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Abstract
Human factors are one of the main reasons for structural damage as they decrease the bearing capacity and also lead 
to an inaccurate estimation of the structure. Previous studies show that the use of CFRP in the damaged structures can 
significantly increase their bending and shear capacity. This study examines the capacity and cracks distribution in eight 
RC (reinforced concrete) beams (210 × 250 × 250 cm), each of which was rehabilitated with seven CFRP (carbon fiber-
reinforced polymer) strips using the strip method. Each beam, except for the control specimen, experiences different 
types of concrete and rebar damages, which are finally compared with those of the control specimen. The results indi-
cated that rebar damage in all the beams was significant and the effects of concrete damage were minimized by CFRP 
strips. Moreover, the force–displacement diagrams indicate the greatest force for the control specimen. Other specimens 
reached up to 80% of the force experienced by the control specimen. Finally, the parametric study showed that the influ-
ence of the crack width on decreasing the bearing capacity was more significant compared with the other parameters.
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1 Introduction

Since the late 1980s, the rehabilitation method using FRP1 
has been implemented by a large number of researchers. 
In comparison with the other rehabilitation techniques, 
this method has some advantages, including high strength 
to weight ratio, high resistance against corrosive materi-
als, flexibility, and ductility [1]. Dong et al. compared the 
ductility of RC beams rehabilitated with FRP composites 
with those for the other beams [2]. Choi et al. examined 
the structural and non-cohesive performance of RC beams 
reinforced with FRP composites [3].

An alternative reinforcing material, fiber-reinforced pol-
ymer (FRP) bar, is being considered as a solution to the cor-
rosion problem. Due to their corrosion resistance, FRP bars 
have received considerable attention, especially from the 

transportation industry. Applications of FRP bars, however, 
are not only limited to cases where corrosion is of concern. 
They are also useful in structures requiring magnetic trans-
parency and in members susceptible to chemical attack 
[4]. Moreover, in another study, the resistance against flex-
ibility was examined and indicated an increase in the shear 
capacity of RC beams when strengthened by FRP sheets. 
In the mentioned method, resistance was more effective 
than the shear ductility. Another study investigated the 
discontinuity of FRP on all surfaces because of the cracks 
and their spread in the damage state [5].

When a structural element is vulnerable to such effects, 
the fastest and most cost-effective way to prevent dam-
age is to strengthen the element. In the past, the typical 
methods of shear strengthening of vulnerable RC mem-
bers involved adding extra RC or steel elements. The 
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traditional methods most commonly used to increase 
the shear capacity of RC members are (a) adding rein-
forcement around the cross section and placing concrete 
around it (concrete jacket) [6].

From the environmental and economic viewpoints, 
repairing, reviving, and rehabilitating the existing struc-
tures are preferred to their demolishing and rebuilding. 
Furthermore, rehabilitation projects are implemented 
faster than new projects. Moreover, the new projects put 
such structures out of operation [7–9] examined the effect 
of parameters such as the preparation of a concrete sur-
face, cohesive material, and concrete strength on adher-
ence strength and found out that preparing the concrete 
surface would increase the adherence strength by 3–11% 
[10].

Many different fractures of RC beams reinforced with 
FRP sheets have been observed in experimental stud-
ies. These fractures are highly diverse, as some research-
ers have reported more than 30 different fracture cases. 
According to the previous studies, different kinds of bend-
ing damage in rehabilitated specimens are (1) yielding of 
longitudinal bars along with the fracture of fiber polymers; 
(2) concrete crushing under compression before the frac-
ture of fiber polymers; (3) separation of the polymer fiber 
ends from the concrete surface along with the concrete 
cover of longitudinal rebars; (4) separation of the polymer 
fiber ends from the concrete surface, and a part of the con-
crete cover (a rare case); (5) separation of the polymer fiber 
ends from the concrete surface and a part of the concrete 
cover because of bending cracks; and (6) separation of pol-
ymer fiber ends from the concrete surface and a part of the 
concrete cover because of bending-shear cracks. Accord-
ing to the experimental studies, the cases 4–6 are more 
observed in beams without transverse reinforcements [11].

In this regard, Kotynia and Cholostiakow exploited the advan-
tages of these two methods and tested nine full-scale beam 
specimens [12]. They presented a new method, which resulted in 
higher stiffness and bearing capacity and significantly decreased 
the beam deflection in the middle of the span. Almusallam et al. 
examined 11 bending beams (225 × 200 × 150 mm) and ana-
lyzed them using the FEM.2 They concluded that increasing the 
tension rebar percentage in non-reinforced beams decreases the 
ductility of the deflections, as well as the effects of FRP sheets on 
increasing bending capacity [13].

The type of rehabilitation with FRP to repair the con-
crete structures depends on the geometrical and mechani-
cal properties of the system. U-type reinforcements, lon-
gitudinal elements, FRP straps, and FRP strips are some 
conventional rehabilitation methods using FRP which 
have been utilized experimentally and numerically by 
previous researchers [6, 14–23].

While a structural element is subjected to detrimental 
factors, the fastest and the most expensive method to stop 
the damage spread is rehabilitating the structure. In the 
past, rehabilitation was mostly limited to adding RC or 
steel elements [24]. The life span of concrete structural ele-
ments highly depends on their repair and rehabilitation. 
Due to the mistakes and recommendations of bylaws, the 
structures encounter many dangers. Unacceptable physi-
cal and chemical conditions or construction errors make 
the practitioners use the rehabilitation covers to reinforce 
the fractured ductile elements [25]. The major contribution 
to FRP composites is its potential to extend service life of 
existing structures [26]. The failure mode of completely 
wrapped beams is FRP rupture, which is more favorable 
compared to the sudden debonding of the FRP laminates 
of the U-Wrapped beams. In the case where beams can-
not be completely wrapped, the U-wrapping scheme is 
a feasible option. However, for the U-Wrapped beams to 
reach the same performance of the completely wrapped 
beams, CFRP laminates should be properly anchored to 
avoid the brittle debonding [27, 28].

The main objective of this study is to truly evaluate the 
behavior of RC beams having rebar or concrete damage 
and rehabilitated with CFRP composites. With using con-
crete beams and bonding CFRP sheets together in strips, 
the ultimate bending resistance and displacement in the 
beam were determined. For this purpose, eight RC beams 
(2100 × 250 × 250 mm) strengthened with CFRP strips were 
manufactured. Each beam had a specific pre-damage in 
the rebar and/or concrete. These specimens were sub-
jected to four-point bending, and the results were com-
pared with those of the control specimen in order to evalu-
ate the efficiency of the rehabilitation technique.

2  Test layout

2.1  Test specimens

In this study, eight full-scale RC beams were manufac-
tured and tested. All the specimens had 2100 mm length 
and a square surface (250 mm × 250 mm). Since the study 
purpose was to examine the fracture of the beams with 
internal damage and to detect the crack spread pattern, 
the specimens were allowed (based on ACI 318) to experi-
ence bending cracks. Moreover, a control specimen, with 
no concrete or rebar damage, was utilized to compare 
the results of the rehabilitated beams. The amount of the 
used rebar was 1.23%. The size of steel reinforcements 
was ϕ10@200 mm. In accordance with the rebar layout, 
the span to effective depth ratio (a/d) of the beams was 
equal to 2.65. The specimens were procured and then 
tested by a hydraulic jack using a four-point loading. The 2 Finite element method.
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area between the two-point loads had a constant moment 
and zero shear. In this area, the beam behavior under pure 
bending could be evaluated. In the area between each 
load point and the closest support, the combined effect 
of bending and shear loads can be examined. Static and 
uniform loads were applied. According to Fig. 1, the mid-
dle-point displacement and force can be transferred to the 
data logger device by LVDT3 and the load cell, respectively. 
Further, the experimental displacement in the middle of 
RC beams reinforced with FRP was determined. Using the 
load–displacement diagrams from the tests, the beam 
displacements were determined in different load levels 
and bearing capacities of the beams reinforced with FRP. 
Moreover, the observations were recorded in each stage, 
and the crack spread pattern was illustrated to determine 
the beam failure mechanism.

The manufactured beams were divided into two cat-
egories based on their damage type: beams with concrete 
damage and beams with rebar damage. Rebar damage 
includes two 25 mm corrosions and a decrease in the 
rebar diameter by half (7 mm) of the length of the bot-
tom rebars. The beams were reinforced with FRP strips. 
According to the beam perimeter (100 mm), some extra 
strip lengths were considered for the overlaps (150 mm) in 
order to maintain the necessary connection and strength. 
The FRP width is 80 mm, and it is located 200 mm on either 
side of the middle point. In the case of concrete damage, 
special foams with different widths and depths were uti-
lized in order to simulate the damage. All the posed dam-
ages are shown in Table 1.

The beams were reinforced with FRP strips. According 
to the beam perimeter (100 mm), some extra strip lengths 

were considered for the overlaps (150 mm) in order to 
maintain the necessary connection and strength. The FRP 
width is 80 mm, and it is located 200 mm on either side of 
the middle point. According to Fig. 2, seven FRP strips are 
installed on each beam. One failure in BDRA samples and 
two failures in BDRS samples were located in one-third of 
the effective span of the fixed-end beam with a distance 
of 60 cm from the two head supports. It is machined accu-
rately and evenly using a turning tool such that to cause 
failure. The reinforcement’s diameter is reduced from 14 
to 7 mm (Fig. 3).

2.2  Material properties

According to the compressive strength tests conducted 
on the cubic specimens of the concrete used for the 
beams (with 150 mm dimension), the average compres-
sive strength was 35 MPa. In this study, maximum gravel 
size and the specific gravity were 12 mm and 2.6 g/cm3, 
respectively. Moreover, the water absorption rate of the 
specimen was 1%. The gravel grading curve was based on 
ASTM C33. The sand size was a combination of 0–3 mm 
and 3–6 mm. Its specific gravity was 2.65 g/cm3, and the 
water absorption rate was 1.45%. The sand grading curve 
was based on ASTM C33. Cement type II with a specific 
gravity of 3.15 g/cm3 was used.

In order to reinforce the concrete and manufacture the 
RC beams, 10-m and 14-mm rebars were used. The 10-mm 
rebars were used for internal reinforcements, and 14-mm 
rebars were utilized for longitudinal reinforcements. The 
rebar layout is shown in Fig. 2. Rebar yielding strength was 
measured according to ISO 6982-1 as such three speci-
mens with 75-cm length were selected and used for uni-
axial tension test.

The average yielding strength for 10- and 14-mm rebars 
was 417 and 435 MPa, respectively. FRP strips, QUANTOM 
Wrap 200C, and epoxy resins, QUANTUM EPR 3001, were 
used for rehabilitation. According to the properties noted 
in the manufacturer’s catalog, the tensile strength for this 
composite material is 4950 MPa. Tensile E-modulus is 240 
GPa, and the elongation ratio is 1.5%. Density is 1.8 g/cm3, 
areal weight is 200 g/m2, and the thickness is 0.111 mm.

2.3  Rehabilitation steps

The eight specimens were manufactured and rehabilitated 
with FRP strips with 10-mm overlaps. Rehabilitation with 
FRP was performed based on the following steps (Fig. 3):

1. First, a brush was used to smoothen the concrete 
surface of the beam. Then, the beam was washed to 
remove the dust and prepare it for FRP installation 
[29].

Fig. 1  Details of the test setup and location of cameras and LVDTs

3 Linear variable displacement transducer.
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Table 1  Details of beam specimens

No. Specimen Specimen Details Description Purpose of 
manufacturing

1
SCB

(Strengthened 
Control Beam)

Control reinforced concrete 
beam

Comparing with 
other specimens

2

SBDRS
(Strengthened Beam 

Damaged Rebars 
Symmetric)

Reinforced concrete beam with 
symmetric rebar corrosion

Comparing with 
SBDRA specimen

3

SBDRA
(Strengthened Beam 

Damaged Rebars 
Asymmetric)

Reinforced concrete beam with 
one-sided rebar corrosion

Comparing with 
SBDRS specimen

Rebar Corrosion

Rebar Corrosion

4

SBDCM15*3
(Strengthened Beam 
Damaged Concrete 

Mid 15*3)

Reinforced concrete beam with 
rebar corrosion in the middle 

(3*15 cm)

Comparing with 
SBDCO15*3

specimen

5

SBDCO15*3
(Strengthened Beam 
Damaged Concrete 

One-third15*3)

Reinforced concrete beam with 
rebar corrosion in 1/3 length 

(3*15 cm)

Comparing with 
SBDCM15*3

specimen

6

SBDCM10*3
(Strengthened Beam 
Damaged Concrete 

Mid 10*3)

Reinforced concrete beam with 
rebar corrosion in the middle 

(3*10 cm)

Comparing with 
SBDCM15*3

specimen

7

SBDCM15*1
(Strengthened Beam 
Damaged Concrete 

Mid-15*1)

Reinforced concrete beam with 
rebar corrosion in the middle 

(1*15 cm)

Comparing with 
SBDCM15*3

specimen

8

SBDCM15*1+10*.5
(Strengthened  

Beam Damaged 
Concrete 

M15*1+O10*.5

Reinforced concrete beam with 
rebar corrosion in middle (1*15 

cm) and 1/3 length (0.5*10)

Comparing with 
SBDCM15*3

And
SBDCM10*3

specimen
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2. FRP strips with 8-mm width and 110-mm length were 
provided.

3. A combination of adhesive and resin, with a ratio of 
1 to 3, was prepared. This proportion would result in 
maximum strength.

4. Seven FRP stripes were installed on the RC beam, 72 h 
before testing the specimens.

2.4  Test procedure

Figure 4 shows the details of the loading on the beams. In 
RC beams, compressive jacks applied the force in 60-cm 
spaces using a plate. The space between the support and 

the beam edge was 15 cm, and the 4-point loading was 
used for testing. In each test, three LVDTs were used to 
measure the beam deflection in the damage process. One 
LVDT was placed in the middle point, and the other two 
were placed in a 20-cm space at either side of the middle 
span.

Electric strain gauges were installed on each beam to 
control the response of bending rebars (Fig. 4). Loading 
was done using a hydraulic jack with 1000-kN capacity.

It is placed in the middle of the beam opening to 
measure the vertical displacement of the specimens and 
also at two points of one-third of the LVDT opening. It is 
connected to the data logger via telephone wire, and all 

Fig. 2  Corrosion method of rebar

Fig. 3  Longitudinal and transverse rebars and their layout
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information is stored in it every second in all experiments. 
The LVDT used shows a maximum rise of 20 cm. The load 
cell is used to create a compressive force and is applied by 
the plate as a four-point force. Its capacity is 50 tons, which 
is gradually applied to the desired point.

3  Test results

Before applying any loading to the beam, a large number 
of micro-cracks appeared in the concrete, in the space 
between coarse aggregates and mortar. Accordingly, the 
spread of these cracks during loading leads to a nonlinear 
response of concrete under low stress and an increase in 
concrete volume close to the damage point. These micro-
cracks might be the result of segregation, bleeding, or 
thermal expansion in mortar during the loading process. 
This is caused by the difference between the stiffness in 
aggregates and mortars. The concrete tensile strength is 
much lower than its compressive strength, and the ten-
sion area is prone to cracking when it reaches the tensile 
strength. In RC beams, the cracks are inevitable if the load 

increases; hence, in the preliminary stages of loading, crack 
or cracks appear on critical points, where the maximum 
bending moment is present. With an increase in load size, 
other areas reaching the concrete tensile strength start 
to crack. Table 2 shows the results for the load of the first 
cracking, bearing capacity, and the middle-point deflec-
tion in the maximum loading according to test results. It 
can be noticed that the rebar damage has the greatest 
impact on the strength of RC beams. In the beam SBDRS, 
with rebar damage in two sides, the bearing capacity, in 
comparison with the control specimen, decreased by 74%.

The following diagram shows the force–displacement 
of the control beam, specimens with damage in the mid-
dle point, and specimens with different concrete damages. 
According to Fig. 5, the beam with two damages has the 
least deflection and bearing capacity among all the beam 
specimens. When comparing the beams with damage in 
the same location, it was revealed that the beam with less 
damage width has the highest bearing capacity.

In Fig. 6, the control concrete beam is compared with 
specimens having two types of rebar damage. It can be 
noticed that the exerted force and absorbed energy are 

Fig. 4  FRP strips preparation

Table 2  Test results for RC beam specimens

Specimen Load corresponding to 
the first crack (kN)

Maximum deflection in the mid-
dle point of the beam (mm)

Test ultimate 
load (kN)

The ratio of test ultimate SBC 
load to ultimate load of the 
specimen

SBC 26 75 188 1
SBDCM (10-0.5)(15-1) 41 61 159 0.85
SBDCM (10-3) 26 82 159 0.85
SBDCM (15-1) 29 75 171 0.91
SBDCM (15-3) 40 71 152 0.81
SBDCO (15-3) 38 80 174 0.93
SBDRA 17 70 52 0.28
SBDRS 27 80 50 0.26
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significantly different in these specimens. The specimen 
with symmetric rebar damage has lower energy absorp-
tion, and its bearing capacity is decreased by 7%. As can be 
seen, despite the weakness and crack in the concrete, the 
load-carrying capacity of the control and damaged beams 
is similar due to the use of CFRP. In another research, the 
use of reinforcement has increased the load-carrying 
capacity and compensated for the defect in concrete.

The main reason for using this method for reinforce-
ment and the intentional creation of damage in the rebar 
and the concrete is that concrete cracks and rebar corro-
sion are very common in the construction industry. Fur-
thermore, this concrete reinforcement method is simple, 
practical, and readily available. Accordingly, we have 
employed this method for reinforcement analysis in order 
to prevent load-carrying weakness in beams [30].

In Fig. 7, the control specimen is compared with the 
two other specimens having similar damages. In one 
specimen, damage is located in the middle, and damage 
in the other ones is located in the 1/3 point of the beam 
span. It can be mentioned that the latter endured more 
force and displacement and has more energy absorption 
rate. The control specimen has identical reinforcement and 

thus similar displacement. Its bearing capacity, however, 
increased 14% and compared with the specimen with mid-
dle span damage.

In Fig. 8, the control beam is compared with the speci-
mens with central damage and with different widths and 
heights. It can be observed that the damage width is much 
more effective than the other variables. The specimens 
with greater damage width and lower height show more 
displacement under the less force.

In Fig. 9, the blank sample was compared with center-
damaged samples with different widths and heights. As 
shown in the figure, the effect of damage is higher in 
the width than in the height. However, samples contain-
ing damage with larger width and smaller height exhibit 
smaller displacement for a smaller force.

According to Fig. 10, damage in the rebar has a great 
impact on reducing the bearing capacity. Also, this sample 
has less bearing capacity compared to other samples that 
have damage in concrete. The SCB sample has the highest 

Fig. 5  Schematic view of the beam layout, loading and measure-
ment instruments

Fig. 6  Load–displacement diagrams of specimens having degrada-
tion in the middle

Fig. 7  Load–displacement diagrams of specimens having corroded 
rebars

Fig. 8  Load–displacement diagrams in specimens having the same 
damage
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load capacity and then damage in one-third of the opening 
as expected. However, despite the use of CFRP, the bearing 
capacity of all samples is very close to each other and this can 
be considered as a very important point in strengthening the 
beams. Notably, the bearing capacity of all samples is very 
close to each other despite the use of CFRP. This can be con-
sidered a very important point in strengthening the beams.

4  State of failure

Figure 11 shows the post-failure states for RC beams. As 
can be seen, the specimens have bending cracks, and the 
cracks are centered at the vertical direction. These cracks 

start from the bottom of the beam and spread upward. In 
the control specimen, the cracks are fully distributed. Get-
ting away from the beam center would result in an increase 
in the crack angles. If the load increases, cracks will develop. 
Eventually, when the transverse rebars yield, the beam will 
reach its maximum loading capacity. In SBDCM 15*1 speci-
men, since the damage is located in the middle, the cracks 
are vertical and placed in the middle. With getting away 
from the middle point, cracks incline, and the crack concen-
tration is in the vicinity of the damage region (Fig. 11) [31]. 
In the specimens with rebar damage, specimen fractures 
from the rebar damage region occur quickly. Moreover, in 
the SBDRS specimen, since FRP is used in the rebar damage 
region, composite fractures occurred (Fig. 12).

Fig. 9  Load–deflection of specimens with different damage widths 
and heights

Fig. 10  Comparison of load–displacement for all specimens
Fig. 11  Crack spread pattern of specimens corresponding to the 
fracture moment
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Numerous studies have been conducted on the behav-
ior of reinforced concrete Strengthened with FRP. In most 
cases, due to the outer connection of the reinforcement 
(FRP), the system always suffers from fracture. Numerous 
solutions have been proposed to resolve this issue. Here, 
no fracture of the FRP strips was witnessed since correct 
connection and coating were observed [32].

In other specimens with some sort of damage, concrete 
and rebar reached their maximum bearing capacity, and 
the beam reached the ultimate damage.

5  Strains in longitudinal rebars

Figure 11 shows the strains observed in the longitudinal 
rebars, which are measured by strain gauges installed 
on the point where the load was applied. The diagrams 
represent that in the initial phase of loading, the strain 
is minimal, and the curves are almost similar. However, 
with an increase in loading, each curve shows its specific 
trend, and different longitudinal rebars experience differ-
ent strains. These curves demonstrate that shear reinforce-
ment affects the strains in the longitudinal rebars.

As shown in Figs. 13 and 14, under similar loading con-
ditions, the specimen with greater heights experience 
more strain in comparison with the other similar speci-
mens. The comparison of the specimens with the control 
specimen indicated that the control beam demonstrates 
fewer rebar strains since the concrete can help the rebar 
in this regard.

In Fig. 15, the damaged specimens are compared with 
the control specimen. As presented, the damaged beam 
experiences less strain under similar loading conditions. It 
might be attributed to the role of the rebar. In addition to 
the existing failures, the main load is also applied to the 
rebar; therefore, it reaches the control specimen strain at 
a higher load level. The diagram path does not change 
much, and there is no obvious difference with the samples 
containing concrete damage. The reason is that comparing 

the damaged samples with the control sample shows the 
same shear reinforcement is used in all samples (Figs. 13, 
14, 15, 16). In particular, Fig. 16 shows that the SBDCM (15-
3) & SBDCO (15-3) samples overlap with the SCB sample.

Fig. 12  Rebar failure pattern in SBDRS

Fig. 13  Load–strain curves for three specimens compared to those 
of the control beam

Fig. 14  Load–strain curves for two specimens compared to those 
of the control beam
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6  Energy

The area under the force–displacement curve is the 
energy absorbed by the structure. This energy can be 

examined during earthquakes and higher structure per-
formances. Table 3 shows the area under the force–dis-
placement curve for eight manufactured beams. The 
smallest and largest values are for SBDRS and SBDCO 
specimens, respectively (15-3). The two concrete beams 
with rebar damage, in comparison with the control 
beam, only managed to absorb as much as 13% of the 
existing energy. For SBDCM (10-3) and SBDCM (15-1) 
specimens, the values were more than 90%.

7  Conclusion

In this study, eight full-scale RC beams were manufac-
tured and tested in order to reveal the response of the 
beams reinforced with FRP sheets. The effects of param-
eters such as rebar damages (decreasing diameter in the 
middle section and the 1/3 of the total length) and con-
crete damages (cracks with different widths and heights 
located in the middle or 1/3 of the total length) were 
examined. The following conclusions were made:

• In all the manufactured specimens, bending failure 
occurs, and cracks are vertical in the middle and 
inclined in the sides. According to the location of the 
concrete failure in the beam, the crack concentration 
is higher in the concerned areas. In specimens with 
rebar damages, the beam is not extensively cracked, 
and cracking is limited to the location of the damage.

• Bearing capacity of the control beam with no particu-
lar damage is greater than all the other specimens’. 
The least bearing capacity is for the specimens with 
rebar damages. The least beam deflection is for the 
specimens with two damages. The most deflection 
is for specimens with rebar damages. This might be 
related to the specimen fracture.

• In all the specimens, a fracture occurs out of the FRP 
reinforcement region. It demonstrates the stability 
of the reinforced section. However, the FRP sheet 
located in the middle was fractured during the final 
loading.

• In all the beams, except the second beam with rebar 
damages, high ductility, and energy absorption rates 
were observed. Although these rates are lower com-
pared to that of the control specimen, they could be 
completely acceptable and approved with respect 
to the damages. It can be concluded that the use of 
FRP and limited damage in concrete would result in a 
slight decrease in the bearing capacity, even though 
the energy absorption rate is satisfactory.

• The strains in the longitudinal rebars, located under 
the loading area, demonstrate that greater strain is 

Fig. 15  Load–strain curves for two specimens compared to those 
of the control beam

Fig. 16  Load–strain curves for two specimens compared to those 
of the control beam
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Table 3  The area under the 
curve for concrete specimens Name

The area 
under the 

curve
NO/SCB Diagram shape

Rank 
(among  8 

beam 
specimens)

SBC 12,835.229 1 2

SBDCM 
(10-

0.5)(15-
1)

8310.592 0.647 6

SBDCM 
(10-3) 11,781.969 0.918 4

SBDCM 
(15-1) 12,291.038 0.958 3

SBDCM 
(15-3) 9839.279 0.767 5

SBDCO 
(15-3) 13,128.771 1.023 1

SBDRA 1779.624 0.139 7

SBDRS 1676.216 0.131 8
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observed under the same loading conditions in con-
crete damages with larger widths. In addition, speci-
mens with rebar damages sustain much less strain 
under the same loading conditions.
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