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Abstract: This investigation aims to study the flexural behaviour of reinforced concrete
(RC) beams strengthened with near-surface mounted (NSM) carbon fibre reinforced
polymer prestressed concrete prisms (CFRP-PCPs). Eight RC beams were tested under
monotonic loading until the failure load was reached. One beam was un-strengthened to
act as a control beam. The other seven beams were strengthened with non-prestressed or
prestressed NSM CFRP-PCPs. The effects of bond length, prestress level, and concrete
type of the CFRP-PCPs on the flexural capacity, flexural crack and deflection are discussed
in this paper. The results indicate that the flexural capacity of RC beams strengthened with
NSM CFRP-PCPs was greater than the control beam. An obvious improvement was

discovered in the crack resistance when the RC beams were strengthened with prestressed
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NSM CFRP-PCPs. The strengthened beams showed a higher first-cracking, yielding, and
ultimate load as the bond length and prestress level of CFRP-PCPs increased up to a critical
level. The beams strengthened with CFRP-PCPs, which were cast with ultra-high
performance concrete (UHPC), exhibited greater load capacity than the corresponding
beams with epoxy resin mortar. The analytical model of flexural response for the NSM
CFRP-PCPs strengthening beams is presented. The analytical results are in good agreement
with the experimental results, which revealed the NSM CFRP-PCPs is an effective

technique for flexural strengthening of the RC beams.

Keywords: flexural behaviour; NSM strengthening; CFRP-PCPs; analytical model

1. Introduction

Carbon fibre reinforced polymer (CFRP) materials have many advantages including
high tensile and fatigue strength, lightweight, strong chemical resistance and non-corroding
[1-4]. CFRP materials have been used widely in the field of reinforced concrete (RC)
structural strengthening in the past decades due to these excellent enhanced characteristics
compared to that of the traditional strengthening materials [5-8]. In general, RC beams
strengthened with CFRP composites significantly contributed to enhanced flexural strength,
fatigue life and the serviceability of the beams over un-strengthened beams [8-12]. At
present, the CFRP strengthening technique for RC structural members includes the
externally bonded (EB) strengthening technique and the near-surface mounted (NSM)
technique. The NSM CFRP technique has become an effective method for strengthening

RC beams, which can significantly improve the flexural performance and stiffness



compared with the EB strengthening technique [6, 8, 13, 14]. Additionally, it shows better
durability, fatigue resistance and bonding performance in comparison with the EB CFRP

strengthening technique [15, 16].

In construction today, only 20% to 30% of RC beams use the high strength CFRP
materials, strengthened with non-prestressed NSM CFRP rods or strips [17]. Non-
prestressed strengthened beams fail due to the large deflection and width of crack [18]. As
a result, the strengthened beam reaches its ultimate bearing capacity and cannot continue
to carry the load. Several studies have attempted to find the most efficient technique to
strengthen concrete structures, which led to the combined use of the NSM strengthening
method and the prestressing technique (i.e. prestressed NSM technique) [8, 19-23]. In the
prestressed NSM technique, the prestressed CFRP rod is usually embedded into grooves
cut on the concrete surface and bonded to the concrete with epoxy resin or other adhesives
[24-27]. Many researchers have investigated the overall performance of the strengthening
RC beams using the prestressed NSM technique. Their results proved that the prestressed
CFRP rod can enhance the stiffness, ultimate load, and serviceability limit capabilities of
the strengthened RC beams remarkably, in which the prestressed CFRP material was
allowed to make full use of its tensile capacity [15, 26, 28-34]. However, it should be noted
that there are still some limits in the prestressed NSM technique. For example, the
mechanical anchorage system is expensive, prestressing the CFRP rods is a complex

process, and there is a high dependency on prestressing equipment [31, 35-39].



Based on existing research and the aforementioned difficulties in the prestressed
NSM technique, a new strengthening technique is proposed using NSM carbon fibre
reinforced polymer prestressed concrete prisms (CFRP-PCPs), which can improve the
performance of the traditional prestressed NSM technique. The NSM CFRP-PCPs
technique not only improves the flexural behaviour of strengthened RC beams quite
significantly but it also has many other advantages compared with the prestressed NSM
CFRP technique. It can be used for shear strengthening as well [40]. The manufacturing
method of the CFRP-PCPs will be detailed in Section 2. In this paper, an experimental
study was performed to investigate the flexural behaviour of the RC beams strengthened
with the NSM CFRP-PCPs. The effects of bond length, prestress level and CFRP-PCPs
concrete type on the flexural behaviour of the strengthened beams are discussed. An
analytical model for the NSM CFRP-PCPs strengthened RC beams was developed to
predict the flexure capacity, deflection and cracking load. This research gives a better
understanding of the flexural capacity of the RC beams strengthened with the NSM CFRP-
PCPs. Therefore, an appropriate strengthening method can be designed based on the

research to utilise the full capacity of the CFRP-PCPs.

2. Experimental procedure
In this section, several aspects of the experimental procedure details are considered
including variables of the experiments, test specimens, material properties, strengthening

procedure, loading set-up and arrangement of strain gauges, are discussed.



2.1 Variables of the experiments and test specimens

Eight RC beams were designed and tested under static loading using a four-point
bending device. In this research, the experimental variables include the bond length,
prestress level and concrete type of the CFRP-PCPs. The parameters of all the beams are

shown in Table 1.

The overall length and the clear length of the beams were 2600 mm and 2400 mm,
respectively. The rectangular cross-section had a depth of 250 mm and a width of 150 mm.
All the beams were reinforced in tension, with two 15 mm diameter ribbed steel bars with
a steel ratio of 0.96%, and in compression, with two 8 mm diameter ribbed steel bars. The
thickness of the concrete cover was 30 mm measured from the external surface of the
stirrup to the concrete surface. To prevent shear failure during the loading process, the shear
reinforcement consisted of 6 mm diameter ribbed steel stirrups spaced out every 200 mm
along the flexural span, while the other stirrups were spaced out every 100 mm along the

shear span. The detailed beam dimensions and reinforcement are shown in Fig. 1.

2.2 Material properties

Concrete and steel ribbed bars: All the tested beams and standard cubic concrete

blocks (150 mm x 150 mm x 150 mm) were cast with ready mixed concrete and cured in

the same condition. The average compressive strength, tensile strength, and modulus of



elasticity of the cubic concrete blocks tested were 30.76 MPa, 3.02 MPa, and 3.27x10*

MPa, respectively. The steel ribbed bars were tested using standard tensile test methods in

[41]. The mechanical properties of the steel ribbed bars are listed in Table 2.

The detailed manufacturing method of the CFRP-PCPs proposed above is as follows:

1)

2)

3)

The CFRP rods, 7mm in diameter, were pre-tensioned using the prestressing
set-up presented in Fig. 2b; the prestressing level ranged from 30% to 50% of
the ultimate capacity of the rods. The prestressing force in the CFRP rod was

monitored using strain gauges mounted on the CFRP rod;

After pre-tension, the CFRP rods, fixed with the anchors, were placed in the
centre of a metal formwork and cast with the ultra-high performance concrete
(UHPC) or epoxy resin mortar (Fig 2c). After curing for 15 days to reach the
designed strength, the CFRP-PCPs were removed from the prestressing

system (Fig 2d);

The CFRP-PCPs are the final combined products of the prestressed CFRP
rods and the UHPC (Fig 2e). The detailed manufacturing process of the
CFRP-PCPs is shown in Fig. 2. The rectangular cross-section of the CFRP-
PCPs is 25 mm X% 25 mm. The ultimate tensile strength and elastic modulus
of the tested CFRP rods were 2400 MPa and 155 GPa, respectively. The

standard cubic blocks (70.7 mm x 70.7 mm % 70.7 mm) of the UHPC and



epoxy resin mortar were tested, and the mechanical properties are given in

Table 2.

Adhesive: The CFRP-PCPs were inserted into the pre-cut grooves on the concrete
surface and bonded to the concrete with the epoxy resin adhesive. The mechanical
properties of the epoxy resin, which was provided by the manufacturer (i.e. Liuzhou OVM

Machinery Co., Ltd), were 90 MPa in compression and 22.5 MPa in tensile.

2.3 Strengthening procedure

After reaching the designed strength of the concrete, a single groove of 30 mm x 30
mm was cut into the concrete cover on both tensile sides of the beams. The grooves were
cleaned to remove fine dust so that strong bonding between the epoxy resin and the CFRP-
PCPs could be guaranteed. For the strengthened beams, the groove was half-filled with the
epoxy resin and the CFRP-PCPs were then inserted into the groove. The CFRP-PCPs were
then gently pressed into the epoxy to make it flow around them. Therefore, good bonding
between the adhesive and the CFRP-PCPs was formed. The tested beams were cured for at

least one week under a suitable condition to ensure the bond strength.

2.4 Loading set-up and arrangement of strain gauges
All the tested beams were monotonically loaded using a four-point device. The loads

were force controlled by the servo-controlled hydraulic jack with the rate of 3 KN/min.



Before the beam cracked, the load increased with each grade of 3 KN. After the cracks
appeared, the load increased with each grade of 5 KN until reaching the bending failure
load. Five Linear Variable Differential Transducers (LVDT) were located at the mid-span,
the loading points and the supports to obtain the vertical deflections. In the mid-span of the
beams, several strain gauges were mounted to the steel bars in the tension and compression
zone, the CFRP rods and the concrete over the depth of the beams. All the data were
collected using a data acquisition system. The crack distribution and the final failure modes

were observed. The detailed loading set-up is shown in Fig. 3.

3. Experimental tests and discussion

3.1 Load-deflection relationship

Based on observations of the experimental process, failure modes of the tested beams
can be divided into three types. The first type is bending failure which presented in the
control beam, JGL2, JGLS, JGL6, and JGL8 beams. The second type is debonding failure
which was observed in the JGL3 beam. The beam failed due to peeling that occurred at the
boundary between the CFRP-PCPs and the concrete. The third failure mode is epoxy-CFRP
rod interface slip failure which occurred in the JGL4 and JGL7 beams. This failure mode
was due to the short bond length and poor bonding between the epoxy resin mortar and
CFRP rod. The most common failure mode was bending failure, which suggests that the
NSM CFRP-PCPs technique is an effective solution to the flexural strengthening of RC

beams. Fig.4 shows the failure modes of the tested beams in detail.



3.2 Load-deflection relationship
The load-deflection curves of all the tested beams are shown in Fig. 5. The tested
beams exhibited three load-deflection responses: the elastic stage, the yield stage and the

ultimate stage. The specific test results are listed in Table 3.

The elastic stage: From initial loading to first cracking of the concrete in the beam
bottom, the mid-span deflection of all the tested beams was small and similar to each other

because of the strong stiffness of the beam.

The yield stage: From the concrete first cracking to the tensile steel bar yielding, the
tensile stress was shared by the CFRP-PCPs and the steel bars together. The cracks
continued to expand, and the deflection noticeably increased with a small increase in the

external load.

The ultimate stage: From the tensile steel bars yielding to the ultimate load, the stress
in the tension zone was mainly carried by the CFRP rods in the NSM CFRP-PCPs. The
mid-span deflection of the tested beams increased rapidly and the external load decreased

when the beams reached the ultimate stage.

Table 3 presents the cracking load, yield load and ultimate load of the tested beams.
The control beam performance was 13.18 KN, 64.98 KN and 69.72 KN, respectively. In
comparison to the control beam, the cracking load, yield load and ultimate load of the non-
prestressed strengthened beam (JGL2) increased by 24.96%, 36.01%, and 56.91%,

respectively. For the 30% prestressed strengthened beam (JGL6), a significant increase of



37.48%, 60.55% and 67.98% was obtained in the cracking load, yield load and ultimate
load, respectively. The cracking load of the 50% prestressed strengthened beam (JGLS)
was higher than that of 30% prestressed strengthened beam. However, the prestress level
had little effect on the ultimate load for the strengthened beams, as seen by comparing
beams JGL2, JGL6 and JGLS. The ultimate load for JGL6 (bond length of 2000 mm) was
116.36 KN, showing a 67.98% increase over that of the control beam and a 56.8% increase
over the JGL3 beam (bond length of 1000 mm). Therefore, the ultimate load increased as
the bond length of the CFRP-PCPs increased. The ultimate deflection of beams JGL2,
JGL6 and JGL8 were 39.2 mm, 36.33 mm and 33 mm, respectively. The difference in
deflection in prestressed strengthened beams indicates that deflection decreases with the

increasing prestress levels.

According to the test results, the effective length of the CFRP-PCPs is 1800 mm to
2200 mm. Comparative of the results of beams JGL7 and JGLS illustrates that the ultimate
load of the strengthened beams using the CFRP-PCPs which were cast with the UHPC was
higher than those with the epoxy resin mortar. Additionally, the application of prestressed
CFRP-PCPs can improve the cracking load capacity as well as significantly reduce mid-

span deflection of the strengthened beams.

3.3 Ductility

The definition of curvature ductility was the ratio of the ultimate curvature to yield

curvature. The curvature ductility of the control beam, the beams JGL2, JGL6 and JGLS



were 10.62, 4.36, 3.54, 2.65, respectively. In comparison with the control beam, the
curvature ductility of the beams JGL2, JGL6, and JGL8 was decreased by 58.9%, 66.6%,
75%, respectively. The prestressing force of the CFRP-PCPs can produce a negative
bending moment to reduce the mid-span deflection and the cracked portion of the beam
cross-section. However, the prestressing force also resulted in a decrease in the energy

dissipation, which led to a decrease in the curvature ductility as well.

3.4 Load-strain relationship

Fig. 6 displays the load-strain curves in the compressed concrete, the CFRP rods and
the tensile steel bars during the loading process. As shown in Fig. 6a, the compressive strain
in the tested beams increased with a greater external load. In fact, the prestressing force in
the prestressed strengthened beam can create the initial tensile stress in the beam-top
concrete. Therefore, the depth of the compression zone was higher than the control beam
and the non-prestressed strengthened beam. Beam JGL8 showed less compressive strain at
the top fibre of cross-section than control beam under the same load. The control beam, L1,
and beam JGL2 failed due to crushing in the beam-top concrete at a maximum concrete
compression strain of about 4900 pe and 3990 pe, respectively. Beams JGL6 and JGL8 had
smaller ultimate compressive strains of about 2800 pe and 1450 pe, respectively. Therefore,
the prestressing force induced the initial tensile strains, which could reduce the compressive

strains at failure for the prestressed strengthened beams.



Fig. 6b represents the load-strain curves of the CFRP rods for beams JGL2, JGL6
and JGL8. The strain induced by the prestressing force of the CFRP rods was not
considered. CFRP rod strain increased with an increasing external load. The slope of the
load-strain curves for the three beams was similar before the cracking of the bottom
concrete. After the presence of the crack in the beam concrete, the strain of non-prestressed
beam significantly increased over that of the 30% and 50% prestressed beams in the same
load. The application of prestressed CFRP-PCPs inhibited the development of cracks and
improved the stiffness of beams more effectively compared to that of the non-prestressed

strengthened beam.

Fig. 6¢ shows the load-strain curves of the tensile steel bars. The control beam had a
larger strain in the tensile steel bars under the corresponding loads compared to that of
beam JGL2 and beam JGL6. In the 0% and 30% prestressed strengthened beams, the
external load was shared by the tensile steel bars and the CFRP-PCPs. Using CFRP-PCPs
reduced the tensile stress in the tension reinforcement, which resulted in the ultimate load

of beams JGL2 and JGL6 being higher than that of the control beam.

4. The analytical model

4.1 Basic assumptions

An analytical model was proposed for calculating the flexural capacity, cracking load,
and deflection of RC beams strengthened with the NSM CFRP-PCPs. The basic

assumptions in the model are as follows:



1) During the loading process, the tested beams strengthened with the NSM CFRP-

PCPs conform to the assumption of a plane section.
2) The tensile strength of concrete is not considered after cracking.

3) The stress-strain curves of internal steel bars can be simplified to an ideal elastic-
plasticity. The CFRP rod has a linear elastic stress-strain relationship up to failure.

€ s max 18 the ultimate tensile strain of steel bars and &, 5, =0.01

4) The model of concrete in compression can be expressed by the following equations:

ﬂ:j%}—a—iﬁﬂ O<e <&, 1(a)
&,

0

f.=f ¢g<¢g<eg, 1(b)

Where f. is the concrete compressive stress corresponding to a given strain (&, ), f.
is the cylinder compressive strength of concrete, &.is the compressive strain of
concrete, &is the compressive strain of concrete at the peak stress and £,=0.002,

&,,1s the ultimate strain of compression concrete and &,=0.003.

5) The bond between the concrete, the steel bars and the two bonding interfaces

(CFRP-PCPs and concrete-epoxy) is perfect.

4.2 Calculation for flexural strength capacity

4.2.1 The balanced condition
For the tested beams strengthened with the NSM CFRP-PCPs, the balanced condition
is when the tensile strain in the prestressed CFRP rods reaches to its ultimate tensile

limitation just as the concrete in compression reaches its assumed ultimate strain of 0.003



[18]. By this time, the tensile steel bars have already reached their ultimate strength. Fig. 7
shows the distribution of stress and strain across the depth of the rectangular cross-section

under the balanced condition.

According to the force equilibrium and strain compatibility requirements, the

equation can be expressed as follows:

&

by " ., hy #))
a fbx, + LA~ 4~ f,4,=0 3)
With

x, =pfx, 4)
fr=¢E, )

The area of CFRP rods under the balanced condition can be solved from Egs. (2) and (3):

Lo fbx,+ [ A~ A
v
f.ﬁl

(6)

Where x, is the actual depth of the neutral axis in cross-section under the balanced
condition, x, is the depth of the equivalent rectangular compression stress block , 4 is the
area of the tensile steel bar, AS' is the area of the compression steel bar, A4, is the balanced
area of the CFRP rod, b is the width of the rectangular beam cross-section, 4, 1is the
distance from the centre of CFRP rod to the beam top, ¢, is the ratio of the equivalent
stress in the compression stress block to the concrete strength and ¢, =1, s the ratio of

the depth of the compression stress block to the fibre depth of the neutral axis and 3 = 0.8,

fyand f are the stress and ultimate stress(f;, =2200Mpa)of the CFRP rod, f is the



yield strength of the tensile steel bars, f, is the yield strength of the compressive steel bars,
E ; is the elastic modulus of the CFRP rod, ¢, is the ultimate strain of compression concrete
and ¢,,~0.003. £, and ¢ |, are the strain and ultimate strain( g, = 0.014) in the CFRP rod,

respectively.

If the area of the CFRP rod (4,) is below a balanced value 4, or the depth of the
equivalent rectangular concrete stress block xis below X, , the rupture of CFRP rods (i.e.,
tension failure) will occurs prior concrete crushing. If 4,> A, orx > X, , the strengthened

beams will fail by concrete crushing in compression zone (i.e., compression failure).

4.2.2 Tension failure

The nature of tension failure means that the CFRP rods will rupture before the
compressive concrete is crushed. The distribution of stress and strain across the depth of
the section in tension failure mode is presented in Fig. 8. According to the maximum
compressive strain of the beam-top concrete, the tension failure mode can be divided into
two cases. The compressive strain of concrete does not reach the ultimate strain of
compression concrete, &,,. Hence, the compressive stress of concrete cannot be calculated
according to the equivalent rectangular stress specified in ACI 318-19 [42]. Referring to

the calculated methods in [43], the following equations can be obtained:

Casel: O<¢ <g,

2 (7
C = (i_ 5c2
g 3&,

o



%0 % (8)

Case2: g, <¢g <¢,

C. =(1— ;f j fbx, ©)
0
35
2
yo=l-—ey, (10)
6-2%
&

c

Where C. is the compressive force of concrete, x, is the actual depth of the neutral axis

in cross-section, y  is the distance from the centroid of the concrete compressive force

to the beam-top edge of the concrete compressive zone, ¢ . is the compressive strain of

concrete, &y 1s the compressive strain of concrete at the peak stress and ¢)=0.002. Based on

the strain compatibility and the equilibrium of forces, the following equation can be

obtained:
. (1)
. = €
h,—x,
C x-d (12)
g, = &,
h,=x,
C.+Ee A =fA+f,A4, (13)

The ultimate moment capacity of the strengthened beam under tension failure can be solved

from Egs. (7) - (13), and expressed as the following:
M, =Ezsd(a, =y )+ f,Ah =y )+ [, 4, (h=2.) (14)

Where E, is the elastic modulus of the steel bars, g; is the strain in the compressive steel



reinforcement, and A ; is the section area of the CFRP rod.

4.2.3 Compression failure

The strengthened beams will fail due to the concrete crushing in compression zone
before the rupture of CFRP rods (ie. &,<é&;) when A,>A4, or x>x,. The
compression failure mode can be divided into two cases depending on whether the tensile
steel bars yield or not. Fig. 9 shows the distribution of stress and strain across the
strengthened section under compression failure. The CFRP-PCPs developed several cracks
during the loading process. Therefore, it is assumed that the corresponding load was
transferred to the CFRP rods. Based on this assumption, the following equation can be

obtained:

Tp - O-peAf +pr0 (15)

Where T, is the required load corresponding to the rupture of the CFRP-PCPs, o,

is the effective stress in the CFRP rod due to the initial prestress, f, is the tensile strength

of the UHPC, and 4, is the effective area of the CFRP-PCPs.

Based on the compatibility of strain and the equilibrium of internal forces, the

following equations can be obtained:

Case3d: ¢ 2¢ ,¢,<¢;,,¢,=¢,



Bh,—x

g = . £,
. x—pa,
{;‘S - gcu
X

o, fbx+Ec A = fL A+ A +T,

Cased: ¢ <¢,¢6,<¢g,,6.=¢,

Ph,—x
_ 7170
gs_ 8cu

X

afbx+EgA =EsA+f A +T,

With x=fx,

The equations of &, and ¢, in this case are the same as those in Case 3. x, in Cases

3 and 4, can be solved from Egs. (15) - (20).

The ultimate bearing capacity of the strengthened beams under compression failure

can be calculated by the following equation:

M, =a,f.bx(h, —§)+ o A (hy—d)~(f,4,+T,)(h~h,)

4.3 Calculation for cracking capacity

The cracking capacity of RC strengthened beams can be calculated by modifying the

(16)

(17)

(18)

(19)

(20)

1)

elastic modulus of pre-stressed CFRP-PCPs. The specific formulas are as follows:

£ =fp+ape :(fp+ape)E

p P
gp fp

(22)



ly= g[x(f +(h=30)" [+ (1, =) A, (6, = @) + (1, =D A, (= x,)’

+(n, =) A, (h, —x,)* +(n, =) A4, (h, —x,)" (23)

Wy=I,/(h—x,) (24)
The cracking moment of the strengthened beam can be solved from Egs. (22) - (24):

M, =yW,f, (25)

With »=(0.7+120/h)y,, (26)
The mid-span external load (P.;) can be calculated as follows:

p M, 27)

Where X, is the depth of the neutral axis in a composite section considering the steel and
CFRP-PCPs, a is the shear span length of strengthened beams and M is the cracking
moment of the strengthened beam. E,/E =n, E |E =n,E /E =n;, where E, is

the correction elastic modulus of the UHPC in CFRP-PCPs considering the prestressing

force, E, is the elastic modulus of the CFRP rod, and E is the elastic modulus of the
steel bar. A4, is the effective area of CFRP-PCPs after deducting the area of the CFRP
rods, I, is the section moment of inertia when considering the contribution of the CFRP-

PCPs, W, is the section modulus of tension fibre in the bottom of the beam, y is the

plastic coefficients of section modulus and y,,=1.55.



4.4 Calculation for deflection

For the un-cracked beams, the mid-span elastic deflection can be calculated by the
usual methods with a constant value of E_/; along the length of beams. However, if the
beams crack at one or more sections, the softening effect of cracks on beams should be
considered in the calculation. After the crack appeared in the tested beams, the effective
moment of inertia, [, developed in ACI 318-08, can be used in the deflection calculation.
Also, Tadros M.K. et al. proposed that the effect of the initial curvature due to prestressing
on the members should be taken seriously [44]. Therefore, the effective moment of inertia

can be obtained by the following formula:

3 3
1, = M, -M, I,+|1- M, -M, I, <I, (28)
4 M _Mdc M _Mdc

Where M , is the flexural cracking moment considering the prestressed CFRP-PCPs, M,

is the decompression moment, which represents the state at which the initial compression

stress in the concrete is nullified to zero stress by the externally applied load, M is the

maximum moment in the beam at which the deflection is being computed, 7 is the

cracked moment of inertia and [, can be solved from Egs. (29) - (30):

%b‘xcr2 + nvA; (xcr - al) = nsAs (hO - xcr) + anf (hf - xcr) (29)

‘[cr = gxcr3 + n.vA; (x(!r - a"\' )2 + nsAs (hO - x(!r )2 + anj (hf - xcr )2 (30)



Where x, is the depth of the neutral axis of the cracked section, considering the contribution

of the steel bars and the CFRP rods. After the strengthened beams crack, the deflection can

be calculated using the structural mechanics method with the effective moment of inertia

1

cr*

5. Verification of the analytical model
This section compares the experimental results with the mechanical behaviour
predictions of the RC beams strengthened with prestressed CFRP-PCPs using the analytical

model.

5.1 Flexural capacity

The analytical results for the flexural capacity of the strengthened beams are
compared with the experimental results and are listed in Table 4. The analytical flexural

ultimate load agrees well with the experimental results.

5.2 Cracking load

Table 5 shows excellent agreement between the analytical model and experimental
results for the cracking load in the tested beams. The predicted value of the cracking load
can be calculated by Eq. (27). As shown in Table 5, the analytical model is relatively

accurate and can reliably predict the cracking load of the flexural strengthening beams.



5.3 Load-deflection

The deflection of tested beams under the yield load could be calculated by the

analytical model using the effective moment of inertia. The predicted deflections of the

flexural beams are listed in Table 6 and compared with the experimental values. It can be

observed that the predicted deflections agree well with the experimental results.

6. Conclusions

)

2)

3)

4)

This paper presents an experimental study that aims to use CFRP-PCPs with NSM
to strengthen the reinforced concrete beam flexural stiffness and enhance
performance. The experiment itself and the result have demonstrated that the
proposed technique is an effective and construction-friendly practical method for

strengthening concrete beams.

The prestressed force inside CFRP-PCPs has restrained the crack propagation and
reduced the crack width. However, it also noticed that the ductility of the

strengthened beams was decreased.

The test results also reveal that the NSM CFRP-PCPs strengthen beams have
achieved a considerable increase in bending capacity and decrease in mid-span
deflection compared to the control beam. The cracking load increased significantly
when the bond length and prestress level increased. The CFRP-PCPs cast with the

UHPC performed better than those cast with the epoxy resin mortar.

The ductility of the beams decreased as the level of prestressing in CFRP-PCPs



increased. If the CFRP rod used were prestressed to 30% of its ultimate load, the

ductility of the strengthened beam reduced by 66%.

5) The analytical model was developed to predict the capacity, stiffness and deflection
of the NSM CFRP-PCPs strengthened concrete beams. The analytical results

agreed well with the experimental results.
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b) Prestressing the CFRP rods.  ¢) Pouring the concrete.

d) Curing of the CFRP-PCPs. e) The finished CFRP-PCPs.

Fig. 2. The manufacturing process of the CFRP-PCPs.

Fig. 3. Loading set-up



a) Beam L1

b) Beam JGL2



¢) Beam JGL3

d) Beam JGL4



f) Beam JGL6



h) Beam JGLS

Fig. 4. Failure modes of the tested beams
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Table 1 Parameters of the tested beams

Specimen Bond length (mm)  Prestress level Concrete type?
L1b - - -
JGL2 2200 0% UHPC
JGL3 1000 30% UHPC
JGL4 1400 30% UHPC
JGLS 1800 30% UHPC
JGL6 2200 30% UHPC
JGL7 2200 30% Epoxy resin mortar
JGLS 2200 50% UHPC

aThe prisms were cast with ultra-high performance concrete (UHPC) or epoxy resin mortar

b Control beam

Table 2 Properties of materials

Materials Test items Measured values (MPa)
Concrete Compressive strength 30.76
Tensile strength 3.02
Elastic modulus 3.27x104
Steel bars Yield strength 445
Ultimate strength 620
Elastic modulus 2x10°
UHPC Compressive strength 154
Tensile strength 17.4
Elastic modulus 4.35x10%
Epoxy resin mortar Compressive strength 75
Tensile strength 20
Elastic modulus 8.5x10%




Table 3 Main results of test

Specimen P, (KN) Py(KN) P,(KN) 6, (mm) Failure mode
L1 13.18 64.98 69.27 45.2 Bending failure
JGL2 16.47 88.38 108.69 39.2 Bending failure
JGL3 17.96 68.5 74.2 80.08 Debonding failure
JGL4 21.23 89.63 101.02 75.22 Slip failure
JGL5 18.45 91.16 108.45 41.43 Bending failure
JGL6 18.12 104.33 116.36 36.33 Bending failure
JGL7 14.59 94.85 105.15 32.74 Slip failure
JGL8 19.86 91.02 107.97 33.5 Bending failure

Note: P, is the cracking load of the beams. Py is the yield load of the beams. P, is the ultimate load of
the beams. &, is the ultimate deflection of the beams.

Table 4 Verification of the analytical model for flexural capacity

SpeCimen Maexpa (KN m) Msanab (KN ’ m) Maexp/Maana

L1 31.17 28.92 1.08
JGL2 4891 44.51 1.10
JGL3 33.39 35.43 0.94
JGLA4 45.46 37.82 1.20
JGLS 48.80 51.07 0.96
JGL6 52.36 53.86 0.97
JGL7 47.32 49.12 0.96
JGL8 48.59 53.00 0.92

2 The flexural capacity obtained from the experimental studies.
b The flexural capacity calculated by the analytical model.

Table 5 Verification of the analytical model for cracking load

Specimen  Pereq® (KN) Pervana "(KN) Persenp/Pereans

L1 13.18 13.87 0.95
JGL2 16.47 14.87 1.11
JGL3 17.96 19.36 0.93
JGL4 21.23 19.36 1.10
JGLS5 18.45 19.36 0.95
JGL6 18.12 19.36 0.94
JGL7 14.59 23.78 0.61
JGLS 19.86 22.79 0.87

2The cracking load obtained from the experimental studies.
b The cracking load calculated by the analytical model.



Table 6. Verification of the analytical model for deflection.

Specimen dysexp® (mMm) dy,ana °(mm) dyexp/dsana

L1 9.53 8.04 0.84
JGL2 14.62 12.06 0.82
JGL3 9.92 9.34 0.94
JGL4 12.21 10.04 0.82
JGLS 15.24 13.84 0.91
JGL6 15.72 14.59 0.93
JGL7 12.65 13.31 1.05
JGLS 15.03 14.36 0.96

2 The deflection under the yield load obtained from the experimental studies.
b The deflection under the yield load calculated by the analytical model.



