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Abstract. The near-surface mounted (NSM) fibre reinforced polymer (FRP) technique is a relatively recent system for
strengthening concrete structures. Bond is a key factor in its behaviour, and is affected by many factors whose influence
can only be tested through experimental studies. In this study, the modified pull-out test was used to study the effect of
epoxy properties and bond length on the behaviour of NSM FRP bars. Three epoxy types, two FRP materials (carbon
and glass) and four bond lengths (6d,, 12d,, 24d,, and 30d,) are used. The load capacity, slips at the loaded end and free
end and average bond stress are all analysed. The test results indicate that the role of epoxy properties appear to be a
key factor in bond performance in the NSM FRP strengthening technique, and that their effect varies depending on bond

length and FRP properties.

Keywords: bond behaviour, near-surface mounted (NSM), reinforced concrete, fibre reinforced polymer (FRP),

adhesive, failure load.

Introduction

The strengthening of concrete, masonry and wood members
has become an important issue in view of the urgent need
to increase the capacity of many old buildings. The most
common techniques for strengthening reinforced concrete
(RC) structures using fibre reinforced polymer (FRP) sys-
tems are externally bonded reinforcement (EBR) and near-
surface mounted (NSM) reinforcement (ACI 440.2R-08
2008; Bulavs et al. 2005, Hajsadeghi ef al. 2011). The
NSM FRP technique is the more recent and consequently
not as much is known about it as is the case with EBR
FRP methodology. Compared to EBR, NSM reinforce-
ment has advantages in terms of better protection of FRP,
aesthetics, and bond behaviour (De Lorenzis, Teng 2007).
From the mechanical point of view, the NSM technique is
more effective in flexural and shear strengthening (Barros
et al. 2007), the bond between NSM FRP and concrete
being the main factor affecting the efficiency of the meth-
odology. Several studies have investigated bond behaviour
of NSM reinforcement when the technique is used, and the
effect of the main factors involved.

De Lorenzis et al. (2002) performed an experimental
study of NSM bond behaviour, using a modified pull-
out test, to investigate the effect of the type of FRP rod
(material and surface pattern), groove-filling material,

bond length and groove size on the bond behaviour of
NSM bars in concrete. The results showed that for NSM
rods bonded with epoxy paste, as the groove size or bond
length increased, so did the load capacity. In specimens
with cement mortar, splitting of the cover was more
frequent than in specimens with epoxy, due to the lower
tensile strength of the material. The mode of failure of
specimens with ribbed glass fibre reinforced polymer
(GFRP) rods ranged from splitting of the epoxy cover,
accompanied by cracking of the concrete surrounding
the groove, to failure at the epoxy—concrete interface,
depending on the groove depth. Soliman et al. (2011)
presented an experimental study of the bond behaviour
of NSM FRP bars in which concrete tension failure
appeared as the main failure mode for most of the tested
specimens; groove size and environmental conditions
had only a small effect on the failure load.

Galati and De Lorenzis (2009) studied experi-
mentally the effect of construction details and other
factors on NSM bond behaviour. The groove dimensions,
properties of the bonding materials and type of FRP bars
showed a great effect either on the load capacity or on
the mode of failure. Sharaky et al. (2013a, 2013b) used
the modified pull-out test (De Lorenzis et al. 2002; Soli-
man et al. 2011) to study the effect of construction de-
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tails, characteristics of FRP bars, adhesive properties,
concrete strength and bond length on the bond behaviour
of NSM bars. The main failure modes were bar-epoxy
interface failure in specimens with NSM carbon fibre re-
inforced polymer (CFRP) bars, while epoxy splitting and
bar damage in specimens with NSM GFRP bars. As the
bar diameter, strength and elasticity modulus of adhe-
sive and bond length increased, so did the failure load.
Construction details and concrete properties had slight
effect on failure load due to bar pull-out or epoxy split-
ting.

Novidis et al. (2007) studied the bond behaviour of
NSM bars. The test results indicated that increasing the
groove size resulted in an increase in the average bond
strength for failure controlled by the interface between
bar and epoxy paste. In addition, increasing the bond
length for a given groove size increased the load capacity
of the joint. A single shear test was performed to study
the bond performance of EBR and NSM FRP systems by
Bilotta et al. (2011). The results showed that the ratios of
tensile stresses of NSM reinforcement at failure load to
the strength of FRP reinforcement was higher than those
attained by EBR systems.

Sena-Cruz et al. (2012) studied bond behaviour
between glulam and GFRP rods, applied according to
the NSM strengthening technique. Observed failure
modes included glulam shear failure, interfacial failure
(glulam-adhesive and FRP-adhesive) and adhesive
splitting. Maximum pull-out force, and the loaded and
free ends slips, increased with bond length, while bond
strength decreased. A rougher external surface of the rod,
and a deeper installation of the GFRP into the groove,
made the bond perform better.

The use of NSM technique for strengthening RC
beams has also been studied elsewhere (Hassan, Rizkalla
2003, 2004; El-Hacha, Rizkalla 2004; Barros, Fortes
2005; Al Mahmoud et al. 2012, 2009, 2010; Dias,
Barros 2010; Costa, Barros 2010; Soliman et al. 2010;
Barros et al. 2011). It has been reported that concrete
strength has no effect on the load carrying capacity of the
strengthened beam when a NSM system failure occurs
(Hassan, Rizkalla 2003, 2004; Al Mahmoud et al. 2012).
On the other hand, as the tensile strength of epoxy paste
and groove dimensions increased the failure load also in-
creased (Hassan, Rizkalla 2004). Due to the high number
of factors affecting NSM bond behaviour, more experi-
mental studies are needed for the effect of these factors
to be understood, and formulations to help in the design
of this system to be obtained.

This paper examines the effect of epoxy properties on
the behaviour of NSM bars. A series of experimental tests
by means of the modified pull-out test previously indicated
(De Lorenzis et al. 2002; Soliman et al. 2011; Sharaky
et al. 2013a, 2013b) were carried out. Groove dimensions
and concrete type were kept constant. Three epoxy types,
two FRP materials (CFRP and GFRP) and bar surfaces
and four bond lengths were used. The load capacity, mode

of failure and average bond stress-slip are analysed, and
results for the different variables are compared and dis-
cussed.

1. Experimental program
1.1. Test specimens

In the experimental program thirty eight specimens having
configuration similar to that reported in (Sharaky et al.
2013a, 2013b) were tested. The specimens consisted of
C shaped concrete block having outside dimensions of
350%350 mm and inside dimensions of 170x180 mm
(Fig. 1). Two specimens’ heights were used (300 and
350 mm). The grooves were shaped by creating two saw
cuts and using a hammer to manually remove the re-
maining concrete in-between the cuts. After cleaning the
groove with compressed air and half-filling it with the
epoxy resin, the bar was introduced and additional resin
was subsequently added to fill the groove till levelling it
with the surrounding concrete surface.

1.2. Characteristics of materials

The average compressive strength of concrete was
23 MPa while the tensile strength was 2.3 MPa, based on
the experimental tests performed on standard cylinders
(150%300 mm). Two types of FRP bars, carbon (MBrace,
BASF) and glass (ComBAR, SCHOK), were used. The
properties of the FRP bars obtained from the experimen-
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Fig. 1. Test specimen, test setup and instrumentation
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tal tests (according to the ACI 440.3R-04 2004) were 170
and 64 GPa for E, with a corresponding f; equals 2350
and 1350 for CFRP and GFRP bars respectively. The sur-
face treatment of the FRP bars is shown in Figure 2.

The NSM bars were installed into the grooves using
three types of epoxy resins (A, B and D). The first resin
(A) MBrace ADHESIVE HT (BASF) consisted of primer
painted to the groove surfaces before introducing the main
epoxy paste. The second resin (B) was POLYFIXER EP
(ROBERLO). The third resin (D) was obtained by adding a
special additive to the second resin (Polypropylene glycol
diglycidyl ether, Grilonit® F 704 at 3.76% of weight) in
order to obtain different mechanical properties. The prop-
erties of the adhesives obtained from experimental tests
performed according to the recommendations of ISO-527-
1 (1993) and UNE-EN13412 (2008) were 5761, 8000 and
6900 MPa for the modulus of elasticity with a correspond-
ing compressive strength equal to 70.2, 95.5 and 84.8 MPa,
while the tensile strength was 28.9, 23 and 21 MPa for the
three types of epoxy A, B and D respectively.

1.3. Test set up, instrumentation and test variables

The specimens were tested using the modified pull-out
test set up shown in Figure 1. Four steel bars were used to
attach the specimens to the testing machine. The load was
applied to the NSM bar under a displacement controlled
rate of 0.003 mm/s up to failure. The loaded end slip as
well as the free end slip was measured using displacement
transducers (LVDTs) as shown in Figure 1. Adhesive
type (A, B, D), FRP material (C = carbon, G = glass)
and bond length (S = 48, M = 96 mm, L = 192 mm,
and T = 240 mm) were the main variables in the tests.
All specimens had the same groove size (16x16 mm?),
and only one size of FRP bar, § mm in diameter, was
used. The details of the specimens are showed in Table 1
where the last characters in the specimen name indicate
the specimen number (a, b, ¢).

2. Results and discussion

Table 2 shows the test results for specimens with CFRP
bars while Table 3 shows the test results for specimens
with GFRP bars. In these tables, the type of epoxy, the
maximum load of the NSM joint (F,,,), the average val-
ue of maximum load for analogous specimens (£, 4,),
the maximum tensile stress in the FRP bar (f;,, =

(b) Glass

(a) Carbon
Fig. 2. Surface treatment of the FRP bars

Table 1. Configuration of tested specimens with CFRP and
GFRP bars

Specimen Specimen Adhesive Bond
with CFRP with GFRP type length
MAC-a MAG-a A 12d,
MAC-b MAG-b A 12d,
LAC-a LAG-a A 24d,
LAC-b LAG-b A 24d,
TAC-a - A 30d,
TAC-b - A 30d,
- SBG-a B 6d,
- SBG-b B 6d,
MBC-a MBG-a B 12d,
MBC-b MBG-b B 12d,
LBC-a LBG-a B 24d,
LBC-b LBG-b B 24d,
- LBG-c B 24d,
TBC-a TBG-a B 304,
TBC-b TBG-b B 30d,
- SDG-a D 6d,
- SDG-b D 30d,
MDC-a MDG-a D 12d,
MDC-b MDG-b D 12d,
LDC-a LDG-a D 24d,
LDC-b LDG-b D 24d,
LDC-c - D 24d,
TDC-a - D 30d,
TDC-b - D 30d,

Faxav | Ap Afis the cross section area of the FRP bar), the
efficiency factor (n = fr,,./ f5) » the average value of the
maximum bond stress at the bar epoxy interface (F,,,. 40
at F'= F,,,. ,) and free end slip (sz) are reported. The
average bond stress-slip curves for all the tested specimen
are also reported and discussed. The average bond stress
(£, and loaded end slip (s,) are obtained from:

F
T = ’ 1
" nd,L, M
S, =S, _ 2
Esdy

where 1, is the average bond stress at the bar epoxy
interface, I’ is the applied force, d), is the bar diam-
eter, L, is the bond length, s, is the average measured
slip from the top LVDTs, L is the length between the
top surface of bonded length and top LVDTs, Eyis the
modulus of elasticity of the bar, and 4,is the cross-
sectional area. The test results are discussed in detail
in the following.
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Table 2. Test results for specimens with CFRP bars

Specimen PO e Tame fpes men (e Seeam) T
MAC-a A 12 26.89 0.097 B-E
MAC-b A 12 27.77 27.33 543.8 23.1 11.32 0.028 B-E
LAC-a A 24 40.12 - LC, B-E
LAC-b A 24 39.97 40.00 795.9 339 8.28 0.057 LC, B-E
TAC-a A 30 48.0 0.044 LC, B-E
TAC-b A 30 48.70 48.35 962.0 41.0 6.41 0.030 LC, B-E
MBC-a B 12 39.32 0.127 CC, B-E
MBC-b B 12 39.54 39.43 784.5 334 13.07 0.243 CC, B-E
LBC-a B 24 48.99 0.078 B-E
LBC-b B 24 47.31 48.15 958.0 40.8 9.98 0.195 B-E
TBC-a B 30 54.79 0.088 B-E
TBC-b B 30 58.09 56.44 1123.0 47.8 9.36 0.075 B-E
MDC-a D 12 30.12 0.109 B-E
MDC-b D 12 27.92 29.52 587.4 25.0 12.23 0.035 B-E
LDC-a D 24 49.92 0.003 B-E
LDC-b D 24 44.43 0.118 B-E
LDC-c D 24 44.37 46.24 920.0 39.2 9.58 0.085 CC, B-E
TDC-a D 30 53.77 0.001 CcC
TDC-b D 30 61.67 57.52 1144.0 48.7 9.53 0.231 CcC

B-E = bar epoxy interface failure; CC = concrete cracking; LC = longitudinal cracking of the epoxy.

2.1. NSM CFRP results

In this section the load capacity, failure mode and aver-
age bond stress of the CFRP bars are discussed. As seen
in Table 2, the load capacity of the NSM joint increased
as the bond length increased whatever the epoxy type.
But the load capacity also increased when the epoxy
type changed from A to B or from A to D, although at
a different percentage. The predominant failure mode of
specimens with NSM CFRP bars was bar-epoxy interface
failure (Fig. 3a), except for the two specimens TDC-a
and TDC-b that failed due to concrete cracking (Fig. 3b).
Longitudinal splitting cracks appeared in the epoxy paste
in specimens bonded with epoxy A (Fig. 4a), while con-
crete tensile cracks appeared on the concrete’s surface in
specimens bonded with epoxy D (specimens TDC-a and
TDC-b, Fig. 4b).

In specimens with CFRP bars bonded with epoxy A,
increasing the L, from 12d,, to 24d,, increased the average
load capacity (F),,y ) by 46.36%, while increasing L,
from 12d,, to 30d), increased £, 5, by 76.91%. In other
words, an increase in L, of 25% (from 24d,, to 30d,) in-
creased F,,, 4, by 20.88%.

In specimens with CFRP bars bonded with epoxy B,
increasing the L, from 12d), to 24d,, increased F),,, , by
22.11%, while an increase from 12d, to 30d, increased
Fryax.av by 43.14%. In other words, increasing the bond
length by 25% increased F by 21.03%. Changing

max,av
by

the epoxy type from A to B increased the F,

ax,av

(a) TAC-a (b) TDC-b

Fig. 3. Failure mode of specimens with CFRP bars

43.98%, 20.38% and 16.73% for bond lengths 124, 24d,,
and 30d,, respectively.

To assess the effect of epoxy type on the load
capacity, specimens bonded with epoxy D were also
tested.

Results for these specimens indicated that increasing
Ly, from 12d), to 24d,, increased the F,,,, ,, by 56.64%,
while increasing the L, from 12d, to 30d, increased

by 94.85%. In contrast, changing the epoxy type
from B to D decreased F,,,, ,, by 9.91% and 3.97%
for the bond lengths 12d, and 24d,, while it increased
Fonax.av BY 1.91% for specimens with bond length 30 d,.

From these results it is clear that the effect of epoxy
type on load capacity was influenced by the bond length
(and vice versa). When the difference in mechanical prop-
erties between epoxy D and A was 1193 MPa (+19.8%),

F, max,av
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Table 3. Test results for specimens with GFRP bars

Specimen Epoxy n Fux Foax.av f/,‘max n Fraxav Sfé Failure
type (Ly/dy) (kN) (kN) (MPa) (%) (MPa) (mm) mode
MAG-a A 12 28.32 0.002 LC, CC
MAG-b A 12 27.86 28.09 558.9 414 11.64 0.685 LC, CC
LAG-a A 24 36.23 0.094 LC, CC, ES
LAG-b A 24 38.92 37.57 747.5 554 7.78 - LC, CC, ES
SBG-a B 18.99 0.265 CC, B-E
SBG-b B 19.51 19.25 383.0 28.3 15.95 0.751 CC, B-E
MBG-a B 12 35.31 0.327 CC, B-E
MBG-b B 12 32.93 34.12 678.9 50.3 14.14 0.125 CC, CS
LBG-a B 24 56.67 0.258 CC, BD
LBG-b B 24 44.57 0.233 CC, BD
LBG-c B 24 48.06 49.76 990.1 73.3 10.31 0.371 CC, BD
TBG-a B 30 60.87 0.073 CC, CS
TBG-b B 30 60.15 60.51 1203.9 89.2 10.03 0.019 CC, CS
SDG-a D 19.83 0.815 CC, B-E
SDG-b D 22.39 21.11 420.0 31.1 17.50 0.246 CC, B-E
MDG-a D 12 33.60 0.665 CC, CS
MDG-b D 12 33.14 33.37 663.9 49.2 13.83 0.664 CC, B-E
LDG-a D 24 52.10 0.298 CC,BD
LDG-b D 24 57.79 54.95 1093.3 81.0 11.38 0.290 BD

CC = concrete cracking; LC = longitudinal cracking of the epoxy; B-E = bar epoxy interface failure;

ES = epoxy splitting; CS = concrete splitting and bar damage.

14.6 MPa (+20.8) and 2.1 MPa (+11.1) for the modulus
of elasticity, compressive strength and tensile strength re-
spectively, specimens bonded with epoxy D had higher
load capacities, by approximately 8%, 15.6% and 19.97%
for bond lengths 12d,, 24d,, and 30d,, respectively, than
those bonded with epoxy A (with the same failure mode).
Although the difference in epoxy properties between
types B and D was 1100 MPa (+13.8%), 10.7 MPa
(+10.7) and 2.0 MPa (+8.7%) for modulus of elasticity,
compressive strength and tensile strength respectively
(similar absolute values to those between epoxy D and A),
changing the epoxy from B to D caused a slight increase
in the load capacities of the NSM bars at bond length
(30d,,), while at other lengths (12d, and 24 d,) the load
experienced a slight reduction. It would seem that the
modification in the resin enhanced the bond behaviour
with this kind of FRP bar by improving the cohesion and
friction between the bar and the epoxy paste, and de-
creasing the slip for longer bond lengths.

Figures 4-6 allow the effect of L, and epoxy type
on the average bond stress (z,,) calculated using Eqn (1)
to be compared. In Figure 5 the average bond stress slip
curves for specimens bonded with epoxy A is shown. It
can be seen that as the bond length increases, the aver-
age bond stress decreases due to the non-uniform stress
distribution along the bond lengths 124, and 24d), while
there is no effect on the average bond stress when the
L, changes from 24d,, to 30d,, as the failure converts

from a bar-epoxy interface failure to concrete cracking.
The same findings were also observed in the case of
specimens bonded with epoxy B and D. On the other
hand, these specimens experienced higher average bond
stress than those bonded with epoxy A for all bond
lengths (Figs 5 and 6).

2.2. NSM GFRP results

The effect of load capacity, failure modes and the aver-
age bond stress of specimens with GFRP bars are herein
discussed. As seen in Table 3, the load capacity of the
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Fig. 4. Average bond stress-slip curves in specimens with
CFRP bars bonded with epoxy A
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NSM joint increased as the L, increased whatever the
epoxy type. Moreover, the load also increased as the epoxy
type changed from A to B or from A to D. The failure
mode of specimens with GFRP bars depended on the
epoxy type.

In specimens with GFRP bars bonded with epoxy
A, at the beginning of loading, longitudinal splitting
cracks appeared on the epoxy surface. As the load in-
creased, the longitudinal crack propagated until failure.
At failure, epoxy splitting caused either the detachment
of the surrounding concrete or concrete cracking de-
pended on the bond length (Fig. 7a). For specimens with
NSM GFRP bars bonded with epoxy B and D, failures
took place with concrete cracking and bar-epoxy inter-
face failure, or bar damage depending mainly on bond
length (Figs 7b and c).

In specimens with GFRP bars bonded using epoxy
A, increasing the L, from 12dj, to 24d,, increased F,,; 4,
by 33.75%. Increasing L, from 6d, to 12d, and from
6d), to 24d,, increased F,,,. ,, by 77.25% and 158.49%
respectively, while increasing it from 12d,, to 24d, and
from 12d,, to 30d, increased F,, by 45.6% and
77.34% respectively.

ax,av

(a) MAG-b (b) LBG-b

(c) TBG-b
Fig. 7. Failure mode of specimens with GPRP bars

For specimens with NSM bars bonded with
epoxy D, increasing L, from 6d, to 12d, and from 6d,
to 24d,, increased £, ,, by 58.08% and 160.3% respec-
tively, while increasing it from 12d, to 24d,, increased
Fonax,av by 64.67%. From these results it is clear that as
L, increased the percentage of increase in the load capac-
ity was higher in the case of epoxy B and D than that of
epoxy A, and also that the load increased as L, increased
whatever the epoxy type.

Changing the adhesive type from A to B enhanced
F o av Of the joint by approximately 21.47% and 32.45%
for bond lengths 12d), and 24d,, respectively.

Likewise, changing the adhesive type from A to D
enhanced F,,, ,, of the joint by approximately 18.8%
and 46.26% for bond lengths 124, and 24d,, respectively.
Using epoxy D enhanced the load capacity of the joint
by smaller percentages than when epoxy B was used.
Although, as mentioned previously, the difference in
epoxy properties between epoxy D and A was nearly
equal to that between epoxy B and D, specimens bond-
ed with epoxy D had higher load capacities than those
bonded with epoxy A with the dissimilar failure mode.
This may have been due to their respective chemical and
physical properties, which may have enhanced the co-
hesion and friction between the bar and the epoxy paste.
It seems that in the cases of epoxy B and epoxy D,
as the grooved surface of the GFRP bars permitted slips
at the bar-epoxy interface, decreasing modules of elas-
ticity of the epoxy paste allowed the bar to deform and
then better distribute the bond stress along the bonded
length of the bar, without any bar damage in the case
of epoxy D.

In this section the effect of L, and epoxy type on
7,, 1s explained. Figure 8 shows the average bond stress-
slip curves for specimens bonded with epoxy A. It can
be seen that as L, increases 7, decreases as a result of
the non-uniform stress distribution lengthwise L,. These
results assured those reported in Sena-Cruz et al. (2012),
Soliman et al. (2011), Sharaky et al. (2013a, 2013b).

The specimens with GFRP bars bonded with epoxy
B and D experienced higher 7,, and higher slip than
the corresponding specimens bonded with epoxy A
(Figs 8-10). This may have been due to damage to the
grooved surface of the bar, which increased bar slip. Spec-
imens with NSM GFRP bars, and lower Eg experienced
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higher slips than those with NSM CFRP bars bonded
with the same epoxy type.
3. Comparison and discussion of results

The results of this study show the influence of adhesive
type on the bond behaviour of NSM FRP reinforcement,

something that has also been reported in previous stud-
ies (Sharaky et al. 2013b; Novidis et al. 2007; Galati,
De Lorenzis 2009). The results indicate that with the
same axial stiffness, changing the epoxy type increases
the failure load of NSM FRP bars.

Figures 11 and 12 show the effect of epoxy type on
a0 av a0d the load efficiency (£, ./F,,» Where F, is the
maximum load for FRP bars) respectively of specimens
with CFRP bars for three bond lengths: 12d,, 24d,, and
30 d,,. Figure 11 shows how 7,,,,,,, increased in line with
increases in tensile strength and the modulus of elastic-
ity of the epoxy. By contrast, 7,,,,,, decreased as the
bond length increased, whatever the epoxy type. The per-
centage decrease in t,,,,,, Was insignificant as the L,
increased from 24d,, to 30 d,,.

On the other hand, the load efficiency of the joint
increased as the epoxy properties increased (Fig. 12). The
load efficiency also increased as L, increased, whatever
the type of epoxy. Specimens with GFRP bars bonded
with epoxy D (Figs 13, 14) experienced higher bond
stress and load efficiency than the corresponding speci-
mens bonded with epoxy A and B.

Moreover, the load efficiencies were higher than in
the corresponding specimens with CFRP bars, as can be
seen by comparing Figures 12 and 14.
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Fig. 11. Effect of epoxy type and bond length for specimens

with CFRP bars on t,,,,, ., (n = L;/dy)
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Fig. 12. Effect of epoxy type and bond length for specimens
with CFRP bars on %F Fy; (n=Ly/dy)
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Fig. 13. Effect of epoxy type and bond length for specimens
with GFRP bars on z,,,, ., (n = L,/d})
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Conclusions

In this paper a modified pull-out test was performed to
investigate the effect of the adhesive properties on the
bond performance of NSM FRP bars in concrete. Three
types of epoxy adhesive (A, B and D) were used to bond
the FRP bars to concrete: type A (MBrace ADHESIVE
HT); type B (POLYFIXER EP); and type D, obtained by
modifying type B. Two types of FRP bars, carbon (C)
and glass (G), 8 mm in diameter, were used. Three bond
lengths (12d,, 24d,,, 30d,) were used for specimens with
CFRP bars while four bond lengths (6d,, 12d,, 24d,,
30d,) were used for specimens with GFRP bars. The
load capacity, mode of failure and loaded end slip were
recorded. From the results it was concluded that:

The adhesive type had a great effect on the
behaviour of NSM bars. This effect varied according to
the bond length and FRP properties.

The predominant failure mode of specimens with
CFRP bars was bar-epoxy interface failure, except in
the cases of the two specimens TDC-a and TDC-b,
which failed by concrete cracking. On the other hand,
the predominant failure mode of specimens with GFRP
bars depended on the epoxy type. For specimens with
GFRP bars bonded with epoxy A, longitudinal splitting

cracks looked on the epoxy surface for relatively low
loads; these progressed until failure, producing detach-
ment of the surrounding concrete or concrete cracking,
depending on the bond length. For specimens with GFRP
bars bonded with epoxy B and D, failures took place with
concrete cracking, bar-epoxy interface failure, or bar
damage, depending mainly on bond length and epoxy
type.

In specimens with CFRP bars, changing the adhesive
type from A to B enhanced F),,,, ,, of the joint by approx-
imately 44.27%, 20.38% and 16.73% for bond lengths
12d,, 24d, and 30d,, respectively. Furthermore, changing
the adhesive type from A to D enhanced £, 4, of the joint
by approximately 8%, 15.6% and 19.97% for bond lengths
12d,, 24d,, and 30d,, respectively. Although the differences
in properties between epoxy B and D were nearly the same
as between epoxy A and D, changing the epoxy from B to
D resulted in a slight increase £, ,,, of the NSM bars at
bond length 30d;, and a decrease at other lengths (12d, and
24 dp). It seems that this change in epoxy type alters the
bond behaviour with this kind of FRP bar by enhancing the
cohesion and friction between the bar and epoxy paste and
decreasing the slip at greater bond lengths.

For specimens with GFRP bars, changing the ad-
hesive type from A to B enhanced F,,,, ,, of the joint
by approximately 21.47% and 32.45% for bond lengths
12d,, and 24d, respectively; changing the adhesive type
from A to D enhanced F,,,, ,, of the joint by approxi-
mately 18.8% and 46.26% for bond length 12d, and
24d,, respectively. Although the difference in properties
between epoxy D and A was nearly the same as between
epoxy B and D, specimens bonded with epoxy D had a
higher load capacity than those bonded with epoxy A,
although with a dissimilar failure mode epoxy D slightly
enhanced F,,,, ,, of the joint with respect to specimens
bonded with epoxy B. It seems that with this latter kind
of epoxy, as the grooved surface of the GFRP bars per-
mitted slips at the bar-epoxy interface, decreasing mod-
ules of elasticity (as a result of adding additive to obtain
epoxy D) allowed better distribution of the bond stress
along the bonded length of the bar, without bar damage
in the case of epoxy D.

Bond length had a great effect on the bond
behaviour of NSM joints; increasing it raised £,,,, ,, and
lowered 7, of NSM FRP bars whatever the epoxy type.
An increase of from 12d, to 30d, for specimens with
bars bonded with epoxy A, B and D enhanced F,,,, ,,
by approximately 76.91%, 43.14% and 94.85% respec-
tively, while an increase from 12d, to 24d, enhanced
Fonax.av By approximately 33.75%, 45.84% and 64.67%
respectively.

With the same FRP axial stiffness, the load capacity
of NSM FRP bars was dependent on the epoxy type and
bond length. This suggests a link between the influence
of these two factors, and a need for further experimental
and numerical work.
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