment. A poly-
propylene tube was utilized to separate the FRP bar and
geopolymer bond. The bar was extended for a length of up
to 50 mm outwards from the concrete cube to estimate the
free end slippage. The GC was put into cubic molds and
compacted by a mechanical vibrator that minimized the
available air voids, specifically close to the bonding region.
Upon completing the casting process, the specimens were
covered with plastic membrane covers to reduce the alka-
line solution's evaporation. The casted samples were placed
under laboratory conditions for a whole day. The speci-
mens and corresponding cylinder specimens were removed
from molds after 24 hours and the specimens of GC were
cured at a favorable temperature of 23 °C in the laboratory
until the 28" day. On the other hand, the specimens of the
OC were cured in a water tank up to the same date.
Different steel tubes containing a diameter of 35 mm
and a thickness of 4.8 mm were sleeved at the FRP bars'
ends with the epoxy adhesive before commencing of the
testing to protect FRP bars from the gripping force of the
machine's clamps during pull out tests, as shown in Fig. 3.
This ensures that the bond failure will be obtained instead
of the bar failure since, unlike steel, transverse strength
of BFRP bars is not as high as their longitudinal strength.

2.5 Test methods

According to ACI 440.3R-04 [30], the direct pullout tests
were utilized in this research to examine the performance
of the FRP-reinforced GC bond. The arrangement of the
pullout test was shown in Fig. 3. The concrete specimens
were put in a well-manufactured steel frame in the machine
for testing. In addition, two linear variable displacement

Fig. 2 Geopolymer concrete specimens: (a) specimen molds; (b) dry

mixing and addition of activator; (c) filling and vibrating; (d) curing;
(e) pull-out specimens; and (f) specimens with anchor
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transducers (LVDT) were attached near the loaded side of
FRP bars by using steel racks to record the bar slip asso-
ciated with the top concrete's surface. Other LVDT was
connected to the free end of FRP bars that protruded out-
side of the concrete cube. Specimens were tested in a com-
puter controlled universal testing machine containing load
capacity of 500 kN. The tensile load was directly applied to
the bar through a displacement control mode with a rate of
1 mm/min based on the ACI 440.3R-04s standard rules. The
tests were carried on until the slip of the loaded end reached
almost 15 mm. During the process of testing, the load and
the readings of the slip were recorded by a data acquisition
system with a constant rate of four readings per second.

2.6 Measurements analysis

The measurements of the experimental study comprised
of free as well as loaded end slips, and even the corre-
sponding load resulted from data logger at an average rate
of four readings per second. A load cell of the test machine
was used to measure the load, and the obtained reading
results from the LVDTs were used in the production of the
curves of bond-slips for each specimen. At any loading
level, bar slips at the free ends were directly attained from
the readings of LVDTs. On the other hand, in the case of
loaded end, the bar's elongation between the top LVDT
and the beginning of the bonded zone was deducted from
the measurements of LVDT at each force readings, as indi-
cated in Eq. (1).

PL
6,z =Top LVDT reading — , (1)
4,E,

where 9, ; refers to the slip at the loaded end; P refers to the
measured pullout load, measured in Newtons, E, refers to
the elasticity modulus of FRP bars, given in megapascals,

1-Steel tube (anchor)
2-Grip for pulling

3-BFRP bar

4-Loaded end LVDTs rack
5-Loaded end LVDTs
6-Free end LVDT rack
7-Free end LVDT
8-Plastic tube.

9-Concrte specimen

10-A steel is attached to bar's end
,connected to free end LVDT
11-Steel frame.

—

Side view

while A, refers to the cross-sectional area of FRP bars
specified in square millimeters. On the other hand, L is
the length between the LVDT's attachment point and the
loaded side inside the concrete, as shown in Fig. 3.The dis-
tribution of stress varies along the embedment length of
FRP bars. Therefore, for the pullout tests, average stress
is expressed as in Eq. (2).

P
nd,l,

v @

Where /, refers to the embedment length, P is the pullout
load, and d, refers to the FRP bar's diameter. The strength
of the bond was determined using Eq. (2) Moreover, the

ultimate pullout load, P_, , with corresponding slip, and

max?®

residual bond stress are illustrated in Table 5.

3 Results and discussion
3.1 The bonding failure mode
Two different kinds of failure mode, the pullout of the bar,
and the splitting of GC, were observed as a result of the exper-
imental study. The pullout type of failure was observed in
specimens having a short-bonded length and a small diame-
ter of the bars. This failure usually occurs as a result of insuf-
ficient bonding development length. Therefore, the split-
ting tensile stress induced by bond is inadequate to develop
a broader longitudinal cracking. The cracks that began at
the surrounding GC (near the interface of the bar and the
GC), could not pass through the outside surface. Therefore,
this led to an increase in bond stress. Different research-
ers have explained the similar behavior for geopolymer
and ordinary concrete reinforced by FRP bars [24, 32].
Moreover, the concrete splitting failure was shown by
the specimens that have a more considerable embedment
length, since they possess the adequate length to create

Fig. 3 Setup of pullout test schematic diagram and actual test photo



higher radial stress. The increased amount of stress results
in wider longitudinal cracks, by passing the outer concrete
surface, which eliminates the confinement capacity of GC.
This type of failure leads to the contamination of the spec-
imens' real bond strength, resulting in reduced bond stress
as compared to specimens, which failed due to the bars'
pullout. Geopolymer concrete splitting happened in a brit-
tle explosive manner that was observed by Sofi et al [21]
and Sarker [22]. Longitudinal cracks were mostly local-
ized in places where the BFRP was bonded to the GC.

Failure modes of the specimens containing BFRP bar
of diameter 8 mm were shown in Fig. 4. The specimens
which were embedded 4 and 8 d, into the GC failed due to
the bars' pullout, while those with 12 d, embedment lengths
failed as a result of concrete splitting. Similar observations
and results were obtained in specimens having a diameter
of 10 mm BFRP bar. Regarding the specimens containing
10 mm BFRP bars, specimens possessing 4 and 8 d, bond
lengths failed due to pullout, whereas the specimens whose
embedment length was 12 d, failed because of the splitting
of the concrete, as indicated in Fig. 5. The failure mode
of the pullout specimens possessing a 12 mm BFRP bar
diameter was illustrated in Fig. 6. Only specimens having
a very short bonded length failed due to pullout, while the
rest of the specimens failed as a result of the splitting of the
concrete. Based on these results, it can be concluded that
an increase in the bar diameter increases the dominancy of
concrete splitting in specimens possessing a longer bonded
length. Moreover, longitudinal crack formation is much
more in the specimens having a longer embedment length.

It was considerable to note that for the same bond length,
compressive strength and the diameter of bar, difference in
the surface configuration led to change in the failure mode
and bond stress—slip curves. The failure mode of the ribbed
surface, as well as sand coating, were both pullout failure,
while that of the cross helically wrapping surface was the
concrete splitting, as shown in Fig. 7. The visual evaluation
demonstrated that the bars' surface layers experienced the
deterioration of various magnitudes. Generally, the layers
coated with sand sheared off either totally or even partially,
and limited breakdowns were observed in ribbed bars,
whereas the cross helically wrapping was more damaged
than the ribbed bars. In addition, the ribs on the surface
of the ribbed bars were partially worn in the bond region,
and the concrete between the ribs was sheared off and then
brought out. On the other hand, BFRP bars with cross heli-
cally wrapping ribs heavily detached from the bars, and
thus the rib marks became visible on the concrete.
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Furthermore, for similar bonded length, concrete cover,
diameter, and surface, change in the concrete's compres-
sive strength led to alteration in failure mode. Failure of the
specimens having higher concrete's compressive strength
was less brittle than those specimens having a smaller
compressive strength. This was due to the reflection of the
bond failure by an inter-laminar shear amongst the bars'
layers more than concrete crushing [8, 33]. The larger con-
crete's adhesion characteristic does not permit the sepa-
ration of polymer resin from the surrounding concrete's
surface and due to the FRP composites' weak adhesion
characteristic as shown in Fig. 7(a). While, the specimens

(@) (®) ©
Fig. 4 Mode of failure of GC/34/70-BR/8 specimens: (a) 4 d,; (b) 8 d,;
and (c) 124,

(@) () ©
Fig. 5 Mode of failure of GC/34/70-BR/10 specimens: (a) 4 d,; (b) 8 d,;
and (c) 12 d,

Fig. 6 Mode of failure of GC/34/70-BR/12 specimens: (a) 4 d,; (b) 8 d,;
and (c) 124,
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having smaller compressive strength displayed concrete
crushing at the bond failure associated with fiber's sur-
face removal partially that entirely agrees with the obser-
vations made by Lee et al. [34].

The concrete cover is another essential factor that
affects failure modes as well as bond strength of BFRP bar
to GC. Pull out mode failure, which did not split the cover,
was observed in most of the specimens, since they had
enough thickness cover of about 70 mm and high cover
thickness improved the bar's confinement as well as the
concrete cover's shear resistance. The bar's surface was
peeled off, as shown in Fig. 7(a) and Fig. 8(a). For speci-
mens possessing 20 and 40 mm cover thickness, the split-
ting failure occurred before the pull-out failure because
their concrete cover was not enough to induce sufficient
shear resistance as well as confinement to the reinforcing
bars, as indicated in Fig. 8(b) and (c).

(@)
Fig. 7 Bond failure surface of FRP bars: (a) BR; (b) BCHW; and (c) BS

(@) (b) (©)

Fig. 8 Failure pattern for different concrete covers: (a) 70 mm; (b) 40

mm; and (c) 20 mm

For GC/34/70-BR/10/8d, GC/34/70-GR/10/8d, and
GC/34/70-SD/10/8d, whose types of reinforcement were
different only, the pullout failure was the only bond failure
mode. Besides, no splitting cracks signs occurred on the
cube specimens. However, bonding failure mechanisms
displayed some differences. For instance, whenever there
was enough confinement in deformed steel bar at the time
of pullout, shear cracks appeared between surrounding
concrete and the bar ribs before failure of the bar through
the pullout mode. Whenever this type of failure occurred,
the bar's bond load usually relied on the nearby concrete's
strength. However, for the specimens having FRP bars, the
bond failure partially happened on the bar's surface and on
the concrete through peeling part of the surface layer.

3.2 Bond stress-slip relationship curves

Bond stress-slip relation was used to explain the bond
performance of BFRP bars inserted into the GC, since
it is a widely used representation technique for the bond
behavior of reinforcement inside the concrete members.
Different relationships of bond stress and slip behavior of
the representative BFRP specimens containing various
values of diameters and bond lengths at the free and loaded
ends were shown in Fig. 9 in accordance with the already
existing pattern of failure and the analysis of the mecha-
nism, as well as the previous study results. For specimens
that failed in concrete splitting, only the rising branches or
just over the peak point were accepted in the bond stress-
slip curves as a result of the rapid failure. Moreover, bond
stress-slip curves of the specimens that failed due to the
pullout mode can be grouped into different phases. The
phases include the micro slip (linear), nonlinear, descend-
ing and residual steps.

Micro-slip Phase: At the first loading step, the relation-
ship is very close to linear changes. The bond between
BFRP bars and GC primarily depends on the chemical
adhesion and even low mechanical interlock. Since there
is a small slip, the bond stress increases quickly leading to
sizeable first slope. The bond-slip at the loaded end indi-
cates a reduced stiffness as compared to the free end curve,
as illustrated in Fig. 9. The differences show increase
in the length of reinforcing bar between the two differ-
ent positions of the slip measurements. Very high amount
of stiffness was observed until the onset of the slips for
the bars having a smaller diameter and the stiffness was
significantly higher in comparison to those with a larger
diameter. A similar behavior reported by El Refai et al. [8]
for normal strength of OC with basalt and glass FRP bar.
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Fig. 9 bond-slip curves for BFRP bars at loaded and free ends for different diameter and embedment length (EL):
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In addition, the thickness of the cover and the compressive
strength of concrete influenced the stiffness of bond, the
test results indicated that the stiffness increased with the
increase of compressive strength and cover due to increase
of adhesive bond strength.

Nonlinear: Moreover, a rise in the pullout load decreases
stiffness of the curves and nonlinear response is observed
until the peak bond stress is achieved. The progressing
bond damage leads to a lower slope whenever there is an
increase in the pullout load. At this phase, the bond stress
entirely relies on the friction force between GCs and BFRP
bars, as well as the mechanical interlock.

Decline stage: Upon reaching the optimum value, the
bond stress does not completely disappear. However,
it gradually reduces as the slip increases. The mechan-
ical occlusion force reduces during this stage, while the
force of friction becomes weak slowly as a result of the
wearing out of the BFRP ribs which results in the abrupt
increase of the slip. As the load reaches the optimum, the
specimens, experiencing splitting failure, rapidly split and
fail and ultimately lose their bond strength. Therefore, the
bond-slip curve does not possess any descending degree
and the residual phase. For the case of specimens that fail
due to pullout, the bond’s strength reduces from the max-
imum with an increasing rate, followed by damages in

resin matrix and the fibers on the ribbed FRP bar's surface,
till the bond's strength reaches the first valley (completing
the slip of the first cycle).

Residual stress stage: Upon drop of the average bond
stress to its minimum point, it begins to increase, since
the damage of both surface fiber and the FRP matrix are
minor, and thus the curve proceeds to the residual stress
phase. During this phase, the bond stress comprises of
the force of friction and mechanical interlocking force.
Besides, the BFRP bars significantly slip, while the bond
stress reduces in fluctuated manner like a sinusoidal func-
tion curve with decreasing amplitude. The similar behav-
ior was observed and reported for normal concrete by
Zhang et al. [33]. In general, the optimum bond stress that
corresponds to the second peak was estimated as lower
than 50% of the total bond strength regardless of the bar
size and concrete strength [35]. In the current study the
optimum bond stress, which corresponded to the next
peak was approximately 25-50% of total bond strength.
Therefore, it indicated that magnitude of the bond stress,
which corresponded to the next peak, entirely depended
on the nature of failure mechanism and the amount of
bond damage. On the other hand, the residual curve illus-
trated a lower stiffness than the previous peaks. Residual
stresses at unloaded and loaded ends are listed in Table 5.
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3.3 Parameters affecting the bond performance

3.3.1 BFRP's diameter effects to the bond behavior

The general bond-slip relationship curves of BFRP bars
containing various diameters were shown in Fig. 9 while
bond strengths of BFRP bars having diameters of §, 10
and 12 mm were compared with respect to various bonded
lengths shown in Fig. 10. It can be concluded from Fig. 10
that bond strengths of bars having larger diameter were
lower as compared to bars that have small diameters.
The BFRP bars possessing 8 mm diameter indicated bond
strengths of 8.2, 18.2, and 23.1% higher than those shown
by the bars of 10 mm diameter for 4, 8, and 12 d, embed-
ment lengths, respectively with an average increase of
16.5%. The percentages were 17.8, 33.5, and 39.0% more
than the bond strength created by the bars containing
12 mm diameter for the same embedment lengths and the
average increase was 30%.

In general, the trend adheres to the results obtained by
other researchers that large diameter bars have less average
bond strengths as compared to those with a smaller diam-
eter. Therefore, outcomes of the current study agrees with
other different studies, which have illustrated the effect of
diameter on bond strength of GFRP and CFRP bars [24,
25, 36]. This is mainly because of three different phenom-
ena, which increase with the bar size. The initial phenom-
enon is the nonlinear stress distribution along the interface
between the concrete and the bar that is highly pronounced
for large diameter of bars, since longer bonded lengths
are required [13]. Besides, Poisson's ratios reduce the bar
diameter that is related to pullout load. In general, effect
of Poisson’s ratio is higher for the bars having larger diam-
eters, which results in a reduced mechanical interlock as
well as the friction between geopolymer and BFRP bars
[36]. Additionally, the phenomenon of shear lag is used
to explain the decrease of the bond strength as the bar's
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Fig. 10 Effect of bar diameter on average bond strength

diameter increases. According to results obtained in other
researches in which the bond behavior of FRP bars in OC
had been studied [14, 36], a non-uniform normal stress dis-
tribution appears in the bar cross-section because of var-
ious movements between the core and the surface fibers
beneath the surface tension load. As the diameter increases,
the non-uniformity of stress distribution increases.

3.3.2 Effect of embedment length

The general trend of the test results shows that a longer
embedment length results in a small value of the average
bond strength. The result remains valid for all the tested
specimens regardless of the bar diameter, as indicated in
Fig. 9. The relationship between the bond and the embed-
ment length is displayed in Fig. 11 for BFRP bars with dif-
ferent diameters. In the figure, the maximum bond stresses
of all the tested specimens were indicated for all the dif-
ferent embedment lengths. It was observed from the figure
that specimens possessing a 4 d, embedment length have
higher bond stress than those with 8db and 12 d, embed-
ment lengths. For instance, for an 8 mm diameter bar, as
the embedment length was increased to 8 d, and 12 d, from
4 d,, the bond strength decreased by 15.6 and 25.5%,respec-
tively. Moreover, for a 10 mm bar diameter, as the length
was increased to 8 d, and 12 d,, the bond strength reductions
were 24.7% and 37.4%, respectively, while decreases in the
bond strength were 31 and 45% for a 12 mm bar diame-
ter as the length was increased to 8 d, and 12 d,, respec-
tively. These results were attributed to two failure types of
the specimens. The specimens possessing larger embedment
lengths have splitting failure that leads to failure of samples
before the development of the full bond strength, which is
associated with a nonlinear bond stress distribution causing
the lower bond strength values. A similar performance was
observed in the research of Maranan et al. [24] as the embed-
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Fig. 11 Effect of embedment length on average bond strength



ment length increased. Different studies on GFRP-reinforced
OC proposed the nonlinear bond distribution as the only
possible explanation for the decrease in the average bond
strength [13, 32, 37]. On the other hand, it was indicated that
an increase in embedment length increased the perimeter
area and, therefore, led to a reduction in bond strength [24].

3.3.3 Effect of concrete cover

Cover values of 20, 40, and 70 mm with bar diame-
ter of 10 mm were considered to determine effect of the
GC cover. The curves of bond stress-slip for specimens
possessing different concrete covers were illustrated in
Fig. 12. As the concrete cover increased from 20 mm to
70 mm, the curves became steeper, and the bond strength
increased. For concrete cover values of 40 and 20 mm,
the ultimate bond stresses were 12.9 MPa and 9.8 MPa,
respectively. Bond strength of the specimens, whose con-
crete cover was 70 mm, was 16.7 MPa, which indicated
improvement as the amounts of 71.4% and 29.3% as com-
pared to specimens whose concrete covers were 20 and
40 mm, respectively. The specimens possessing small con-
crete covers, such as 20 and 40 mm, failed abruptly due to
splitting of the concrete as shown in Fig. 8, while those
with 70 mm covers failed due to pullout. This observa-
tion may be attributed to an adequate concrete cover of the
BFRP bar which increases the bearing force. Therefore,
it leads to the higher bond strength with GC and decreases
the formation of cracks in the concrete that surrounds the
bars, and as a result, prevents the splitting failure. As the
concrete cover increased, Veljkovic et al. [38] observed
a similar behavior for ordinary concrete cement. For the
bars kept close to the edge, not only was the bond stress
decreased (compared to the centric placed bar), but the
maximum bond stress was also attained at a lesser slip of
the reinforcement, as shown in Fig. 12.
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Fig. 12 Comparisons on Bond stress-slip curves for different concrete
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3.3.4 Effect of concrete strength

The BFRP bar, possessing 10 mm diameter and embed-
ment length of 8db, was used to evaluate the bond stress-
slip behavior of GC with respect to compressive strength,
as shown in Fig. 13. According to this figure an increase
in the compressive strength improved the bond stress,
while the slip decreased. With an increase of the concrete
strength from 21.7 to 34.4 MPa for GC/21.7/70-BR/10/8d
and GC/34.4/70-BR/10/8d specimens, the optimum aver-
age bond stress also increased by 11.8%. On the other
hand, the corresponding slip value reduced by 13.8%, as
the concrete's strength increased by 36.8%. The test results
obtained by Baena et al. [14], who examined the bond
behavior of the FRP bars in OC, explained that bond strength
between FRP bars and the concrete increased as the con-
crete strength increased. This observation was attributed
to increase in the resistance of FRP-concrete interface
caused by the increase in the compressive strength of the
concrete. Furthermore, increase in the concrete's tensile
strength may delay formation of cracks inside the concrete
and thus increased bond stress. It was observed that the
higher compressive strength (34.4 MPa) provided more
crushing resistance than the lower compressive strength
(21.7 MPa) in the ribs.

3.3.5 Effect of various surface treatment

Effect of the bar surface on bond strength is a compli-
cated phenomenon, since the bar can possess different sur-
face configurations. However, no standard configuration
has been provided, as in the case of steel reinforcement.
Various surface configurations result in different bond
behavior [16]. In this part, the FRP bars, used in the study,
can be grouped into two distinct types, such as ribbed
(BCHW, and BR) and non-ribbed bars (BS).
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Fig. 13 Comparisons on Bond stress-slip curves for different grades
of geopolymer concrete
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Cross helical wrapping, coated and ribbed bars hav-
ing 10 mm diameter and 8db embedment length were all
used to determine the effect of bar surface configuration
on bond strength, as indicated in Fig. 14. The comparison
illustrates significant difference regarding mechanisms of
the bond for different surface treatments. When the bars
provide a ribbed surface, the contribution of mechanical
interlocking is very efficient in order to obtain high bond
stresses as compared to the sand coated bars that have
a small mechanical contribution. Additionally, when most
of the lugs are damaged, after obtaining the highest bond
stress, the softening part of ribbed bars is higher than that
of sand coated bars. This result indicated that the deforma-
tion of surfaces of ribbed bars is in smaller region and so
the surface still tries to develop higher bond resistance as
compared to sanded bars.

Furthermore, bond stress of the FRP bars coated with
sand reduces quickly upon reaching the maximum bond
stress. On the other hand, the FRP bars possessing ribbed
and cross helical wrapping surface configurations exhib-
ited a more gradual decrease in bond stress. The initial
phase of all the curves that correspond to chemical adhe-
sion is coincident, and the related slips tend to be almost
zero. The optimum bond stress of the specimens having
cross helical wrapping surface configuration is higher as
compared to the specimens having other surface config-
urations; however, they failed due to splitting of the con-
crete. On the contrary, specimens reinforced by sand coated
and ribbed bars failed due to pullout failure, as shown in
Fig. 7. Generally, the splitting failure produces lower bond
strength than that of the pullout failure, however this case is
not valid for the specimens having cross helical wrapping
surface configuration. The highest bond stresses of ribbed
and cross helical wrapping bars were higher as amounts of
10.3 and 19.2%, respectively, compared to the sand coated
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Fig. 14 Comparisons on Bond stress-slip curves for different surface
condition

bars. This observation can be further explained by the effect
of surface geometry whereby the deformed rebars have a
higher geometric ratio and the mechanical interlocking
contribution, as initially demonstrated. Similar behavior
for non-deformed and deformed rebars in ordinary concrete
was also observed by Baena et al. [14].

3.4 Comparison of BFRP-reinforced GC and BFRP-
reinforced OC

The comparison of the bond behavior between OC and
GC with the same parameters indicated that the specimens
of BFRP-reinforced GC possessed higher average bond
strength than those of OC. The bond strengths of GC and
OC were compared in Fig. 15, for several bar diameters.
It can be observed from the figure that bond strengths of the
bars having higher diameter are smaller as compared to the
bars that have smaller diameters for OC and also GC speci-
mens. The optimum bond strength at failure for the GC pos-
sessing diameters of 8, 10, and 12 mm had bond strengths of
10.9, 13.4 and 12.6% more than the bond strengths achieved
by the OC for the same diameters, respectively, and aver-
age increase was 12.2%, as shown in Fig. 16(a). Increase in
the bond strength of GC was because of a complex interfa-
cial transition zone (ITZ) among the aggregate, bar, and the
concrete. Furthermore, it was reported that sodium silicate
usage led to a dense ITZ with no microstructure difference
than the geopolymer matrix [22].

On the other hand, the ITZ was filled with crystalline
phases comprising of ettringite and portlandite with higher
porosity in OC [3]. This case can be extracted from compar-
ison of slip values at ultimate bond stress for these two con-
crete types. As shown in Fig. 16(b), the slip values of BFRP
bar inside the GC at optimum bond strengths are 4.2, 7.7, and
13.8% lower than the slip values of BFRP bars inside OC at
optimum bond strengths for diameters of §, 10 and 12 mm,
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Fig. 15 Comparisons on Bond stress-slip curves for GC and OC with
different bar diameter
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respectively, and average decrease is 9.2%. This outcome
indicates that GC has higher bearing forces, chemical adhe-
sion, and friction as compared to the OC. Better bond perfor-
mance of GC than the performance of OC was also reported
in several studies [24] and [25] which include tests for steel
bars and GFRP bars coated with sand. Therefore, it can be
concluded that the GC reinforced by BFRP bars has compa-
rable bond strength with that of BFRP-reinforced OC and it
can be an effective alternative to the BFRP-reinforced OC.

3.5 Comparison of bond-slip specimens of BFRP /
GFRP-geopolymer and steel-geopolymer

According to Fig. 17, it can be observed that basalt and
glass FRP bars showed the almost same bond behavior.
Their optimum bond stresses for the 10 mm diameter with
embedment length of 8 d, were 16.6 and 15.2 MPa, respec-
tively. Upon comparison, deformed steel bars with simi-
lar diameters and the same embedment length experienced
bond stress equivalent to 20.1 MPa. From Fig. 17, it can be
concluded that both GFRP and BFRP experienced about 76
and 83% of the steel's bond strength, respectively, but with
higher slip values. This outcome results from lower elastic
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modulus of BFRP and GFRP bars as compared to that of
steel bars (see Table 1), as also expressed by Caro et al. [39]
and other different researchers [14, 37]. Besides, Maranan
et al. [24] also reported higher bond strength of the ribbed
steel bars. According to this study, the FRP bar reinforced
specimens possess comparable bond strength as compared
with steel bar reinforced specimens. Therefore, it can be
deduced that ribbed FRP bars may be an efficient internal
reinforcement alternative to the steel bar for the geopoly-
mer concrete structures.

3.6 Theoretical analysis

Currently, various models are applied to simulate the real
bond-slip behavior of FRP-reinforced concrete. The mod-
els include the Malvar, modified BPE (mBPE), Bertero-
Eligehausen-Popov (BPE), Cosenza-Manfredi-Realfonzo
(CMR), Wei (2P), Xia Li, and Gao models. As shown in
Fig. 18(a), among the models, the most reliable model,
which can often simulate the ascending behavior of the
bond-slip curves, is the model of BPE and the CMR law
proposed by Eligehausen et al. [40] and Cosenza et al. [41],
respectively, as well as the 2P and mBPE models proposed
by Wei et al. [9] and Cosenza et al. [42] to simulate the
whole curves (ascending and descending parts) as shown in
Fig. 18(b). However, the remaining models, as illustrated in
Fig. 18(a), are not very suitable for BFRP bars embedded in
GC because the bond-slip curves cannot be properly fitted.

3.6.1 The BPE and mBPE model

The BPE model was initially designed to describe the
bond performance of steel bars to concrete. It consists of
an ascending branch that reflects the chemical adhesion
bond mechanism, a plateau phase with constant maximum
bond stress, a linear downwards branch, and a final hori-
zontal branch with constant frictional reaction. After that,
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the model was updated for FRP materials [42]. Because
the FRP bond does not have the same apparent plateau as
a steel bar, this branch in the BPE model with a constant
maximum bond stress is eliminated in the BPE-modified
model to properly characterize the bond stress—slip rela-
tion of FRP bars. This model also provides a whole bond
stress—slip constitutive curve for FRP bars, which makes
it more appropriate for FRP bars. It should be noted, how-
ever, that the impacts of varying bar diameters and FRP
fiber types have not been considered in this model.

The mBPE law in its modified form is written as follows

l:(ij for 0<s<s, 3)

Tll SM

l=1—p[i—1}forsuSsﬁs3. 4
u su

In the Egs. (3) and (4), 7 and s are the bond stress and
the slip, respectively. On the other hand, 7, represents the
ultimate bond stress, and s,, is the slip at the ultimate bond
stress obtained through experimental tests.

Geopolymer concrete

2 _"(‘-
4 r BFRP
4
- a4 4 a)- ;
o o+ao
< it >
-y - - ‘#
T(S)
A
dx
— —

Fig. 19 Anchored BFRP infinitesimal section

To establish a numerical procedure aimed at the optimi-
zation of these parameter, Pecce et al. [43] explained that
by assuming a constant bond stress distribution along the
embedment length of the bar and measuring slip values at
the free end, the parameters for the bond-slip constitutive
laws can be determined. Because the difference between the
slips at the free and loaded ends is minimal for steel bars, this
approach works successfully; thus, a constant bond stress
distribution is acceptable. However, because of the lower
elastic modulus of FRP bars, there is a large disparity in the
slips at the two ends. For each test, this yields two bond-slip
curves: free-end and loaded-end curves. As a result, deter-
mining a constitutive rule for the bond strength of FRP bars
is more difficult than that for steel bars.

By studying an infinitesimal piece of embedded rein-
forcing bar, as shown in Fig. 19, the differential equation
for the problem of a reinforcing bar implanted in a con-
crete block may be obtained as follows if the contribution
of the concrete in tension is ignored. The bond stress along
the bar is defined by 7 = 7(s), where 7 = shear stress acting
on the bar-concrete contact surface; and (s) = s(x) is a rel-
ative displacement between the concrete at position x and
the bar. At point x, the bar has a strain of ¢ = &(x) x and
a stress of o = o(x).

The controlling differential equation of the problem is
Eq. (5), which is derived from the equilibrium of forces on
the infinitesimal section interface, as well as the compat-
ibility and constitutive relations of bond stress and FRP
tensile stress [44].

d’s 4

&’ Ed,

z(s(x)) )

Where E is modulus elasticity of the bar. and x is a dis-
tance from the free end; Eq. (5) is valid if the FRP bar
possess a linear elastic constitutive law in the longitudinal
direction and the displacements of the concrete points at



the FRP bar interface are minimal in comparison to the
displacements of the bar points; i.e., the deformation of the
concrete is ignored, and therefore s(x) is the displacement
of the FRP bar at x. [44].

A relation between tensile stress and slip can be deter-
mined by integrating Eq. (5). A closed-form solution to
this differential equation can be found only if the devel-
opment length is shorter than the embedment length of the
bar, in which case the free-end slip is zero. This equation,
as determined by Pecce et al. [43], is as follows:

o (s)= A ©)

A, symbolizes the area beneath the z-s curve. Eq. (6) is
only applicable if the free-end slip is zero. However, because
the free-end slip for all of the samples in this current case is
higher than zero, the closed-form solution can be utilized.
As a result, Eq. (5) is integrated numerically with the fol-
lowing boundary conditions: ¢ =c ;¥ =0; s =57".

With these boundary conditions and use a set of assumed
tentative parameter values as a starting point, (s, s,,, 7, 7,,,
and p for mBPE model) Euler's technique is used to solve
Eq. (5). The theoretical values of slip and stress at the
loaded end of the bar's embedment length are estimated for
each loading step of the experiment. The optimal values
of the bond-slip relationship parameters are determined by
comparing theoretical slip and stress at the loaded end with
experimental values. To optimize these parameters, Pecce
et al. [43] applied the error function Eq. (7).

th exp th exp
Z {31 -5 \J—"{Gl — 0 J
j=1. ap exp
J=in S, o, (7)

n

e =

5.7, 5", 6" and 6" represent the experimental and the-
oretical slip and stress at the loaded end, respectively, and
n represents the number of loading steps, i.e., the number
of data points from the experiment. All of the specimens
are subjected to the preceding procedure. Table 6 summa-
rizes the parameter mean values obtained for two identical
specimens for each set with the mean design values of the
bond strength and even corresponding slippage.

3.6.2 CMR model

To overcome the shortcomings of Malvar's model, Cosenza
et al. [41] presented the CMR model to better express the
ascending behavior in the first phase of the bond stress—
slip curve for FRP bars to concrete in the following form:
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In the Eq. (8), 7 and s are the bond stress and the slip,
respectively. 7, represents the ultimate bond stress obtained
through experimental tests. Moreover, s, and f are unknown
parameters and are obtained through curve fitting of the
experimental results.

The various 38 pullout specimens were modelled through
the use of the CMR model that adopted the curve fitting
method to determine the values of s, and . The mean values
of s, and f were calculated to calibrate the model parame-
ters. Table 6 tabulates the s, and S average values obtained
for two identical specimens for each set with the mean
design values of the bond strength and even correspond-
ing slippage. As illustrated in Table 6, various parameters
are obtained from various specimens. Because of these
variances, the average bond-slip law for all specimens can
only provide broad guidance on the bond slip behavior of
the BFRP bars. Therefore, instead of using the mean value
for all specimens, the average calibrated parameters for
each pair of specimens in the same set are employed to
depict the ascending branches.

3.6.3 Wei (2P) model

Both the mBPE and CMR models are capable of accurately
simulating the initial ascending part of the bond stress—
slip curve. The two models, however, have some shortcom-
ings. On the one hand, the intersection of the ascending
and descending parts in the mBPE model is not smooth; on
the other hand, the descending part is a straight line, which
contradicts the test results. The descending and residual
stress parts of the bond stress—slip curve are not repre-
sented by the CMR model. As a result, to more properly
represent the bond stress—slip constitutive model, Wei sug-
gested the 2P model based on the bond mechanism as well
as the bond properties. Eq. (9) is used to express this, where
b, n, , ¢, and c are the parameters attained by curve fitting.

T=be ™ cos(ws+¢@)+c )

3.6.4 Comparisons between the 2P, mBPE and CMR
models

Comparisons between the 2P, mBPE, and CMR models
were performed to estimate the efficiency of the models.
Meanwhile, the root mean square error (RMSE) of the
bond stress was used, as expressed in Eq. (10), where z,,,
represents the experimental bond stress, 7, represents the
fitting bond stress, and n represents the number of data
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points. Table 7 summarizes the RMSE of the 2P, mBPE,
and CMR models. The CMR model provided the best fit-
ting effect for the first ascending part of the bond stress—
slip curve. The 2P model had a better fitting effect than the
mBPE model over the entire bond stress—slip curve.

RMSE = (10)

Fig. 18(a), (b) and Fig. 20(a), (b) show the comparison of
the curves of the analytical model and experimental results
for the GC/34/70-BR/8/4d and GC/34/70-BR/10/8d speci-
men as an example. It is observed that all the mBPE, CMR
and 2P models agreed well with the tested bond stress—
slip curves. For the ascending branch, it is seen that the
CMR model presents a better correlation with the experi-
mental data compared to the mBPE model for the ascend-
ing part, and this is true for all the specimens as shown in
Fig. 20(a) and Table 7 in which the RMSE for the CMR
model is smaller than that for the mBPE model. There is
associated with the fact that the mBPE model was specif-
ically developed for steel bars with no slippage until high
levels of loading that were very close to the peak load,
which indicated a high adhesion of steel reinforcement

to concrete. In this research, the applied BFRP possesses
lower adhesion stresses, unlike conventional steel rein-
forcements. This led to conservative bond strength values
as the curve approached the ultimate stress as well as over-
estimated bond strength values at the first loading levels of
the ascending branch in the case of the mBPE model. The
mBPE model presented a better correlation with the pullout
specimens, which seem to possess high adhesion stress, as
shown in Fig. 20(b) for the deformed steel bar specimen.

Furthermore, Fig. 20(b) and Table 7 show that there is a
better agreement between the experimental results and the
2P model for the whole curves, and the RMSE for the 2P
model is smaller than that of the mBPE model. Therefore,
these equations can be applied in carrying out numerical
evaluation on the GC and BFRP bar bonds.

As illustrated in Table 6 many different parameters are
obtained from many various specimens. However, new
model of bond-slip relationships can be proposed but
because of these variances in using many variables and lim-
iting number of specimens, taking the average calibrated
parameters for all specimens or collecting all of the vari-
ables in one analytical model can only provide broad guid-
ance on the BFRP bar's bond slip behavior, Therefore,

Table 6 Proposed Design Values for the Parameters of the mBPE, CMR and 2P Models

mBPE CMR 2P
specimens ~ s & s ~ s

(MP2) (mm) * MPa) mm) " (MPa) (mm) ° g @ 4 ¢
GC/34/70-BR/8/4d 2437 088 0338 0091 2373 090 0432 0288 24.85 091 3468 0733 -1.077 -10.970 10.323
GC/34/70-BR/10/4d 2214 128 0281 0119 2156 134 0571 0426 2233 130 4711 0732 0706 -26770 8.673
GC/34/70-BR/12/4d 1979 204 0317 0129 1956 2.04 0679 0631 1903 220 4211 0630 -0.005 -551.0 6.875
GC/34/70-BR/8/8d 2034 186 0314 0181 2006 1.84 0907 0438 2043 181 5644 0712 0.589 -26.800 6.536
GC/34/70-BR/10/8d 16.71 216 0341 0175 1615 216 0738 0.671 1629 2.3 -82.00 0.592 0252 -1.529 4.974
GC/34/70-BR/12/8d 1349 213 0482 - 1273 213 0942 0762 1349 212 1960 0426 0427 -14.573 9.88
GC/34/70-BR/8/12d 1797 245 0399 - 1764 245 1264 0571 1786 246 -21.83 1.684 -0.649 0.589 18.047
GC/34/70-BR/10/12d 1377 261 0435 - 1321 261 0905 0866 1333 261 -13.61 L1184 0000 -0.001 13.954
GC/34/70-BR/12/12d 1091  2.02 0556 - 1054 202 1746 0515 1098 205 -74.18 2.048 -0210 13978 11.631
GC/34/70-BS/10/8d 1492 169 0308 0159 1232 171 0533 0.652 1453 169 -17.94 0.005 0057 1331 4.6l
GC/34/70-BCHW/10/8d 1847 3.82 0393 - 1004 3.82 0632 LIS] 1818 3.85 -1585 1.025 0.000 0.184 18.497
GC/34/70-GR/10/8d 1526 234 0242 0194 1494 237 0586 0613 1560 237 -2385 0286 -0.380 -1.552 6.257
GC/34/70-SD/10/8d 1865 040 0242 0037 1843 040 0414 015 1948 045 -6851 1683 -0.008 -1.571 6.000
GC/34/20-BR/10/8d 984 185 0422 - 966 185 1374 0432 976 187 -900 1345 -1251 0052 9228
GC/34/40-BR/10/8d 1293 209 0330 - 1252 220 0712 0643 12.84 220 -17.87 1600 0.000 -5.416 13.243
GC217/70-BR/10/8d 1479 2.84 0413 0233 13.89 248 0649 1013 13.62 2.50 -2508 0425 0.578 -36.270 4.473
0C/34/70-BR/8/8d 1791 169 0450 0.186 1759 167 1649 0369 1793 160 4516 0.586 0.573 -39.400 5.361
0C/34/70-BR/10/8d 1425 193 0410 0203 13.82 1.89 1019 0539 1416 210 3068 0.505 0610 -33.100 3.795
0C/34/70-BR/12/8d 1182 202 0511 - 1109 246 1012 0887 1174 250 -25941 0.588 -0.092 -1.071 13375

Note: max = maximum bond stress; a = average for the two identical specimens. ; S

max

= slip corresponding to maximum bond stress



Table 7 RMSE of the 2P, mBPE and CMR models

First ascending part Whole curve of

specimens of curve

CMR mBPE 2p mBPE
GC/34/70-BR/8/4d 0.602 0.282 0.892 1.432
GC/34/70-BR/10/4d 0.508 1.002 0.755 4.022
GC/34/70-BR/12/4d 0.445 0.929 0.499 3.028
GC/34/70-BR/8/8d 0.572 1.526 1.356 4418
GC/34/70-BR/10/8d 0.503 0.797 0.980 2.594
GC/34/70-BR/12/8d 0.309 0.417 0.200 -
GC/34/70-BR/8/12d 0.184 1.445 0.189 -
GC/34/70-BR/10/12d 0.271 0.372 0.420 -
GC/34/70-BR/12/12d 0.762 0.241 0.123 -
GC/34/70-BS/10/8d 0.586 0.572 11.38 2.947
GC/34/70-BCHW/10/8d 0.273 0.895 0.273 -
GC/34/70-GR/10/8d 0.178 0.913 0.544 1.257
GC/34/70-SD/10/8d 0.392 0.334 0.572 1.597
GC/34/20-BR/10/8d 0.230 0.803 0.119 -
GC/34/40-BR/10/8d 0.288 0.672 1.347 -
GC/21.7/70-BR/10/8d 0.610 0.317 0.775 3.400
0C/34/70-BR/8/8d 0.554 1.563 0.587 3.064
0C/34/70-BR/10/8d 0.325 0.838 0.500 3.071
0C/34/70-BR/12/8d 0.165 0.328 0.127 -

Note: max = maximum bond stress; a = average for the two identical
specimens; S, = slip co rresponding to maximum bond stress

max

instead of using the mean value for all specimens, the aver-
age calibrated parameters for each pair specimens in same
category are employed to depict the ascending branches or
whole curves for the purpose of comparison. The analytical
models might also be applied in specimens that failed due to
concrete splitting since specimens with the same diameter
have the same bond-slip linear stiffness behavior. However,
the maximum bond stress that exists between the BFRP
bars and the GC for specimens possessing longer embed-
ment lengths may be minimal due to the splitting failure
of the concrete. However, this is a conservative value that
can be applied in comprehending the structural behavior at
the serviceability state level. The outcomes obtained in this
research are not adequate in evaluating the maximum bond
stress in which concrete splitting will begin to occur, that is,
the upper limit for its usage for this failure type. Therefore,
further investigation is required, which is far beyond the
scope of this paper. Instead of, this section in this study
mostly focusing on the Comparisons between the existing
models to demonstrate the best bond stress-slip model for
FRP bars and geopolymer concrete among the others.
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Fig. 20 Experimental data compared to BPE and CMR models for: (a)
BFRP; (b) Steel bar

4 Conclusions
This study examined the bond-slip behavior between geo-
polymer concrete and FRP reinforcing bars via a compre-
hensive experimental study in detail. The pullout tests were
conducted to evaluate the effects of embedment length,
compressive strength, cover thickness, bar diameters,
and the surface configuration of FRP bars on bond-slip
behavior between geopolymer concrete and BFRP bars.
Besides, the bond-slip curves for the average bond stress,
bond failure mode, as well as the slip at the loaded and free
ends were also examined for all the specimens. Moreover,
comparisons of the bond characteristics between various
types of FRP rebar and deformed steel rebar and ordinary
concrete were also performed. Then, the analytical mod-
els were calibrated to describe the bond-slip relationships.
From the obtained results and the analysis, the follow-
ing conclusions can be drawn.
1. The specimens that have shorter embedment lengths
failed as a result of bar pullout, whereas the ones
having a longer length failed as a result of concrete
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splitting. An increase in diameter made the concrete
splitting failure more dominant for specimens having
higher embedment lengths.

. The bond strength between geopolymer concrete and

BFRP bar reduced as the bar diameter increased. Bond
strength of the specimen having diameters of 8§ mm
was 16.45% higher than the strength of the specimen
having diameter of 10 mm. This result was because of
the combined effect of the non-uniform stress distri-
bution along the bar with the shear lag in cross-sec-
tion of the bar, the size, and Poisson effects.

. Moreover, an increase in the embedded length

decreased the average bond stress. Increase of the
length from 4db to 8db reduced the bond's stress by
15.6% and 24.7% for the specimens having diameters
of 8 and 10 mm, respectively.

. Additionally, bond strength between FRP bars and

geopolymer concrete increased as the concrete cover
increased. Therefore, increasing the cover from 20
and 40 mm to about 70 mm increased bond strengths
71.4% and 29.3%, respectively. Moreover, the con-
crete splitting failure occurred in the specimens whose
concrete cover was smaller, while the specimens hav-
ing higher concrete cover failed due to pullout.

. The compressive strength affected the bond stress of

BFRP-reinforced GC significantly. An increase in
compressive strength from 21.7 to about 34.4MPa led
to an 11.8% increase in maximum bond stress and
13.76% decrease in the corresponding slip value.
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