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Abstract. Damaged structures are not usually reliable to tolerate designed loads and
therefore, it is required to retro�t structural parts. The main purpose of this paper is
to utilize High-Performance Fibre-Reinforced Cement-based Composite (HPFRCC) as a
high-performance material to recover the damaged beams and improve their ductility
and moment capacity with experimental approaches. In addition, a retro�tting method
was presented using HPFRCC. The experimental study was performed on three simply
supported beams with the same dimension, materials, and reinforcement con�guration.
The �rst beam, known as the reference beam, is subjected to the pure bending condition
until its failure and the others are prone to a certain amount of load according to the �nal
capacity of the �rst beam. Thereafter, two damaged beams are retro�tted using HPFRCC
in the created grooves on the tensile surface of the beam; �nally, these retro�tted beams
are loaded to determine the bending behavior. Experimental results demonstrate that
retro�tting can improve the �rst crack strength, load in yield condition, and maximum
load capacity. Also, the proposed method increases the ductility and energy absorption of
retro�tted beams.
© 2020 Sharif University of Technology. All rights reserved.

1. Introduction

Concrete is the most used constructive material all
over the world [1]. Compared with other constructive
materials, it has a lower cost/strength ratio (Altun et
al. (2007) [2]. Reinforced Concrete (RC) structures
often require repairing and/or strengthening due to a
change of use, design with old normative, change of
design philosophy as the case of capacity design of
RC, aging or deterioration of materials produced by
environment factors, construction faults, or material
damage due to extreme loading [3]. The reduction of
governmental funds for new constructions has also led

*. Corresponding author.
E-mail address: msharbatdar@semnan.ac.ir (M.K.
Sharbatdar)

doi: 10.24200/sci.2020.21737

to the new tendency of increasing service life of ex-
isting structures [4]. Structures and their components
need to be retro�tted for di�erent reasons. General
reasons that make the retro�tting necessary are design
error, change in application, incorrect implementation,
and damage during the usage of the structure or
earthquake. In typical structural systems such as
moment frames and dual systems, beams are very
important in the seismic capacity of the whole system.
These elements need high ductility and appropriate
strength and intensity related to ductility to behave
reasonably in structure. For this purpose, designers
should diagnose the dominant behavior of beams in
structure before initiating the process of retro�tting
and then, select the appropriate method to initiate
the aforementioned process. In recent years, many
researches have been conducted on the bending and
shear retro�tting of RC beams with di�erent mate-
rials such as steel plates, Fiber-Reinforced Polymer
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(FRP) plates, Near Surface Mounted (NSM) methods,
and High-Performance Fibre-Reinforced Cement-based
Composite (HPFRCC) material [5{7]. For instance,
laboratory investigations of RC beams were performed
with novel technology of HPFRCC concrete [8] and
bending retro�tting RC beams with HPFRCC and
Carbon Fiber Reinforced Polymer (CFRP) by Ferrari
et al. [5]. In all of the pre-mentioned studies, using the
HPFRCC concrete enhances the bending performance
of the beams and frames [9{12]. In addition, the
method of strengthening should provide appropriate
reliability, e�ciency, and a�ordability. Strengthening
structural elements can be carried out by adding some
technology, accessory, component, or feature to it.
Considering the previous studies and the importance
of retro�tting structural elements, scrutinizing the
bending behavior of the damaged beams retro�tted
with HPFRCC has been considered in this research.
Using high-performance materials instead of common
materials has long been of interest of researchers which
performed many studies on them. As known earlier,
using the novel materials and special composites in
the last decade was extremely interesting. The �rst
e�ort for concrete retro�tting was done by placing steel
�bers [13,14]. The structural behavior of RC beams
strengthened with FRP was studied by several re-
searchers. Sheikh et al. [15] studied damaged specimens
that were repaired with FRP sheets and wraps and
were tested to failure. Companion control specimens
were also tested to failure without rehabilitation to
provide a basis for comparison and evaluation of the
e�ectiveness of repair techniques. Test results showed
that FRPs were e�ective in strengthening for exure
as well as shear. Flexural over-reinforcement resulted
in shifting the failure to shear mode, which may
be undesirable in some cases. Strengthening of a
structural element in shear, on the other hand, resulted
in increasing the ultimate displacement by more than
tenfold and toughness by a factor of more than 26,
and many researchers are paying attention to FRPs
because of their signi�cant advantages to attain high
strain rates. However, the actual FRP products are
skill-dependent and the quality may not be uniform.
Apart from the economic point of view and the cost,
the most essential problem in the FRP system is the
\bond" between the FRP and concrete. The ACI 440
assumes only two failure modes for design calculations:

1. Compressive failure of the concrete;

2. Failure of the FRP strengthening system.

Typical failure modes of FRP-plates or sheet reinforced
RC beams are classi�ed as FRP rupture, crushing of
compressive concrete, shear failure, concrete cover sep-
aration and plate-end interfacial de-bonding, interme-
diate exural crack-induced interfacial de-bonding, and

intermediate exural shear crack-induced interfacial
de-bonding. Also, almost all failure modes show a brit-
tle manner. Li and Wu [16] introduced a pseudo-strain
hardening material that used only �ne aggregates with
polyethylene-reinforced �bers. Later, Naaman and
Reinhardt [17] proposed a characterization framework
for any materials developed over the preceding years.
High tensile ductility and strain hardening behaviors
are the most important characteristics of this material,
which is called HPFRCC. In recent years, a new
class of HPFRCC has emerged, entitled Engineered
Cementitious Composite (ECC) [18]. It was originally
developed at the University of Michigan with a typical
tensile strength of 4 � 6 MPa and ductility of 3 �
5% [19]. The tensile and compressive envelope curves
of concrete and HPFRCC and then the analytical
models calibrated with experimental works [20] were
added to the software. Nowadays, a new generation of
Fiber-Reinforced Cement-based Composites (FRCCs)
demonstrating strain hardening behavior along with a
remarkable tensile strain capacity as well as providing
multiple �ne cracks under the uni-axial load condition
is High-Performance Fiber Reinforced Cementitious
Composite, called HPFRCC. It is of interest to note
that the proposed composite material could maintain
load-carrying capacity after �rst cracking. Load can be
transferred by �ber bridging from this crack plane back
into brittle matrix, leading to the formation of another
crack, which may originate from a di�erent matrix
defect region. Through the repetition of this process,
multiple cracking develops with an intrinsically con-
trolled crack width limit in the order of 200 � 10�3

during tensile loading.
Flexural capacity of RC beams can be increased

by using externally bonded HPFRCCs. In this regard,
the researchers used a HPFRCC Laminates technique
for strengthening [21]. Bending behavior of HPFRCC
inuenced by its tensile ductility was performed by
many studies [22{24]. Multiple micro-cracks were
formed at the end of beam due to bending, which
let the curvature of the beam develop. The most
important advantage of composite materials [25] is high
strength and ductility, which allow them to be used
for retro�tting damaged or weak structures and to
enjoy more application in concrete structures than steel
ones [11]. In this respect, according to the present
research, a technique for the exural strengthening of
damaged RC beams is proposed. This research focuses
on the basis of a HPFRCC for constructing a more
e�ective transition layer.

2. Experimental plan

2.1. Materials properties
In this proposed plan, three hinged supported beams
with the same dimensions, materials, and reinforce-
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Figure 1. Steel �bers, individual, and mixed with
concrete.

ments were tested. The typical and HPFRCC concrete
mix compositions are given in Table 1. No coarse
aggregate was used for HPFRCC mix design and a
special super plasticizer should be used to acquire some
particular properties of this material. The 28-day
compressive strength of typical concrete and HPFRCC
samples was 35.5 and 65.2 MPa, respectively, as shown
in Table 2. The yield stress values of tensile (at the
bottom of the beam) and compressive (at top of the
beam) steel reinforcement bars were equal to 338 and
379.9 MPa, respectively. Figure 1 depicts the type of
steel �bres used in this study and thus, their properties
are given in Table 3. Since the steel �bres have
unique speci�cations in comparison to other �bres in
increasing capacity and sti�ness, they have been used
for making HPFRCC and retro�tting concrete beams.

Table 1. Concrete mix compositions.

Materials
Mix proportions (kg/m3)
HPFRCC
concrete

Normal
concrete

Water 2.1 52.5
Cement 4.1 66

Sand 325 186
Sand < 2:36 mm 812 429

Gravel { 662

Table 2. Compressive strength for concrete samples.

Sample no.

Compressive strength
(MPa)-28 day

Normal
concrete

HPFRCC
concrete

1 66.5 32.8
2 70.2 30.2
3 63.3 37.8
4 60.8 35
5 { 34.7
6 { 36.9

Average 65.2 35.5

Table 3. Properties of steel �bres.

Length
(mm)

Diameter
(mm)

Length
diameter ratio

Density
(kg/m3)

36 0.8 45 7850

Accordingly, these steel �bres have been mixed with
the concrete with 2% of volume ratio of concrete

2.2. Beams characteristics
In this research, an experimental test was performed
on three hinged supported beams with the same di-
mensions, materials, and reinforcement with exural
dominated behavior. Note that providing enough
stirrups would prevent shear failure in beams. The
�rst beams called RC and known as reference beam
was subjected to pure bending until its ultimate load
capacity (Pu) and failure mode, and the others were
subjected to certain amounts of load equal to 35% and
75%, according to the ultimate capacity of the �rst
beam. The main reason why we opted the 35% ultimate
load of the reference specimen is that under this load,
the behavior of beam lies between the elastic point and
yielding point and has not been prone to severe loads
and also, 75% ultimate load is the beam behavior that
lies between the yielding point and ultimate capacity
and has been subjected to severe loads. Damaged
beams were retro�tted by forming a layer of HPFRCC
by shuttering and concreting in molds at the bottom
parts of both damaged beams in U-shape. As shown in
Table 4, letter B refers to Beam and the next two digits
show the percentage of damage (for example, 35%)
and the next one indicates the retro�tting material,
which is HPFRCC. In order to analyze the bending
behavior of beams, selected samples should have the
same dimension as real ones in structures to gain
reliable results. To investigate the bending behavior,
the four-point loading pattern was selected to provide
a pure bending portion in beams. Supports were
considered as hinged to easily perform the experiment.
Given the lab limitations, the length of the beam was
2300 mm and according to supports at two ends, the
center-to-center distance of 2100 mm was provided.
The free length of the beam was divided into 3 parts
and two-point loads with a distance of 700 mm from

Table 4. Beams characteristics.

Beam Characteristics
RC RC beam, without strengthening

B35H

RC beam, damaged up to 35%
ultimate load of RC and then,
retro�tted by HPFRCC layer

B75H

RC beam, damaged up to 75%
ultimate load of RC and then,
retro�tted by HPFRCC layer
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each other placed on the beam symmetrically. Stirrups
in beams were provided such that shear cracks would
not govern the crack patterns of the beam and all the
destruction caused by bending. Dimensions of beam's
cross-section were 200 mm width and 250 mm height,
as shown in Figure 2, in which all beams had three
tensile steel bars with a 12 mm diameter at the bottom
and two compressive steel bars with a 10 mm diameter
at the top of the beam and 8 mm stirrups placed every
15 cm.

2.3. Test setup
Considering that beams are simply supported at a
distance of 2100 mm from each other, as demonstrated
in Figure 3. Two strain gauges were installed at mid-
span on the upper bars and two strain gauges on the
lower bars so that the total of four strain gauges could
be used to investigate the behavior of these beams.

2.4. Retro�tting of damaged beams
The �rst beam (reference beam) was subjected to
severe load to measure the �nal crack and two other
damaged beams were subjected to 35 and 75% ultimate
loads (Pu) of the reference beam. In order to ensure
the unity and combination treatment of HPFRCC layer
and existing concrete in beam and prevent any possible
de-bonding of HPFRCC layer from the concrete hard
surface, some grooves, as shown in Figure 4, with
30 mm in depth and 40 mm in width were provided
using the electrical Grinder machine. Two damaged
beams, as shown in Figure 5, were retro�tted, forming
a layer of HPFRCC as well as shuttering and concreting

Figure 4. Creation grooves on the tensile surface.

in molds at the bottom parts of the beam in U-shape. It
is worth noting that the thickness of HPFRCC layer in
all samples is equal to 20 mm (the minimum practical
thickness).

3. Results and discussions

3.1. Observations and load-deection response
The RC beam with a rectangular cross-section was
considered as the reference beam whose reinforcement
was quite similar to other samples. This hinged support
beam was subjected to the 4-point loading pattern.
Before starting the test, the required equipment such as
strain gauges, Linear Variable Displacement Transduc-
ers (LVDTs), and load-cell was installed on the sample
to measure strains on bars, mid-span deection, and
applied loads. The �rst cracks in the sample occurred
due to bending under a force of about 40 kN at mid-
span, and tensile reinforcement yielding happened at
65.8 kN from strain gauge reading attached to steel

Figure 2. The details of reinforced concrete specimens.

Figure 3. General setup of the three-point bending test of specimens.
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Figure 5. Schematic of the High-Performance
Fibre-Reinforced Cement-based Composite (HPFRCC)
retro�tting layer.

bars. Also, the cracks began to appear with tensile
cracks at the mid-span and gradually expanded to
the supports and thereafter, their width increased.
Shear cracks in the vicinity of supports appeared at
a 45-degree angle so that the more the applied force
increased, the more they expanded and moved to the
compression region of beam. By increasing the amount
of applied force, the compressive force region in the
upper part of the beam was destroyed. Followed by
failure, beams' bearing reduction, and displacements
in the mid-span, the test was �nished. Finally, as
shown in Figure 6, the beam was crushed; the RC in
accordance with the load-deection curve in Figure 7
resulted in the force of 88.33 kN and a maximum
displacement of 42 mm. In order to have the damaged
beams as those shown in Figure 8, after loading the
reference sample and reaching the maximum loading
equal to 88.33 kN, two other beams were initially

Figure 6. Reinforced Concrete (RC) beam failure at the
end of test.

Figure 7. Load-deection curve of the RC beam.

loaded up to 35 and 75% of �nal load equal to 30.9
and 66.2 kN, respectively.

Then, both damaged beams were retro�tted with
HPFRCC of two-centimeter layers and prepared for
new loading up to those ultimate capacities. In the
damaged beam retro�tted by HPFRCC with 35%
load called B35H, besides previous cracks existing in
the damaged beam, the �rst cracks in the retro�tted
specimen occurred at the mid-span. Tensile steel bars
were yielded in a force of about 95 kN. Cracks began
with tensile cracks occurring at the mid-span and
gradually became wider. Shear cracks appeared close
to the supports at a 45-degree angle; however, these
were limited and increase in their width was negligible.
Shear cracks were along both tensile and compressive
regions and concrete in the compression region between
the two concentrated loads was crushed, as depicted in
Figure 9. Finally, according to the load-deection curve
in Figure 10, B35H beam had 135.18 kN force and a
displacement up to 43.7 mm. Bridging �bers in the
tension cracks in the experiment is also of noteworthy
observations. No de-bonding occurred between the
beam concrete surface and the HPFRCC layer, even at
the end of testing, indicating that groove was e�ective
in preventing possible de-bonding.

In the beam damaged up to 75% and retro�tted
with HPFRCC called B75H, in addition to the previous
cracks, the �rst new cracks occurred at the mid-span
under the force of about 66 kN. Tensile reinforcement
was yielded at 96.5 kN. Cracking with tension cracks
at the mid-span gradually expanded and increased
in width. Shear cracks occurred near the supports
with an angle of 45 degrees; however, these cracks
were limited, did not increase in width, spread with
increasing force, and expanded into the compression
region of beam. In this state, there were more bending
cracks and their widths also increased. Shear cracks
were across both tensile and compressive regions of
concrete and the concrete in the compressive region was
crushed between the two centralized forces, as shown
in Figure 11. Finally, the B75H beam, according to
the load-deection curve in Figure 12, resulted in a
force about 113.1 kN and the maximum displacement
of 46 mm. Bridging �bers in the tension cracks is an
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Figure 8. Damaged beams before retro�tting.

Figure 9. Retro�tted beam, B35H, at the end of test.

Figure 10. Load-deection curve of the B35H beam.

Figure 11. Retro�tted beam B75H at the end of test.

interesting observation in this experiment, too. No
de-bonding observed between beam concrete surface
and HPFRCC layer even at the end of testing B75H
specimen such as the B35H specimen, indicating that
grooves were e�ective to prevent possible de-bonding at
both strengthened specimens. As shown in Figure 12,
the load-displacement curve has the strain hardening
of HPFRCC layer after steel bar yielding and prior to
reaching the maximum capacity of the beam.

3.2. Comparison of capacities
Values of cracking, yielding, and ultimate loads (Pcr,
Py, Pu) as well as the corresponding displacements
(�cr, �y, �u) of three specimens are given in Table 5,
with the load-deection curves shown in Figure 13.

Figure 12. Load-deection curve of the B75H beam.

Figure 13. Load-deection curves of the beams
Reinforced Concrete (RC), B35H, and B75H.
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Table 5. Loads and deections of beams.

Beam �cr (mm) Pcr (kN) �y (mm) Py (kN) �u (mm) Pu (kN)

RC 3.6 45 6.2 65.8 42 88.33
B35H 2.1 52.5 5.1 95 43.7 135.18
B75H 4.1 66 6.5 96.5 46 113.10

Table 6. Loads, failure modes, and comparative of beams load.

Beam Pu
Py

Pu
Pu(RC)

Py
Py(RC)

Pcr
Pcr(RC)

Mu exp

(kN.m)
Pu

(kN)
Py

(kN)
Pcr

(kN)
RC 1.34 1.00 1.00 1.00 30.9 88.33 65.8 45

B35H 1.42 1.53 1.44 1.167 47.69 135.18 95 52.5
B75H 1.17 1.28 1.47 1.467 39.55 113.1 96.5 66

Di�erence between two
retro�tted beams

{17.6%
decrease

{16.3%
decrease

+2%
increase

+25%
increase

{ {16.3%
decrease

+1.6%
increase

+25.7%
increase

Comparison of the tested beams and the reference
beam is given in Table 6. It is obvious that retro�tting
with HPFRCC generally leads to an increase in all
introduced forces of the beams. In retro�tting using
HPFRCC, the beam with lower damage percentage
(i.e., 35%) showed better performance and increased by
53 percent in the ultimate strength; in comparison to
the sample with 75% damage, 28%, and 47% increases
in strength and yield strength were observed. The
higher the percentage of damage was, the sooner the
beam reached its peak point. In other words, the
distance between load yielding point and the maximum
load in this beam was shorter, because more damages
cause it to be softer and it will bear lower loads. As
shown in Figure 13, the slope of the curve of the
retro�tted beam is higher than that of the reference
beam and the reason is the increase in the intensity of
the retro�tted sample in comparison to the reference
sample.

3.3. Ductility of beams
Ductility is an essential property of structures because
it guarantees safety of structures when subjected to
accidental, blast, or seismic loads. Displacement
ductility (��) of a structural frame is obtained from
the real force-displacement diagram. The ductility
factor, �, is obtained as the ratio between the ultimate
displacement (�u) and the yielding displacement (�y);
�� = �u=�y. If the amount of loss is more than
20 percent of �nal load, the value of �u in related
load is considered as 0.80 Pu. According to the
literature, researchers suggest 30% loss (displacement
corresponding to 70% of maximum load) for exible
concrete members such as ECC or HPFRCC concrete
with higher �nal compressive strain. Ductility ratios of
all three specimens were calculated based on considered
�u at 0.80 Pu. Therefore, it is not required to

Table 7. Ductility of beams.

Beam �y (mm) �u (mm) � = �u
�y

�
�(Rc)

RC 1.00 6.77 42 6.2
B35H 1.26 8.56 43.7 5.1
B75H 1.04 7.07 46 6.5

Table 8. Energy absorption of beams.

Beam W (the amount of
energy absorption)

W=WRC

RC 2881.92 1.00
B35H 3269.7 1.13
B75H 3238.7 1.12

provide extra displacement, after which the comparison
of ductility values is given in Table 7. It is shown
that the retro�tting of the damaged beam through
HPFRCC method improves plasticity of the reference
sample approximately by 5 to 25%.

3.4. Energy absorption of beams
Energy absorption for each sample is considered as the
total area under the load-deection curve to the failure
point of sample or 0.75 Pu, which can indicate the
ability of energy dissipation of samples. Table 8 shows
the ratio of changes in the energy dissipation caused
by the proposed retro�tting. As listed in Table 8,
the energy absorption of the retro�tted samples, which
are obviously enhanced in comparison to the reference
beam, increased.

3.5. The compression between the samples'
theory and experimental bending
capacities

The tension and strain distribution of each point
of the RC beam with tensile HPFRCC layer under
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bending force is theoretically considered here. Strain
distribution along the height is considered to be linear.
The depths of equivalent compressive stress in Vitnee
Block (a = �1x) resisting moment of a RC with a
tensile HPFRCC layer (Mr) under bending force are
obtained through Eq. (3) based on Eqs. (1) and (2),
and x is the value of the neutral axis height.X

Fx =0) 0:85:f 0c:a:b+A0s:fy �As:fy
� �0t:b:tHPFRCC = 0; (1)

a =
(As �A0s):fy

0:85:f 0c:b
+
�0t:b:tHPFRCC

0:85:f 0c:b
= �1:x; (2)

Mr =0:85:f 0c:a:b(d� a
2

) +A0s:fy(d� d0)

� �0t:b:tHPFRCC :
�
tHPFRCC

2
� (t� d)

�
: (3)

According to the above-mentioned equations, providing
HPFRCC at the bottom portion of a normal concrete
reinforced beam leads to an increase in the depth
of equivalent compressive stress (a = �1x), which
consequently enhances the resistant anchor of the cross-
section. Note that, in this case, the increasing e�ect of
the parameter (a = �1x) is more than the decreasing
e�ect of:

�0t:b:tHPFRCC :
�
tHPFRCC

2
� (t� d)

�
:

Experimental values for bending capacity of damaged
beamsMexp and theoretical bending capacity of normal
beams Mr, calculated through Eq. (3), are shown
and compared with others in Table 9. The real
experimental capacities are almost greater than the
theoretical ones. Therefore, the undamaged retro�tted
beam capacity is almost 80% greater than the un-
retro�tted one (56:2=30:9 = 1:8), although there is
a signi�cant increasing capacity due to the HPFRCC
layer, thus retro�tting undamaged beams. The exper-
imental results indicate that the higher the percentage
of damage, the greater the depth and width of cracks.
Thus, the e�ectiveness of the applied technique should
be con�rmed by the proposed reduction factor, ranging

from 0.7 to 0.85 due to the amount of damage. While
the damage is increasing, the xexp=xr rate is decreasing.
It is concluded that if xexp=xr � 3, then the beam is
35% damaged; if 2 � xexp=xr � 3, then the beam is 35
to 75% damaged; if xexp=xr > 2, the beam is at least
75% damaged.

4. Conclusion

Successful application of High-Performance Fibre-
Reinforced Cement-based Composite (HPFRCC) ma-
terials to structures because of their special stress-
strain curve (especially in tension) has put them in
the spotlight of interest of researchers. Due to their
strain hardening behavior under tension, which are
di�erent from other concrete composites, they have
become high-performance materials with a signi�cant
ability to absorb energy and form many cracks. In this
paper, the behavior of HPFRCC material in retro�tting
damaged beams was considered experimentally. Re-
sults demonstrated that the proposed procedure could
be o�ered as a reliable method for exural retro�tting
of partial damaged reinforced concrete and the main
conclusions might be drawn as follows:

� In the reference reinforced concrete beam, cracking
of the beam in addition to softening of the stress-
strain curve led to a reduction in the bearing
capacity of structure and it is worth noting that
the reduction rate was directly proportional to the
number of cracks. Therefore, in order to ensure the
stability of the structure, it is required to take the
steel reinforcements into account; however, in the
beams retro�tted by HPFRCC at the bottom layer,
micro-cracks help the materials enter the softening
level, which increases the bearing capacity of the
structure;

� In addition, in the reference reinforced concrete
beam, yielding of steel reinforcement occurring at
the point coincided with the concrete cracks and
the destruction caused by mismatch between the
concrete and steel, while in the retro�tted beams
with HPFRCC, yielding of the steel bars happened
along a higher length and a larger area, which would
provide the greater capacity of steel reinforcement;

� In all samples, retro�tting increased the initial crack
load. Apparently, this phenomenon can justify

Table 9. The compression between theory and experimental bending capacities of the samples retro�tted by
High-Performance Fibre-Reinforced Cement-based Composite (HPFRCC) layer.

Beam Description Mr Mexp Mexp=Mr

RC Valid beam retro�tted by HPFRCC layer 56.2 56.2 1.00

B35H 35% damaged beam retro�tted by HPFRCC layer { 47.69 0.85

B75H 75% damaged beam retro�tted by HPFRCC layer { 39.55 0.70
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why the tensile resistance of HPFRCC would be
enhanced in the tensile area;

� The maximum increasing rate at the �rst cracking
load of all specimens was 45%. Due to retro�tting,
yielding load of tensile reinforcement was incre-
mented by 45%. Final load (destruction load) of
samples increased by about 15% to 40% in com-
parison to the reference sample. The slope of the
curve of the retro�tted beam was more than that of
the reference beam and the reason originated from
increase in the intensity of the retro�tted sample in
comparison to the reference one;

� By retro�tting the partially damaged beams with
HPFRCC method, its ductility attained approxi-
mately 90% of ductility of the reference sample.
Comparison of energy absorption of samples in-
dicated that the energy absorption of retro�tted
samples increased up to 13%;

� Finally, 35% and 75% capacities of the damaged
retro�tted beam were found almost 80 and 53%
more than those of un-retro�tted un-damaged ones.
Thus, there was a signi�cant increasing capacity
due to HPFRCC layer retro�tting. Results demon-
strated that the higher the percentage of damage,
the lower the e�ectiveness of the applied technique.
Hence, a reduction factor less than unity is suggested
due to the amount of damage.
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