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Abstract

The double strap joint splicing of glass fiber reinforced polymer (GFRP) bars for reinforced concrete (RC) beams strengthening,
applying the near surface mounting (NSM) method, has been proposed in the paper. The proposed method consists of application
of the supplementary GFRP bars symmetrically positioned in the cut-off zone of the main GFRP reinforcement. The performances of
this splicing method have been experimentally tested for the most unfavorable case of the GFRP reinforcement cut-off in the maximal
bending moment zones. During the experiment, the varied parameter has been overlapping length of the bars, taking values of 202
and 40¢. Evaluation of the splicing technique is done comparing the experimental results with the results of the behavior of beams
strengthened by GFRP bars without cut-off and with cut-off, but without splicing. Experimental research encompassed analysis of
strength, stiffness, ductility, crack pattern, strains in the steel, GFRP reinforcement and concrete, and the failure modes of the beams.
It has been shown that in case of the cut-off of the GFRP bar, strengthening effectivity decreases for 39%, and that in the case of
bypassing the cut-off using double strap 20 and 40 long, strengthening effectivity decreased 23%, and 14% respectively, compared
to the beam without GFRP bar cut-off. Using extrapolation, it has been shown that double strap with length of 60 provided strength
equivalent to the case without cut-off. The result of application of this splicing method of the additional GFRP bars is significant
increase of strength and serviceability of the strengthened RC beams.
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1 Introduction

One of the contemporary and very efficient techniques for
repairing and strengthening of RC structures is application
of composite Fiber Reinforced Polymer (FRP) materials as
supplementary reinforcement. Within the FRP methods of
strengthening, application of the Near Surface Mounting
(NSM) method in reinforced concrete (RC) structures
takes more and more wide practical use [1-3]. Beside
bending and shear strengthening of the RC beams [4, 5],
the FRP reinforcement and NSM strengthening method
have also found application in the RC slabs strengthen-
ing [6, 7]. It is worth mentioning that FRP bars have been
mostly used for strengthening, while the application of
FRP bars as main reinforcement is protracted due to the
lack of available curved reinforcing elements [8].

Compared to the longer standing method of externally
bonded laminates (EB-FRP) [9, 10], this technique has
some significant advantages, especially regarding better
adhesiveness, which directly improves the mechanical
characteristics of the strengthened beams [11-14].

The factors that influence the adhesiveness (bond
effect) are numerous, and the final strength of the NSM
FRP strengthening system mainly depends on the bond
effect, considering that different modes of beam failure
can occur [15—17]. One of the factors is the length of the
FRP bar for strengthening, which is reflected in the failure
mode due to the pull-out of the rod in the case when the
rod is longer than the cracked span, and due to the peel-
ing-off of the concrete cover in the case when the cracks
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reach the end of the FRP rod for strengthening [18]. Other
factor that influences the adhesiveness and failure mode
of the strengthened beam is surface treatment and the
bond effect between the epoxy and the concrete [18, 19].
The type of the FRP reinforcement also has an impact on
the strength of the beams. Namely, application of the glass
fiber reinforced polymer (GFRP) bars can lead to the fail-
ure that occurs in the anchorage zone due to the loss of the
bond at the concrete-epoxy interface, while application of
the carbon fiber reinforced polymer (CFRP) could provoke
failure due to the loss of the bond between the CFRP bar
and the surrounding epoxy [20]. The comprehensive state-
of-the-art review of the influence of the different param-
eters on the bond effect has been presented in [21], where
FRP texture surface and cross-section geometry, groove
surface and geometry, as well as concrete quality, domi-
nantly affect the bond effect. It is remarked that rough sur-
faces of the FRP bars provide better adhesiveness com-
pared to the smooth surfaces, which also stands for the
groove surface. Likewise, the diameter of the FRP bars or
width of the rectangular cross-sections of the FRP directly
influence the pullout force. The groove dimensions could
have positive impact on the bond effect if the failure mode
would cohesive at the epoxy, but negative impact on the
FRP/epoxy strength if the failure mode were at the inter-
face between epoxy and concrete [21]. As expected, con-
crete quality reflected in concrete compressive strength,
directly influenced the bond effect, but only up to the
threshold value when failure mode changes from cohesive
one within concrete to another mode type [21].

Since the codes that cover this matter [22—27] are still
on the recommendation level and being continuously
developed, the research field is open for many issues, and
one of them is splicing of the NSM FRP reinforcement.

The problem of splicing of the supplementary NSM
FRP reinforcement in the tension zone at RC beams
loaded predominantly by bending occurs quite often, con-
sidering the limited delivery length of the FRP bars. The
standard delivery length of the FRP bars (for diameters
greater than 10 mm) is 10 m [28], (similarly to the steel
bars). Splicing of the NSM FRP reinforcement is a signif-
icant issue. Therefore, there is a need for the appropriate
solution of this problem in order to provide wide appli-
cation of this method in every-day engineering practices.

Classical way of splicing for this type of reinforce-
ment by overlapping (slip splices), like the steel reinforce-
ment, has some disadvantages because of unweldability of
the FRP composites and asymmetrical disposition. As a

variant solution, splicing of the cut-off of the FRP bars can
be done by special mechanical devices (Coupler system)
using steel or FRP tubes filled with cement paste or epoxy
glue (bar splice connections) [29]. Frontal joining is pos-
sible using a sleeve connector, by wrapping the FRP with
fabric (wrapped tube) [30], but this procedure is impracti-
cal because of the limited depth of the cutting in the con-
crete and pronounced anisotropy of the FRP reinforcement.

To our best knowledge, the results of direct experimen-
tal research of the influence of the splicing length of the
NSM FRP reinforcement on failure of the strengthened
RC beams loaded by bending have not been published.

Previous research has primarily been related to the
required anchoring length, which depends on numerous
parameters and is determined by bond effect. Most often,
laboratory standard samples have been examined, and the
adhesiveness of the FRP reinforcement within the con-
crete has been determined using one of the following test
setups: single-shear pushing test; single-shear pulling
test; double-shear pushing test; double-shear pulling test;
beam-bending test [31]. Results of such examinations can
hardly be connected with the behavior of the FRP bars
in the structural elements exposed to bending [32-34].
In some research [35], problems of the classic splicing of
the NSM FRP have been treated numerically with varying
of the overlapping length and groove configuration, and
validation of those FE models has been done based on the
experimental data from the literature [36], concerning the
NSM FRP reinforcement without cut-off. The conclusion
was that the overlapping length must be greater than 110
times the bar diameter. All of this indicates that there is
a lack of experimental results regarding mechanical char-
acteristics of the real models of the beams loaded predom-
inantly by bending, with different variants of splicing of
NSM FRP bars.

Within the presented research [37], the beams strength-
ened by NSM GFRP reinforcement are treated for the
most unfavorable case, i.c., setting the GFRP reinforce-
ment splice in the zone of the maximal bending moments
(in this case at the midspan).

In the following text, a proposition of one feasible
way of splicing of cut-off of the FRP bars within the
NSM strengthening technique called "Double strap joint"
method, and experimental results of the mechanical prop-
erties of the tested beams strengthened by GFRP bars with
diameter of @10 mm [28] is presented. The aim of research
is establishing of a new method of treatment of the cut-
off of NSM FRP reinforcement by both-sided bypassing



(double strap), i.e., using supplements of FRP bars with
defined length. Such proposed splicing method would be
practical from the engineering aspect, and its advantage
over conventional splices is reflected in the symmetrical
solution and load transfer in the bar cut-off zone. Also, the
aim of this paper is to fill the research gap regarding the
limited experimental research of the influence of the splic-
ing length on the strengthened beams performances.
Behavior of RC simply supported beams has been
examined using four-point load scheme. The beams were
strengthened applying the spirally wound round GFRP bars
(rough surface and spiral thread), with and without cut-off,
as well as the effects of cut-off bypassing with supplements
of various length. Total of five different cases of beams
have been examined under test load. Thereat, deflection
values, strains in the reinforcement (primary steel bars and
additional GFRP bars), strains in concrete, crack pattern
and propagation, and failure modes have been registered.

2 Configuration of the proposed splice of the NSM FRP
As proposed, bypassing of the FRP reinforcement cut-off
is achieved with supplements made of the material identi-
cal to the FRP bar, and set in the horizontal concrete cover
plane (Fig. 1(a)). The procedure of installing is simple, fast,
and efficient enough. It consists of the following steps:
a) in the FRP cut-off zone, inside the concrete cover, the
existing groove is widened (Fig. 1(b)); b) the FRP supple-
ments are set into the groove; ¢) connection of the supple-
ments with the cut-off FRP bars is secured by adhesion,
using epoxy paste (Figs. 1(c)—(d)); d) connection with the
surrounding (basic) concrete is strengthened applying the
so-called "primer". The supplements are set both-sided
symmetrically, and their length has been varied (20
and 409). The lengths of the supplement bars have been
adopted in a way to be smaller than the recommended over-
lapping length in the case of classic splicing of the NSM
FRP, since it is expected that the double strap will pro-
vide better effects. For the purpose of comparison, the case
without any supplements has been considered too, as well
as the cases of a beam without FRP strengthening (con-
trol beam) and the beam with FRP strengthening without
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© @
Fig. 1 "Double strap joint" method: (a) supplement GFRP

reinforcements, (b) groove, (c) installed supplement reinforcement with
strain gages (SG5—SG8), (d) double strap joint filled with epoxy

cut-off. The selected width of the groove in the splice zone
was 50 mm, and it was wide enough for the epoxy paste
to wrap the bars all around by 5 mm, which was in accor-
dance with recommendations [2, 22]. Figs. 1(c)—(d) pres-
ent disposition of the supplements and setting of the strain
gages (SG5—SG8) for controlling the intensity of the force
at the FRP cut-off location.

3 Experimental program

3.1 Material properties

The RC beams were made of concrete with the 28-day cube
strength of 31.6 MPa and the steel reinforcement had the
yielding strength of fy . =400 MPa [37]. The commercially
available GFRP bars used as NSM reinforcement were
Maperod G @10 (spirally wound round glass bars), while
the MapeWrapll epoxy and Mapewrap Primer 1 were
used as the bonding mortar with the adhesion strength of
3 MPa [28]. The mechanical properties of all materials
were experimentally determined before the tests, and they
are presented in Table 1.

3.2 Experimental setup and procedure

For the purpose of determining the strengthening effects
applying the NSM method with and without cut-off of
the GFRP reinforcement, experimental tests have been

Table 1 Material properties

Elastic modulus Tensile failure strain ~ Material strength Manufacturer's data

Material Diameter [mm] [GPa] & x]0-6 [MPa] E [GP4] fu [MPa]
GFRP 10 47.0 15635 735 40.8 760
Concrete / 32.8 1220 31.6 / /
Steel bars 12 205.0 17200 400 (560) / /
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conducted on samples with disposition and geometry as
presented in Fig. 2. The RC beams strengthened by GFRP
reinforcement were loaded by concentrated forces in the
thirds of the span according to the four-point load scheme.

The beams with the cut-off of the NSM GFRP in
the midspan, i.e., in the zone of the maximal bending
moments, have been examined as the most unfavorable
case, and compared with the results of behavior of the
beams with continually set GFRP reinforcement, and with
the unstrengthen beam. The length of the "bypassing" has
been varied during research. The bypassing of the cut-off
of the GFRP bar has been done by symmetric setting of
supplements, made of the same material and same diame-
ter (210), with lengths of 20 cm (209) and 40 cm (409),
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Fig. 2 Experimental setup: (a) view, (b) structural details

respectively. The labels of the experimental samples and
variants of the splices of the NSM GFRP reinforcement
cut-off are presented in Table 2.

During the test, the following parameters, expressed as
a function of load, have been registered: deflection, strains
in the steel and GFRP reinforcement, strains in concrete,
crack pattern and propagation, as well as the failure modes.
Load disposition of the samples and setting of the measur-
ing points, as well as setup of the measurement equipment
during the test, are presented in Fig. 3, for the beam with
bypassing of the NSM FRP cut-off by overlapping of 40&.
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Fig. 3 Instrument setting: (a) scheme of the beam with cut-off of the
GFRP reinforcement and supplements of 40 (B-G4), (b) setup of the
sample during the test

Table 2 Labels and characteristics of the tested samples

Beam label Main GFRP reinforcement Used main and "double strap joint" GFRP reinforcement

1 B-con / /

2 B-Gl1 NSM GFRP 110 1 =300 cm (continually along the whole span)

3 B-G2 NSM GFRP 110 1= 150 cm + 150 cm (cut-off at L/2, without continuity of cut-off)
4 B-G3 NSM GFRP 1510 1= 150 cm + 150 cm (cut-off at L/2) + 2310, 20 cm (209)

3 B-G4 NSM GFRP 1510 1= 150 cm + 150 cm (cut-off at L/2) + 2310, 40 cm (409)




3.3 Test instrumentation and measuring devices

The samples have been tested in the test device with load
capacity of 1000 kN, with continual applying of load by
hydraulic press. The test was in the "displacement con-
trol mode" with constant grow rate of deflection set as
0.02 mm/s, up to failure. The range of load measuring
cell was up to 100 kN. Deflection was measured by linear
variable displacement transducers (LVDT). The strains in
concrete, as well as in the steel and GFRP reinforcement,
have been registered using the strain gauges with base of
100 mm and 6 mm, respectively. It was not possible to mea-
sure the width of an individual crack using the available
LVDT, so the summed width of all cracks that appear on
the base length of the LVDT, which is 100 mm, has been
measured. All data have been acquired via the data acqui-
sition system, with an automatic data reading period of 1 s.

4 Test results and comparative analysis

4.1 Deflection and load capacity analysis

Efficiency of the splice of the GFRP bars is presented
through the analysis of the load-deflection and load-strain
dependence. From the load-deflection diagram (Fig. 4), one
may observe that cut-off of the GFRP reinforcement and
the bypassing length significantly affect beam strength and
deformations at failure. At low load levels, up to the steel
reinforcement yield, that is, up to deflection of = 10 mm
(L/270), the beam stiffness is little affected by GFRP
strengthening, regardless of the presence/absence of the cut-
off, and independently of the bypassing length. At higher
load levels, failure occurs because of the crack propagation
in the tension zone and stiffness decrease, which is espe-
cially prominent at beams B-G2, and B-con. This is in fact
justification of the idea of the need for splicing of the cut-
off of the FRP reinforcement with bypassing, wherewith an
increase of the efficiency of the method is achieved (B-G3
and B-G4). One may observe an almost identical behavior
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Fig. 4 Load-deflection diagrams for different variants of splicing of

GFRP reinforcement
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regarding the stiffness of the strengthened beams (load-
deflection relation), with a remark that strength is decreased
with the decrease of the bypassing length.

Fig. 5(a) presents absolute strength [kN], and Fig. 5(b)
relative strength [%] of the tested beams. One may see
that strength of the beam without bypassing (B-G2) is
61 % compared to the beam without cut-off of the NSM
GFRP reinforcement, whose strength is denoted as 100%.
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Fig. 5 Strength and ductility of the tested specimens: (a) max. strength,
(b) strength related to the B-G1 (%), (c) strength related to the
B-con (%), (d) ductility index
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If bypassing with length 204, that is, 40 (beams B-G3
and B-G4) is added, the strength is 77%, and 86%, respec-
tively, compared to the beam without cut-off of GFRP
(B-G1). This is a good indication of the efficiency of the
proposed technique for cut-off treatment.

Diagram in Fig. 5(c) presents strength of the beams
with application of the NSM FRP strengthening compared
to the non-strengthened beam B-con, whose strength is
taken as referent, i.e., 100%. In the case of beam strength-
ening with GFRP reinforcement with cut-off and without
bypassing (B-G2), strength is only 104%. In the case of
bypassing with length 20 (B-G3), that is, 402 (B-G4),
strength is 132% and 148%, respectively, while the beam
without GFRP bar cut-off (B-Gl) has strength of 172%,
compared to the non-strengthened beam (B-con).

Increase of the ductility index due to the increase of the
bypassing length is presented in Fig. 5(d). The ductility
index (DI) ranges from 2.1 to 6.5, so one may indirectly
conclude that for the minimal required value (DI > 4),
the minimal length of the added supplements should be
greater than 40&.

The experimental result of the load-deflection response
of the RC beam strengthened with GFRP bar without
cut-off (B-Gl) is compared to the well-known analytical
model. The midspan deflection (A) of rectangular beam
subjected to four-point load can be calculated using fol-
lowing expression [38]:

_ 23PL  k,PL

= + : M
1296EI  6GA

where:
P is the load intensity,
L =2700 mm is the beam span,
k_ = 6/5 is the shear correction factor for rectangular
cross sections,
E is the modulus of elasticity of concrete (Table 1),
G=E/2(1 +v)=32.8/2(1 +0.2) = 13.67 GPa is the shear
modulus of concrete.

Geometrical properties in the Eq. (1) should be calculated
for transformed section regarding the concrete material.
The load-deflection response of RC beam can be sepa-
rated into three linear branches: pre-cracked, pre-yield
and post-yield. The first branch is characterized with
uncracked concrete where applied bending moment (M)
is lower than cracking moment (). For this calculation
the gross moment of inertia of the cross-section (/) is used

in the Eq. (1). The second branch is characterized with
the occurrence of the cracks in the concrete. In order to
consider the loss of stiffness due to concrete cracking, the
effective moment (/) of inertia of the cross-section should
be used in the Eq. (1), which can be obtained by [39]:

/= Lo <1, 0)

e 2
M s

1— er | o ter

y(Mj[ 1}

where factor y = 1.72 - 0.72(M, /M) accounts for the length
of the uncracked regions of the RC beam.

The detailed procedure for estimation of the geometrical
characteristics of the RC cross-section in the pre-cracked
(/) and pre-yield phases (/,), as well as for estimation of
cracking (M) and yielding moment (My), is not presented
for the consistency of the presentation, but the reader is
referred to the reference [38]. It is worth mentioning that
in the post-yield branch the tangent modulus of steel rein-
forcement is used for calculation of transformed cross-sec-
tion properties in order to cover yield of the steel bars.

The comparation of the experimentally and analyti-
cally obtained load-deflection dependence of the B-Gl
model is presented in the Fig. 6. It can be concluded that
analytical approach predicts satisfactorily the deflection
of the beam in the first and the second branch (up to the
yield of the steel bars). Some deviation of the analyti-
cal solution is present after the yielding of the steel bars.
Namely, analytical approach provides slightly stiffer
prediction compared to the experimental results, where
ultimate deflection is underestimated for approximately
20%. This result is in accordance with the results of other
researchers [38], and confirms the need to develop a more
adequate analytical model for load-deflection response
of the RC beam strengthened with GFRP bar after steel
reinforcement yielding.

Load (kN)
I
Y

Experimental
o ] Analytical
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Deflection (mm)

Fig. 6 Experimental and analytical load-deflection diagrams for B-Gl



4.1.1 Defining of the required splicing length based on
approximative function
Based on the experimental results (Fig. 5(c)), and the
obtained dependence between the splicing length of the
cut-off and percentual strength regarding the unstrengthen
beam, a linear approximate function has been derived, by
which one may roughly determine the required bypassing
length, so that splicing achieves strength equal to the bars
without cut-off.

Applying the method of the least squares [40], an
approximate function has been obtained:

d(x)=106+1.1xx. 3

Using that function, and the percent of strength achieved
by the GFRP reinforcement without cut-off (172%):

p(x)=172, )

one obtains the overlapping length x = 60 c¢cm, which is
required to achieve the beam strength without cut-off of
the GFRP reinforcement.

Fig. 7 presents the approximate function obtained from
the experimental data given in Fig. 5(c) and based on the
Egs. (3) and (4).

This leads to the conclusion that strength decrease will
not occur at beams with spliced GFRP reinforcement if
its cut-off is spliced with "double strap joint" with length
of 60&. It is worth mentioning that this conclusion needs
to be supported by much prominent experimental research
or by the comprehensive numerical analysis in the further
research.

4.2 Failure modes and load capacity

4.2.1 Beam without cut-off of the GFRP reinforcement
(B-G1)

The deflection of the B-G1 beam [20] is shown in Fig. 8(a),
and the typical crack pattern in Fig. 8(b). The beam strength-
ened with the GFRP reinforcement and its failure mecha-
nism under the test load are shown in Figs. 8(c) and 8(d).
One may see that the beam is highly deformable and with
very good ductility, that the crack pattern is uniform, and
that the failure is caused by the exceeding tensile stress
on the concrete-epoxy interface in the groove. Transverse
cracks on the bottom side of the beam do not intersect with
the groove containing the strengthening and the epoxy
filling because it has higher tensile strength compared to
concrete; instead, they run along the concrete-epoxy inter-
face (Fig. 8(c)). These cracks arise after the occurring of
steel reinforcement yield, they propagate at approx. angle
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(©) (d)
Fig. 8 (a) B-Gl1, beam deflection (Amax = 78 mm), (b) B-G1, max.
crack width (dmax = 3.2 mm), (c) B-Gl, beam failure caused by the loss

of concrete-epoxy connection, (d) B-G1, beam concrete crushing in the

area of force application at the beam failure

of 45° across the beam width (Fig. 8(c)). Due to the surface
roughness of the GFRP reinforcement, the loss of adhesion
at the epoxy bond failed to occur. At higher loads, concrete
crushing occurs at force application points around the steel
plate that transfers the load onto the beam (Fig. 8(d)).

4.2.2 Beams with cut-off of the GFRP reinforcement
(B-G2, B-G3, B-G4)

Failure of the beams with cut-off of the NSM GFRP rein-
forcement, with or without the cut-off bypassing, has its
specificities regarding the failure mode. An abrupt devel-
opment of one dominant crack occurs at beam without
cut-off bypassing (B-G2), at the location of the cut-off of
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the GFRP reinforcement, which rapidly propagates with
the load increase (Fig. 9), finally exhibiting very small
strengthening effect (only 4%). Adding the double strap
joint at the cut off of the bar (B-G3 and B-G4) causes
the relocation of the failure into the zone of the bypass-
ing ending, and the concrete peeling-off occurs along the
depth of the cover (Fig. 10). The crack pattern is more
uniform, and the behavior of the beam is more ductile for
longer bypassing. The tension force is transferred from
the GFRP reinforcement through the epoxy glue onto the
concrete, in which an exceeding of the tension stresses
and concrete peeling-off occurs at one end of the bypass-
ing bars. Therefore, concrete peeling-off in longitudinal
sense occurs at the epoxy-concrete contact, which is at the
beginning of the groove widening for inserting the addi-
tional bars (Fig. 11). It is worth mentioning that all beams
with cut-off of the GFRP bar, after reaching the ultimate

| +
4 Ceevniting

(a) (b)
Fig. 9 Crack pattern at the beam B-G2 (cut off, without bypassing),

dominant crack at the cut off: (a) general view, (b) detail view

@ (b)
Fig. 10 Crack distribution at beam B-G3 (bypassing 209): (a) general
view, (b) detail view

@ (b)
Fig. 11 Crack distribution at beam B-G4 (bypassing 400):
(a) general view, (b) detail view

load and after reaching the failure of GFRP strengthening,
behave as the control beam, considering the same steel
reinforcement. This branch is not presented in the load-de-
flection diagrams (Fig. 4) for the purpose of presentation
clarity, and besides that, it is not decisive for the assess-
ment of the influence of the double strap join splicing of
the GFRP cut-off on the bearing capacity of the beams.

4.3 Analysis of the crack patterns in concrete

The crack width has been measured as a function of load
intensity in two ways. Firstly, summed crack width has
been measured using LVDT with measuring base of 100
mm in the beam midspan, continually at every second.
Secondly, single cracks have been measured using the
crack meter (ZDI-VDA) at every 5 kN of load increment.
Comparative diagrams of the crack widths using LVDT
gauge for all tested beam specimens are given in Fig. 12.

One may observe favorable influence of the increase of
the bypassing length regarding the serviceability of the
beam, that is, the crack pattern. The differences become
more prominent starting from steel reinforcement yield
(approx. load level 35 kN) up to the beam failure. Tension
strains in the concrete are here neglected, considering
the fact that elastic part of the diagram ends for the crack
width lower than 0.05 mm, which can be seen in the dia-
gram in Fig. 12. Such approach enables continual tracking
of the cracks, because acquisition is done at every second,
and the simplifications are minimal.

In quantitative sense, arise and development of the
cracks shows that there is no big difference regarding the
bypassing length of the GFRP up to the steel reinforce-
ment yield, that is, up to the crack width of approx. 6 = 0.3
mm. With further load increase, depending on the bypass-
ing length of the GFRP cut-off, the load level at which cer-
tain crack width occurs, also rises. This is in accordance
with the strength increase of the beams due to the increase
of the bypassing length as well.

Load (kN)

T T T T T T T T T T
12 14 16 18 2 22 24 26 28 3 32
Crack width (mm)

T T T T T
0 02 04 06 08 1

Fig. 12 Crack width diagrams for all tested beam specimens



Based on the "crack maps", Fig. 13, one may predict pro-
gression and development of the cracks for different load
levels (I phase - red, II phase - blue, III phase — green, and
IV phase - black), for all tested specimens. From the reg-
istered load levels, one may note occurrence of the cracks
and see their propagation limits. Longitudinal spacing of
the cracks in the zone of pure bending is approx. equal
to the stirrup spacing (15 cm), for starting load levels,
while with the further load increase, they become denser.
One may note a qualitative difference in the crack pattern
between the beams with cut-off bypassing and the beam
with continual (without cut-off) GFRP reinforcement.
At beams with bypassed cut-off of the GFRP bars, cracks
are first formed out of the zone of bypassing, and after
that, an abrupt propagation of cracks arises at the bypass-
ing zone endings. This leads to the concrete peeling-off
across the bypassing length. Regarding the beam depth,
failure occurs in the concrete cover.

4.4 Analysis of strains in concrete

Comparative values of strains at the top fiber of the com-
pressed zone of the concrete in the beam midspan are pre-
sented in Fig. 14. One may note decrease of the strain values
in the top fiber of the compressed zone of the concrete, if
the bypassing of the GFRP reinforcement cut-off is applied.
The beam without bypassing (B-G2) has the largest strains
for the same load level, because occurring of the dominant
crack in the midspan leads to the earlier stiffness decrease
of the beam, and to a larger deflection. One characteristic
case is the failure caused by the concrete peeling-off in the
tensed zone of the protective layer (at the bypassing length
of 40, beam B-G4), which causes an abrupt decrease of
the beam stiffness, after which the compressing strains in
concrete rise, and the beam behaves as non-strengthened.
Similar situation is at beam with bypassing of 20 (B-G3),
but with less prominent decrease of stiffness at the moment
of failure of the bypassing function.

4.5 Analysis of strains in the GFRP reinforcement
A characteristic mechanism of tension force distribution
at NSM FRP strengthening with the treated cut-off of the
GFRP bar may be seen in Fig. 15. The figure presents
strains in the GFRP bar (SG7 and SG8) and in the supple-
ments (SG5 and SG6), for the beam B-G4, with both-sided
overlapping 409 long.

One may see from the diagram that strains in the sup-
plements for splice bypassing (SG5 and SG6) completely
follow the strains in the longitudinal GFRP bar (SG7 and
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SGR8) up to the load of 30 kN. With further load increase,
a difference in strain values occurs, so that greater part
of the stresses, i.e., tension force, takes the NSM GFRP
bar, and the supplement fails at approx. load level of 55
kN. Maximal strains in the basic GFRP bar are multiply
higher compared to the supplementary GFRP bars at beam
failure. A similar qualitative stress-strain state also occurs
for overlapping of 20, but with lower nominal values of
strains at same load level.

Diagrams in Fig. 16 present comparative values of the
strains in the GFRP reinforcement in the midspan. It is
worth mentioning that measuring spot SG5 was in the sup-
plementary bars for cut-off bypassing at the beams B-G3

B-G3

B-G4
Fig. 13 Crack pattern for different bypassing lengths of cut-off through
load phases

B-G4 30

EpTS
ErTp— jss

Load (kN)

-5500 -5000 -4500 -4000 -3500 -3000 -2500 -2000 -1500 -1000 -500 0
Micro strain
Fig. 14 Strains in the top compressed concrete fiber (SG4),
as a function of bypassing length

Z 40 |
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a 254
20 4
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Micro strain

Fig. 15 Strains in the GFRP reinforcement in the zone of cut-off
splicing (B-G4)
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Fig. 16 Strains in the GFRP reinforcement in the midspan — measuring
spot SG5

and B-G4 (Fig. 3) and in the beams B-GI1 and B-G2 with-
out splices, the measuring spot was also in the midspan,
but on the main GFRP reinforcement. It has been noted
that greater length of bypassing causes redistribution of
stresses: share of the bypassing in the tension force trans-
fer becomes more significant, and strains in the bypass-
ing bars increase. Strains in the beam without bypassing
(B-G2) at the location of cut-off are minimal, because slip-
ping of the GFRP bar occurs. In the case of the bypassing
length of 20 (B-G3) and 40< (B-G4), supplementary
bars take larger part of the load at the cut-off joint. This
part is proportional to the bypassing length increase, but
still much smaller than in the case of continual strength-
ening (B-Gl). The beam without cut-off of the GFRP
reinforcement (B-G1) takes larger part of load by GFRP
reinforcement in the midspan. This is reflected in higher
strains (stresses) and composite action with remained ele-
ments in the cross-section. This means that the tension
force is the greatest in the GFRP reinforcement without
cut-off, and the lowest in the disrupted GFRP bar with-
out overlapping by bypassing. By adding the supplements,
tension force is transferred from the base NSM GFRP bar
via the epoxy glue onto the supplements and increases
with the increase of their length.

Fig. 17 presents diagrams of strains vs. load in the NSM
GFRP reinforcement out of the bypassing zone (mea-
suring spot SG8). One may observe lower strains for the
same load level at the beams with bypassing, as well as an
almost equal load transfer at beams B-G3 and B-G4 up to
failure, which arises at different load levels. At the beam
without bypassing (B-G2), more prominent strains in the
GFRP bar and occurrence of earlier failure are noted. This
is a consequence of forming an additional crack in the
midspan, which causes decrease of stiffness and increase
of deflection. Similar result has been obtained in the case
of the beam B-G3, too.

Load (kN)

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Micro strain

Fig. 17 Strains in the GFRP reinforcement out of the cut-off zone -
measuring spot SG8

5 Conclusions

A new technique of splicing of FRP reinforcement made
of round bars at NSM system for strengthening of the
beams in the bending zone, called "Double strap joint"
NSM FRP, has been proposed in the paper. Experimental
research indicates the need and significance for providing
continuity of the GFRP reinforcement for strengthening in
the NSM method, and the obtained results confirmed effi-
ciency of the proposed splicing solution.

Besides the practical advantages that are reflected in
the symmetry of the solution and simple technological
preparation and realization, prominent structural advan-
tages of this method are also present, and they can be sum-
marized as:

* Application of strengthening by NSM GFRP bar
@10 mm results with the ultimate strength increases
for 73%, while in the case of cut-off without bypass-
ing, this increase is only 4%. Introducing the bypass-
ing by both-sided overlapping of 20, and 40
length, ultimate strength of the beam increases
for 32%, and 48% respectively, compared to the
unstrengthen beam.

« FElastic stiffness of the beam is little affected by GFRP
strengthening, while its post-elastic stiffness is larger
than the post-elastic stiffness of the unstrengthen
beam. The bypassing length has no influence on the
beam stiffness, but on the strength.

* The RC beam strengthened by NSM GFRP rein-
forcement with cut-off in the midspan shows failure
due to a dominant crack at the cut-off location. In the
case of bypassing ("double strap joint") with 20 and
409 length, failure occurs by concrete peeling-off at
higher load levels, and at the endings of the supple-
ment grooves. Failure occurs due to the tensile stress
exceeding at the epoxy-concrete interface, and in the
zone of concrete cover, considering beam depth.



* The crack image indicates "regular" behavior of
the tested strengthened beams in the case of "dou-
ble strap joint" application, which confirms that pro-
posed splicing solution also improves the serviceabil-
ity of the beam.

* Ductility of the beam also rises with the increase of
the length of the cut-off bypassing. Satisfying duc-
tility may be achieved with bypassing length greater
than 40&.

* Based on the measured strains in the NSM GFRP
reinforcement and in supplements for cut-off treat-
ment, one may conclude that the tension force is
transferred from the NSM GFRP reinforcement onto
supplements via epoxy glue, and it increases with the
increase of overlapping length.

* Applying the approximative method of the least
squares, it has been shown that minimal required
bypassing length is 60, in order to provide strength
equal to the case of strengthening without cut-off.

Conclusion regarding minimal required bypassing length
stands for the here examined cases. In order to define
some general criteria for the minimal bypassing length,
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