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Abstract 

Low-strength concrete (LSC) elements are prone to several seismic and static loads and are one of the priorities to be 
considered for FRP strengthening. However, certain provisions should be taken into account according to provisions, 
as elements with considerably low compressive strength are not eligible for FRP confinement. This experimental study 
investigates (1) the effect of rebar planting on increasing the initial compressive strength of LSC to achieve allowable 
compressive strength for FRP strengthening, and (2) the effect of CFRP confinement on increasing the strength of 
rebar-embedded specimens and determining the most effective factor for strength improvement. For this purpose, 
38 standard concrete cylinders were tested under compressive load. The variables of this study were rebar length and 
diameter, the compressive strength of concrete, and the number of CFRP sheets. Two initial compressive strengths 
below the designated compressive strength of 17 MPa (12.5 and 14.5 MPa) were selected. After determining rebar-
reinforced specimens with compressive strength of more than 17 MPa, CFRP confinement and compressive tests of 
these cylinders were utilized. A statistical single-factor ANOVA analysis is performed to determine the most effective 
variable for ultimate strength and strain, individually. In the end, available models in the literature were utilized to pre-
dict experimental data. The results indicated the effectiveness of rebar planting for strength enhancement up to 53%, 
also showing that specimens with initial compressive strength of 14.77 MPa were suitable for CFRP confinement after 
rebar planting. The experimental and statistical ANOVA results demonstrated the CFRP confinement and its interac-
tion with rebar embedment as the most effective factors with respect to increasing the load-bearing capacity of LSC 
concrete.
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1  Introduction
Various structures, especially in developing countries 
require retrofitting. Construction defects, non-compli-
ance of structure with new design regulations, degrada-
tion due to environmental factors, and damage from 
natural disasters are all among the reasons for struc-
tural retrofitting requirements (Mosallam, 2004). Along 

with these factors, the construction malfunctions such 
as low quality of used materials and poor construction 
practices are two main factors affecting the performance 
and strength of reinforced concrete (RC) structures and 
intensify the need for rehabilitation and strengthening 
of structural elements (Durrani et al., 2005; Naseer et al., 
2006; Nisikawa et al., 2005; Peiris et al., 2006).

Concrete with a compressive strength between 5 and 
15  MPa, has been introduced as a low-strength con-
crete (LSC) (Ahmad et al., 2015). Low-strength concrete 
can be used in several sections of buildings and struc-
tures where no significant loads are present. Neverthe-
less, sometimes the creation of low-strength concrete 
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members is unintentional or is not based on the design 
regulations and may create dangerous structural failure 
conditions. Hyogo-ken-Nanbu earthquake reports that a 
large number of low-strength concrete with a compres-
sive strength of less than 10 MPa were found in concrete 
cores from buildings constructed during the 1960s and 
1970s (Hiroaki et  al., 2008). One of the most reliable 
methods to strengthen reinforced low-strength concrete 
elements is the utilization of FRP sheets as confinement 
(Saeed et  al., 2016). High tensile strength and modulus 
of elasticity, lightweight, and secure handling are some 
advantages to using the FRP reinforcement technique 
(Lim & Ozbakkaloglu, 2015). In the last decade, various 
studies have introduced different methods for increas-
ing the compressive strength and deformability of struc-
tural members through confinement by FRP. The results 
of these studies demonstrate the strength and deform-
ability improvement of specimens reinforced with FRP 
jackets (Erdil et  al., 2008; Lam & Teng, 2004; Nanni & 
Bradford, 1995; Saafi et al., 1999). The results of utilizing 
confinement with FRP sheets indicate an improvement 
in structure bearing capacity and plasticity (Mirmiran & 
Shahawy, 1997).

The concrete elements are usually confined by a suf-
ficient amount of FRP sheets to obtain a reliable per-
formance. The softening post-peak branch of the 
stress–strain graph of concrete transforms to a linear 
ascending branch with a positive slope. A significant 
increase in compressive strength of confined concrete 
will increase the flexural capacity of the FRP-confined 
structural members (Comert et al., 2009).

Compared to the other FRP productions, carbon fibers 
possess more tensile strength and their unique mechani-
cal features caught the interest of many researchers over 
the last years, especially for strengthening. For instance, 
investigating the effect of confinement with CFRP mate-
rials on low and medium strength concrete has discov-
ered that extra rigidity will provide for specimens due to 
confinement (Ilki et al., 2004).

Falayah (Hassan et  al., 2016) investigated CFRP-con-
fined low-strength RC columns under concentric loads. 
The shape and the slenderness of the column, the thick-
ness, and the configuration of confinement were the basic 
parameters considered in the experimental program. The 
increase in ultimate load ranges between 15 and 291% 
compared to the control specimens.

llki et al. (2002) investigated the strength and deform-
ability of low-strength concrete confined by CFRP sheets. 
This study considers 12 low-strength (f′c: 6  MPa) cylin-
der specimens under concentric compression which are 
wrapped by FRP jackets of various thicknesses. Moreo-
ver, the experimental results of this study compared with 
the experimental behavior of low-strength unconfined 

concrete and normal strength (f′c: 20–35 MPa) specimens 
that were wrapped by FRP jackets of various thicknesses 
and layers. Ruqayyah Ismail et al., (2019) investigated the 
effect of confinement with CFRP sheets, and the result 
shows that confinement of the concrete can enhance 
the compressive strength of the specimens up to about 
70% of their initial compressive strength. Ali Raza et al. 
(Raza et al., 2021) conducted research on CFRP strength-
ening of hybrid reinforced LSC concrete in which con-
fining specimens with CFRP layers demonstrated a 
significant increase in compressive strength. Ahmad 
et al., (2020) proposed a numerical and Artificial Neural 
Network method to model CFRP confined RC cylinders 
and results demonstrated the high accuracy of proposed 
models to predict experimental observations.

Another approach in strengthening is a method, which 
is commonly being used for stabilization of soil structures 
and retaining walls, is named rebar planting or micro-
pile, and has been developed based on the arrangement 
of nails in the depth of the wall. Nail arrangement is usu-
ally achieved through trial and error among layouts that 
satisfy safety stabilization factors and modifications as 
nail length decreases from the top to the bottom of the 
walls. The nails will be capable of resisting tensile stress, 
shear stress, flexural moment, and the displacement of 
the soil mass. Rebar installation helps in attaching con-
crete parts of a structure to new elements (Najafi et  al., 
2015).

Rebar installation can be implemented into both fresh 
and dry concrete (Çalışkan et al., 2013; Cook, 1993; Elige-
hausen et al., 2006; Upadhyaya & Kumar, 2015). During 
rebar installation, a hole is created on the surface and is 
filled with a special adhesive, which is usually an epoxy 
resin or  expansive  additive cementitious material. This 
method is convenient and widely applicable because of 
its easy installation and high flexibility (Upadhyaya & 
Kumar, 2015). In this system, the effectiveness of planted 
rebar on concrete is dependent on the bonding between 
the adhesive and planted rebar and the bonding between 
concrete and the adhesive (ACI440.2R-08, 2008). Due 
to the advancements made in polyester, vinyl ester, and 
a variety of adhesives in the 1990s, rebar installation 
through chemical adhesives have gradually replaced the 
planting method with cementations materials (Çalışkan, 
2013; Cook, 1993; González, 2018). Chemical adhesives 
are composed of special polymers with a synthetic silica 
type. These adhesives contain several characteristics such 
as very low shrinkage, high resistance to exhaustion, bet-
ter performance against corrosion, and quick and easy 
installation (González et al., 2018).

The strengthening of LSC concrete elements was 
always a challenging factor. According to Clause 1.3.4 of 
the ACI440.2R-08 (ACI440.2R-08, 2008), FRP materials 
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should not be used for critical applications when the 
compressive strength of the concrete is less than 17 MPa. 
Although LSC strengthening using FRP sheets was per-
formed in the literature (Aslam et  al., 2021; Khaloo 
et al., 2020; Zhai et al., 2021), studies on the methods of 
increasing the initial compressive strength of LSC con-
cretes to the designated level and meeting the require-
ments of ACI code are scarce.

As stated earlier, ACI440.2R-08 (Khaloo et  al., 2020) 
prohibits the application of FRP layers on damaged ele-
ments or structures with compressive strength less than 
17  MPa. Therefore, attempts were made to increase the 
strength or repair damaged concrete structures using the 
injection of grout (Aslam et al., 2021). Nevertheless, the 
preparation and application of grouts can be challenging 
due to the lack of space to cast fresh grout or resulting 
in inappropriate surfaces for FRP confinement, subse-
quently increasing the costs of strengthening. As a result, 
novel methods should be taken into account to fortify 
low-strength concretes without experiencing the above-
mentioned impediments. Therefore, the aim of this 
study is to investigate the influence of rebar planting on 
increasing the compressive strength of low-strength con-
crete as well as evaluating the CFRP confinement effect 
on rebar-strengthened specimens. In this experimental 
study, 38 concrete cylinders with 150  mm in diameter 
and 300  mm in height with two different compressive 
strength groups were used. The variables of this study 
were concrete compressive strength, length and diameter 
of embedding rebars, and the number of CFRP confine-
ment. The novelty of this research is to enhance the com-
pressive capacity of low-strength concrete cylinders by 
embedding reinforcing bars to make them allowable for 
FRP strengthening. In the end, the influence of variables 
on strength and strain factors is investigated through 
ANOVA analysis.

2 � Material Properties
2.1 � Concrete
The concrete mix design was determined after five 
mixes when the desired low-strength concrete level 
was achieved. Two mix designs were selected to obtain 

target compressive strengths less than 17 MPa (12.5 and 
14.5  MPa) in which their corresponding mix design are 
provided in Table 1.

Three concrete cylinders from each mix design were 
provided to determine their compressive strength, 
according to ASTM C39 (ASTM C39/C39M, 2014). The 
compressive strength of concrete were 14.77  MPa and 
12.45 MPa as shown in Table 1. Table 2 presents the aver-
age compressive test results of three identical specimens 
for each mix design.

2.2 � Rebar
Steel reinforcement is utilized to plant inside the cylin-
ders. Two rebar lengths (35 and 55  mm) and two rebar 
diameters (8 and 10  mm) were considered as variable 
parameters. Table 3 represents the mechanical properties 
of rebar, which is used in this study.

2.3 � Chemical Adhesives
To provide connection and integrity between embedding 
rebar and concrete, a chemical adhesive was injected into 
the gap between rebar and concrete. Table  4 shows the 
mechanical properties of the chemical adhesive deter-
mined by the manufacturer. A second chemical adhesive 
is used for attaching CFRP wraps to the specimens, and 
its properties are presented in Table 5.

2.4 � CFRP Sheets
A unidirectional carbon fiber-reinforced polymer (CFRP) 
wrap with a thickness of 0.3 mm was utilized to confine 
the concrete cylinders (Fig.  1). The CFRP can control 
the lateral strain of the concrete because of its high ten-
sile strength as the compressive load increases. Approxi-
mately 50 mm overlap was considered in the confinement 
of cylinders with CFRP wrappings. Table  6 shows the 

Table 1  Concrete mix design and compressive strength of 
specimens.

Target 
compressive 
strength 
(MPa)

Water 
(kg/1 m3)

Cement 
(kg/1 m3)

Sand 
(kg/1 m3)

Gravel 
(kg/1 m3)

W/C

12.5 148 245 531 707 0.46

14.5 153 279 519 694 0.54

Table 2  Concrete characteristics.

Concrete 
mix 
number

Axial ultimate 
strain (mm/mm, 
%)

Axial cracking 
strain (mm/mm, 
%)

Average 
compressive 
strength (MPa)

1 0.35 0.22 14.77

2 0.35 0.24 12.45

Table 3  Mechanical properties of rebar.

Rebar 
diameter 
(mm)

Yield tensile 
strength 
(MPa)

Ultimate 
tensile 
strength 
(MPa)

Modulus of 
elasticity 
(GPa)

Axial yield 
strain (mm/
mm, %)

8 340 500 210 1.2 × 10–3

10 340 500 210 1.2 × 10–3



Page 4 of 16Hashemi et al. Int J Concr Struct Mater           (2022) 16:17 

mechanical properties of the CFRP wraps used in this 
study.

3 � Experimental Procedure
3.1 � Rebar Planting in Unconfined Concrete
As mentioned earlier, FRP materials should not be used 
for critical FRP applications when the compressive 
strength of the concrete is less than 17 MPa, According 

to the ACI440.2R-08 (ACI440.2R-08, 2008). Hence, 
to exceed the compressive capacity of LSC cylinders, 
a novel rebar planting method was suggested by the 
authors to provide the feasibility of FRP confinement 
for low-strength concrete specimens. Rebar planting 
was performed according to provisions provided in ACI 
318 (ACI 318-14, 2014) and ACI 355.4 (ACI Committee, 
2011) to maintain the stability of LSC concrete, as well 
as the compressive strength enhancement. Similar pre-
cautions were taken into the account during tests and 
based on the results, none of the specimens were dam-
aged during drilling and anchorage procedures. Stand-
ard cylindrical low-strength concrete specimens were 
made to investigate the effect of rebar planting. Desig-
nation of specimens is presented as CxDyLz-t, where x 
defines the compressive strength of unconfined con-
crete, y demonstrates the diameter of planted rebar, z is 
the length of rebar, and t shows the number of identical 
specimens, which two duplication for each designation 
is considered in this study to achieve reliable results. For 
better clarification, in specimen C14.77D8L3.5, the first 
part, C14.77, represents the compressive strength of ini-
tial concrete, which is 14.77 MPa. The second term, D8, 
shows the diameter of the rebar planted in a cylinder, 
which is 8 mm. Finally, the third part, L3.5, indicates the 
length of the rebar, which equals 3.5 cm. Fig. 2 illustrates 
the arrangement of rebars and FRP confinement in the 
cylindrical specimens.

For planting the rebar within the cylindrical speci-
mens, first, holes were drilled with the help of specialists 
to avoid damage to concrete, and then holes were filled 
with resin. According to the ACI408R-03 (ACI Commit-
tee 355, 2011) regulation, drilled holes length should not 
be more than half the specimen thickness. As mentioned 
earlier, the length of rebar is one of the variable param-
eters in this study. Hence, for 35- and 55-mm-length 
rebars, 40- and 60-mm-length holes were created in 
specimens. Five millimeters gap in length provides suf-
ficient space for the adhesive to attain a desirable bond 
between reinforcements and concrete. Also, the drill size 
was selected as 2 mm bigger than rebars to allocate space 
for the adhesive to be functional with respect to main-
taining its bond with concrete and steel rebar.

Fig. 3 shows the drilling and rebar planting procedure. 
The created holes were cleaned to prevent bond strength 

Table 4  Mechanical properties of chemical adhesive.

Anchor rod 
class

Drill diameter 
(mm)

Embedment depth 
(mm)

Standard edge 
distance (mm)

Standard anchor 
distance (mm)

Torque moment 
(N m)

Characteristic 
tensile resistance 
(kN)

M8 10 80 80 160 10 12.9

M10 12 90 90 180 20 19.7

Table 5  Resin properties.

Density (kg/l) 1.16

Tensile elasticity modulus (GPa) 3.5

Flexural elasticity modulus (GPa) 2.8

Ultimate tensile strength (MPa) 45

Ultimate shear strength (MPa) 21

Compression strength (MPa) 73

Fig. 1  CFRP sheets for strengthening.

Table 6  CFRP wraps properties.

Tensile elasticity modulus (GPa) 1400

Ultimate tensile strength (MPa) 3800

Ultimate tensile strain (mm/mm, %) 1.2
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decrease due to the presence of dust and powdered con-
crete. Special rebar planting adhesive was utilized to 
plant the rebar specimens in concrete afterward.

3.2 � CFRP Confinement of Concrete
Four designations of the rebar-planted specimens 
were considered for CFRP sheet confinement. Since 
the overall compressive strength of reinforced cylin-
ders with initial concrete strength of 12.45 falls below 
the minimum strength allowable for FRP utilization 
(16.86  MPa < 17  MPa), only cylinders with concrete 
strength of 14.77  MPa were selected for CFRP confine-
ment, according to ACI440.2R-08. It can be mentioned 
that the designations of confined specimens are almost 
similar to that of only rebar-planted specimens (CxDyLz-
tLC). The only difference is the definition of t, which 
presents the number of CFRP layers wrapped in each 
concrete cylinder.

The compressive strength test was performed 
after specimen preparation. In order to obtain the 

stress–strain diagram of specimens, a load cell was used 
to get the compressive load on the specimens, and two 
LVDTs were employed to measure the displacement of 
the specimens. Same as the previous setup, two identi-
cal specimens were prepared to verify the results. Fig. 4 
shows the placement position of LVDTs and load cells 
with corresponding schematics, by which the rebar strain 
is measured with a strain gauge. Two LVDTs are placed 
on top of the loading cell to measure the vertical dis-
placement of specimens, while strain gauges are placed 
on rebars to measure the deformation.

4 � Test Results
4.1 � Effect of Rebar Planting
Compressive strength test results on specimens are 
shown in Table  7. The results indicate that planting 
rebar within the low-strength concrete increases the 
compressive strength of concrete. The maximum and 
minimum strength increase ratio belongs to specimens 
C14.77D10L5.5 and C12.45D8L3.5, with 53% and 30% 

Fig. 2  Rebar arrangement and CFRP confinement schematics of specimen.

Fig. 3  Rebar planting operation: a hole drilling; b hole cleaning; c rebar planting.
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increment in compressive strength capacity, respec-
tively. Based on the results, increasing the bar diameter 
increased the ultimate strength of the specimen after 
rebar embedment. Moreover, the embedment length 
of planted rebars has shown a positive effect on the 
compressive strength, as in the specimen with concrete 
strength of 14.77 MPa, 5%, and in the specimens with 

concrete strength of 12.45 MPa, a 7% increase in com-
pressive strength was observed. Generally, test results 
demonstrate that the compressive strength of concrete 
slightly contributes to the effectiveness of confinement 
and rebar planting, where utilizing concrete with higher 
strength, increases the influence of strengthening.

Fig. 4  The position of LVDT and load cell on concrete specimen: a experimental, and b schematic of test configuration.

Table 7  Compressive strength test results of specimens embedded with steel reinforcement.

Specimen name Compressive 
strength 
(MPa)

Specimen 
compressive 
strength at 
rebar slip (MPa)

The final output 
of rebar from 
the concrete 
body (mm)

Axial cracking 
strain (mm/
mm, %)

Maximum of 
rebar axial 
strain (μstrain)

Axial ultimate 
strain (mm/
mm, %)

Average of 
compressive 
strength (MPa)

C14.77D8L3.5-1 19.57 19.42 2.5 0.26 – 0.37 19.55

C14.77D8L3.5-2 19.53 19.12 3 0.24 650.7 0.36

C14.77D8L5.5-1 19.91 19.51 4 0.29 – 0.38 19.88

C14.77D8L5.5-2 19.86 18.76 4 0.3 753.4 0.39

C14.77D10L3.5-1 21.77 21.41 1.5 0.32 – 0.39 21.53

C14.77D10L3.5-2 21.29 21.01 1 0.33 536.5 0.4

C14.77D10L5.51 22.65 21.66 1.5 0.32 – 0.42 22.61

C14.77D10L5.5-2 22.57 21.70 1 0.33 536.5 0.41

C12.45D8L3.5-1 15.88 15.27 3 0.23 – 0.31 16.24

C12.45D8L3.5-2 16.21 15.61 2.5 0.21 519.5 0.33

C12.45D8L5.5-1 16.73 16.21 4 0.29 – 0.38 17.08

C12.45D8L5.5-2 17.06 16.56 4 0.31 572.5 0.39

C12.45D10L3.5-1 17.18 16.63 2 0.32 – 0.35 17.16

C12.45D10L3.5-2 17.14 16.58 2.5 0.3 395.7 0.36

C12.45D10L5.5-1 17.36 16.90 1.8 0.33 – 0.34 17.28

C12.45D10L5.5-2 17.25 16.74 2.2 0.29 343.2 0.32
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Fig.  5 shows the rebar sliding in the C14.77D8L3.5 
specimen during and after the test. Before the failure of 
specimens, planted rebars inside concrete experienced 
1 to 5 mm slippage. This was followed by the reduction 
in load-bearing capacity of cylinders and consequently 
reaching the failure state. Moreover, comparing the 
stress–strain diagrams of each specimen shows that the 
axial and lateral strain in the initial specimens increased 
due to rebar planting; Fig.  6 demonstrates strain–stress 
diagrams of specimens with rebar, and they compared 
with the stress–strain diagram of the average of three ini-
tial specimens without rebar. According to the diagrams, 

embedding the rebar into low-strength concrete is effec-
tive in increasing the compressive strength of the con-
crete. According to the results, the influence of rebar 
planting on increasing the axial strain is slight. However, 
the increase in lateral strain is considerable.

As stated in the Introduction, despite several studies on 
FRP confinement of LSC concrete, there are few research 
articles available that studied the increasing the initial 
strength of LSC to make FRP strengthening applicable, 
with respect to provisions of ACI 440.2R (ACI440.2R-08, 
2008). Although using grout is recommended for some 
cases, it produces disadvantages such as unsmooth sur-
face after grouting and increasing the cost of strengthen-
ing, challenges of casting grout due to lack of space and 
postpone in the process of strengthening due to the cur-
ing process of grout. Therefore, the proposed method 
can be utilized with considering provisions for applica-
tion, as stated in ACI 318 (ACI 318-14, 2014) and ACI 
355.4 (ACI Committee, 2014) to satisfy the compressive 
strength requirement, per ACI 440.2R (ACI440.2R-08, 
2008).

4.2 � Effect of CFRP Confinement
The compressive strength test was carried out first on 
the unconfined specimens. After determining the valid 
specimens for CFRP strengthening (compressive strength 
of 14.77  MPa), after confining corresponding cylinders, 
compressive strength test is performed. A total of 16 
specimens were tested. Table  8 presents the test results 
of the compressive strength of confined specimens. The 
compressive strength test results show that rebar plant-
ing with confinement increased the compressive strength 
of specimens around 200% of the initial cylinders. The 
ultimate strain also experienced an increase due to the 
confinement effect of CFRP sheets.

The minimum and maximum strength increase 
were observed in specimens “C14.77D8L5.5-1LC” and 
“C14.77D10L5.5-2LC”, with a rate of 84.2 and 161.34% 
increase to initial strength of 14.77  MPa, respectively. 
Results also indicate that the addition of a second CFRP 
layer contributes to ultimate strength 47% on average.

Figs.  7 and   8 show test setup of confined specimens 
and a specimen under a compressive strength test after 
failure, respectively. Due to the increment in compressive 
stress applied by the hydraulic jack, bulging as the result 
of lateral expansion in cylinders was observed. Therefore, 
the failure occurred due to an increase in lateral defor-
mation in core concrete and subsequently, rupturing 
confining CFRP sheets.

Fig.  9 shows the strain–stress diagram of confined 
specimens and unconfined specimens with and with-
out rebar in a comparative manner. Although rebar 
embedment demonstrated a remarkable increase of 

Fig. 5  Rebar sliding and exit in the C14.77D8L3.5-2 specimen.
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compressive strength in specimens, the effect of con-
finement on load-bearing capacity is the most signifi-
cant, and a slight influence on the axial ultimate strain 
can be observed. Additionally, the CFRP confinement 
demonstrated a small contribution to the improvement 
of lateral strain in cylinders. This can be attributed to 
the lateral resistance of carbon fibers that although 
contributing to the increment in the strength of speci-
mens, limits the lateral bulging of core concrete until 
the rupture of CFRP layers.

5 � Analysis of the Force–Deformation Diagram 
of Rebar

According to the failure mechanism of specimens under the 
compressive load, the rebar, which is embedded in the con-
crete specimen slipped from the concrete body. The lon-
gitudinal strain of the rebar was measured during loading 
by strain gauges. Fig. 10 demonstrates the slip force–defor-
mation diagram of embedded rebar in three specimens 
C14.77D8L3.5-2, C14.77D8L5.5-2, and C14.77D10L3.5. 
According to the equation of equilibrium, rebar slip force 
(or bond force) is equal to the axial force of embedded bars. 
Hence, Hooke’s law is utilized to calculate slip force:

where Fs is slip force and �l is deformation of steel bars 
obtained from strain gauge data. K  is the axial stiffness of 
steel reinforcement and is calculated as follows:

(1)Fs = K�l,

Table 8  Compressive strength of each specimen confined with CFRP fibers.

Specimen name Experimental compressive 
strength of confined specimen 
(MPa)

Ultimate axial 
strain (mm/mm, 
%)

Average compressive strength in 
unconfined specimens with rebar 
embedment (MPa)

Average compressive strength 
of confined specimens (MPa)

C14.77D8L3.5-1LC-1 27.2 0.46 19.55 27.65

C14.77D8L3.5-1LC-2 28.1 0.48

C14.77D8L3.5-2LC-1 33.7 0.54 19.55 33.75

C14.77D8L3.5-2LC-2 33.8 0.53

C14.77D8L5.5-1LC-1 27.0 0.42 19.88 27.3

C14.77D8L5.5-1LC-2 27.6 0.47

C14.77D8L5.5-2LC-1 34.1 0.57 19.88 34.1

C14.77D8L5.5-2LC-2 34.0 0.58

C14.77D10L3.5-1LC-1 29.6 0.48 21.53 30.4

C14.77D10L3.5-1LC-2 31.1 0.53

C14.77D10L3.5-2LC-1 37.1 0.59 21.53 37.15

C14.77D10L3.5-2LC-2 37.2 0.59

C14.77D10L5.5-1LC-1 31.7 0.56 21.68 31.6

C14.77D10L5.5-1LC-2 31.5 0.54

C14.77D10L5.5-2LC-1 38.3 0.53 21.68 38.6

C14.77D10L5.5-2LC-2 38.9 0.61

Fig. 7  CFRP fibers and confined specimens ready for testing 
compressive strength.

Fig. 8  Confined specimen with embedded rebar after failure.
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In this equation, E is the modulus of elasticity of 
steel, and A and le are cross-sectional area and embed-
ment length of steel rebars, respectively. 

(2)K =

AE

le
.

The comparison between results of slip force revealed 
that an increment in rebar diameter increases the slip 
force generated between rebar and concrete. It attrib-
utes to the improvement of axial stiffness as shown in 
Eq. (2), which consequently increases the slip force. The 
same trend can also be observed in Fig. 11.
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The comparison between Figs. 10 and  12 shows that in 
confined specimens, the slip force is higher than that of 
unconfined specimens, also by increasing the rebar stiff-
ness, the slip force increased. Fig.  13 demonstrates that 
in specimens with two-layer confinement, the slip force 
and rebar deformation are higher than specimens with 
one-layer confinement. This indicates that confinement 
effect controls the rebar slippage by controlling the lat-
eral deformation of core concrete. Table  9 presents the 
information about the sliding force of the rebar and the 
longitudinal strain of the rebar in each specimen.

6 � ANOVA Analysis
In order to determine the statistical significance of each 
experimental variable on enhancing strength and strain 
values, single-factor ANOVA analysis was performed on 
specimens to determine the contribution of each variable 
in the improvement of compressive strength and ulti-
mate strain of specimens. ANOVA aims to evaluate the 
significance of differences between reported results in a 
statistical manner. The parameter is considered signifi-
cant when its p-value is under the significance factor of 
α = 0.05. Therefore, the smaller the p-value is, the more 
significant is the corresponding parameter (ACI, 2003). 
The objective of performing single-factor ANOVA for 
this study is to a statistical assessment of the significance 

of the variables (i.e., rebar embedment and a number of 
CFRP layers) in affecting each strength and strain out-
come, individually.

The results for each variable are demonstrated in 
Tables 10 and 11. As it can be observed from the results, 
the p-value for the rebar embedment is more than 0.05 
for both compressive strength and ultimate strain, indi-
cating the insignificance of the variable at increasing both 
factors compared to other parameters. The least recorded 
p-values belong to the number of CFRP confinement, 
which also has the highest contribution percentage of 
52.61 and 48.89 for ultimate strength and strain, respec-
tively. This indicates the highest effect of CFRP wrapping 
on enhancing both load-bearing capacity and deforma-
bility of specimens. The interaction between pairs of vari-
ables was also investigated and significance is observed 
among them. This may indicate the importance of rebar 
planting in confined specimens.

7 � Verification of Test Results
In order to predict the compressive strength capacity 
of the confined concrete, many studies have been per-
formed and different relationships were introduced (Lam 
& Teng, 2003; Luca & Nanni, 2011; Pham & Hadi, 2014a, 
2014b; Pham et  al., 2015; Pour et  al., 2018; Saeed et  al., 
2016; St & Wold, 1989; Teng et  al., 2009; Wu & Zhou, 
2010). The confinement mechanism of FRP-confined 
concrete for both conditions comprises full and partial 
confinement presented by Pham et  al. (Luca & Nanni, 
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Table 9  Maximum force and rebar deformation in different 
specimens.

Specimen name Rebar maximum 
slip force (N)

Rebar maximum 
deformation 
(× 10–5 mm)

C14.77D8L3.5-2 6735.3 2277.6

C14.77D8L5.5-2 7798 4143.92

C14.77D10L3.5-2 8676.4 1877.8

C14.77D10L5.5-2 9865.16 3155.6

C12.45D8L3.5-2 5454.4 1844.5

C12.45D8L5.5-2 5926 3149

C12.45D10L3.5-2 6400.1 1385.1

C12.45D10L5.5-2 6891.4 2147.7

C14.77D8L3.5-1LC-2 9139 3091.5

C14.77D8L5.5-1LC-2 10444.5 5550.2

C14.77D10L3.5-1LC-2 11248.05 2434.3

C14.77D10L5.5-1LC-2 11522.1 4850.2

C14.77D8L3.5-2LC-2 11709.8 3959.8

C14.77D8L3.5-2LC-2 11430.7 6074.3

C14.77D8L3.5-2LC-2 12245.9 2650.3

C14.77D8L5.5-2LC-2 12897.9 5516.4
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2011). Due to the originality of the rebar planting method 
and lack of models considering the effect of steel rebars 
in LSC concrete, the selection of these models for verifi-
cation was performed to cover the most notable models 
in the literature to provide a comprehensive assessment 
of the comparison.

Table  12 shows different equations available for mod-
eling the effect of CFRP confinement (Ilki et  al., 2004; 
Luca & Nanni, 2011; Pham et al., 2015; Saeed et al., 2016). 

shows different equations available for modeling the effect 
of CFRP confinement (ACI440.2R-08, 2008; Pour, 2018; 
Richart, 1928; Teng, 2009). As a result of novelty in the pro-
posed method, in these equations, the effect of the embed-
ded rebar is not considered. The definition of variables is 
presented in Appendix 1

The estimation of compressive strength by each model 
is presented in Table  13. All models underestimated the 
compressive strength of cylinders. The ratio of calculated 
compressive strength to experimental results was around 
1.30 for all models. The discrepancy between models and 
actual data is attributed to the involvement of embed-
ded bars’ influence on experimental results. However, the 
models show proper correlation with experimental data, 
with the maximum R2 value of 0.97 for Richart et al. (1928) 
and a minimum of 0.95 for ACI 440-2R (ACI440.2R-08, 
2008) models. The experimental model is also compared 
with the model proposed by Lam and Teng (Pham & Hadi, 
2014b) in terms of ultimate axial strain and compressive 
strength (Fig.  14). The model was unable to predict ulti-
mate strain as the R2 value of variables was 0.27, however, 
it demonstrated a good performance in estimating com-
pressive strength, with an R2 value of 0.92. For the better 
clarification of models accuracy to predict the compressive 
strength of confined specimens, mean square error (MSE) 
and average absolute error (AAE) values are calculated 
using the following equations, respectively (Khaloo et  al., 
2020):

Table 10  ANOVA analysis results for compressive strength.

Control factor p-value Sum of square Contribution (%)

Rebar size 0.000461 69.11 15.25

Rebar embedment length 0.496024 12.47 2.75

Number of layers 0.000023 238.37 52.61

Interaction of rebar size and embedment length 0.041354 24.93 5.50

Interaction of rebar size and number of layers 0.010593 16.45 3.63

Interaction of rebar embedment and number of layers 0.000111 91.80 20.26

Table 11  ANOVA analysis for ultimate strain.

Control factor p-value Sum of square Contribution (%)

Rebar size 0.01669 0.018 20.00

Rebar embedment length 0.17231 0.003 3.33

Number of layers 0.00198 0.044 48.89

Interaction of rebar size and embedment 0.05088 0.007 7.78

Interaction of rebar size and number of layers 0.04895 0.008 8.89

Interaction of rebar embedment and number of layers 0.03769 0.010 11.11

Table 12  Models for prediction of compressive strength after 
confinement.

Model Compressive strength 
after confinement 
(MPa)

ACI 440-2R (ACI440.2R-08, 2008) f′cc = f ’co + 3.3Ψ кa ft

ft = 2Efntf εfeD

εfe = кε εfu

Lam and Teng (Pham & Hadi, 2014b) f ′cc
f ′co

= 1+ 3.3
fl

f ′co

fl =
2Efεfet

D

Ali fallahpour et al. (Wu & Zhou, 2010) f′cc = f′co + k1klεfu

k1 = 2.5- 0.01f′co

k1 =
2Eftf
D

Richart et al. (Pour et al., 2018) f′cc = f′co + k1fr

fr = 2fjtjD
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(3)MSE =

1

N

N
∑

i=1

(

modeli − experimentali
)2
.

  

(4)AAE =

1

N

N
∑

i=1

∣

∣

∣

∣

modeli − experimentali
experimentali

∣

∣

∣

∣

.

Table 13  Theoretical compressive strength for each specimen according to models.

(a)

Rechart et al. (Pour et al., 2018) fecc (MPa) f′cc (MPa) f′co (MPa) k1 fr (MPa) fj (MPa) fecc/f′cc MSE AAE

C14.77D8L3.5 (1LC) 27.65 22.61 19.55 4.1 0.74704 186.76 1.23 178.7 1.37

C14.77D8L5.5 (1LC) 27.30 22.94 19.88 0.74704 186.76 1.19

C14.77D10L3.5 (1LC) 30.32 24.59 21.53 0.74704 186.76 1.23

C14.77D10L5.5 (1LC) 31.64 25.52 21.68 0.74704 186.76 1.24

C14.77D8L3.5 (2LC) 33.71 25.67 19.55 1.49408 186.76 1.31

C14.77D8L5.5 (2LC) 34.10 26.00 19.88 1.49408 186.76 1.31

C14.77D10L3.5 (2LC) 37.15 27.65 21.53 1.49408 186.76 1.34

C14.77D10L5.5 (2LC) 38.62 28.11 21.68 1.49408 186.76 1.41

Lam and Teng (Pham & 
Hadi, 2014b)

fecc (MPa) f′cc (MPa) f′co (MPa) fl (MPa) Ef (KN/mm2) εfe fecc/f′cc MSE AAE

C14.77D8L3.5 (1LC) 27.65 22.01 19.55 0.75 230 0.812 1.24 109.2 1.07

C14.77D8L5.5 (1LC) 27.30 22.34 19.88 230 0.812 1.24

C14.77D10L3.5 (1LC) 30.32 23.99 21.53 230 0.812 1.23

C14.77D10L5.5 (1LC) 31.64 24.14 21.68 230 0.812 1.31

C14.77D8L3.5 (2LC) 33.71 24.48 19.55 1.49 230 0.812 1.38

C14.77D8L5.5 (2LC) 34.10 24.81 19.88 230 0.812 1.37

C14.77D10L3.5 (2LC) 37.15 26.46 21.53 230 0.812 1.40

C14.77D10L5.5 (2LC) 38.62 26.61 21.68 230 0.812 1.45

Ali Fallahpour et al. 
(Wu & Zhou, 2010)

fecc (MPa) f′cc (MPa) f′co (MPa) K1 Ef (kN/mm2) εfu kl fecc/fcc MSE AAE

C14.77D8L3.5 (1LC) 27.65 22.52 19.55 2.3045 230 1.4 0.92 1.23 166.8 1.32

C14.77D8L5.5 (1LC) 27.30 22.84 19.88 2.3012 230 1.4 0.92 1.19

C14.77D10L3.5 (1LC) 30.32 24.47 21.53 2.2847 230 1.4 0.92 1.24

C14.77D10L5.5 (1LC) 31.64 25.25 21.68 2.2718 230 1.4 0.92 1.25

C14.77D8L3.5 (2LC) 33.71 25.49 19.55 2.3045 230 1.4 1.84 1.32

C14.77D8L5.5 (2LC) 34.10 25.81 19.88 2.3012 230 1.4 1.84 1.32

C14.77D10L3.5 (2LC) 37.15 27.41 21.53 2.2847 230 1.4 1.84 1.36

C14.77D10L5.5 (2LC) 38.62 28.02 21.68 2.2718 230 1.4 1.84 1.38

(b)

ACI 440.2R 
(ACI440.2R-08, 2008)

fecc (MPa) f′cc (MPa) f′co (MPa) Ψ Ef (kN/mm2) ft (MPa) кa єfє кε fecc/f′cc MSE AAE

C14.77D8L3.5 (1LC) 27.65 21.89 19.55 0.95 230 0.74704 1 0.812 0.58 1.26 544.5 3.37

C14.77D8L5.5 (1LC) 27.30 22.22 19.88 0.95 230 1 0.812 0.58 1.23

C14.77D10L3.5 (1LC) 30.32 23.87 21.53 0.95 230 1 0.812 0.58 1.25

C14.77D10L5.5 (1LC) 31.64 24.16 21.68 0.95 230 1 0.812 0.58 1.31

C14.77D8L3.5 (2LC) 33.71 24.23 19.55 0.95 230 1.49408 1 0.812 0.58 1.39

C14.77D8L5.5 (2LC) 34.10 24.56 19.88 0.95 230 1 0.812 0.58 1.39

C14.77D10L3.5 (2LC) 37.15 26.21 21.53 0.95 230 1 0.812 0.58 1.42

C14.77D10L5.5 (2LC) 38.62 27.35 21.68 0.95 230 1 0.812 0.58 1.41
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Results of statistical analysis for models are shown in 
Table 13. The lower values for MSE and AAE indicate the 
higher accuracy of the model. Therefore, the model pro-
posed by Lam and Teng (Pham & Hadi, 2014b) has the 
highest, and the ACI model has the lowest accuracy in 
terms of predicting experimental results. However, due 
to the novelty of the proposed method, available mod-
els could not anticipate the effect of rebar embedment 
on compressive strength. Yet these models can predict 
the effect of CFRP confinement on cylinders and provide 
benchmarks to determine the difference between analyti-
cal and experimental results due to the presence of rebar 
embedment. In addition, using statistical approaches on 

these models and experiments helps to demonstrate the 
most compatible model with test results. This would help 
future studies in terms of detecting the most appropriate 
model and revising it for analytic studies of rebar-embed-
ded LSC concrete.

Table 14 demonstrates the comparison between experi-
mental results and the experiments of Hafiz zain Saeid 
et al. (ACI Committee, 2014) with one layer of confine-
ment, and also their difference with results obtained 
by ACI440-2R (ACI440.2R-08, 2008) models. The ACI 
model underestimated the experimental results of the 
research; nevertheless, it overestimated the results of 
Hafiz zain Saeid et al. (Pham et al., 2015).
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Fig. 14  Comparison between the model proposed by Lam and Teng (Pham et al., 2015) and experimental results: a ultimate axial strain, and b 
compressive strength.

Table 14  Comparison between test results and Hafiz Zain Saeid et al. (Pham et al., 2015) study according to ACI relationships.

Specimen Initial compressive 
strength (MPa)

ACI (MPa) Experimental 
result (MPa)

Experimental result/initial 
compressive strength

Experimental 
result/ACI

C14.77D8L3.5/(1LC) 14.77 21.89 27.2 1.84 1.24

C14.77D8L5.5/(1LC) 14.77 22.22 27.6 1.87 1.24

C14.77D10L3.5/(1LC) 14.77 23.87 29.6 2 1.24

C14.77D10L5.5/(1LC) 14.77 24.59 31.6 2.14 1.29

Hafiz zain saeid (et al.) (ACI Com-
mittee, 2014) specimen with 
one-layer confinement

16.55 32.05 26.48 1.6 0.83

C14.77D8L3.5/(2LC) 14.77 28.91 33.75 2.28 1.17

C14.77D8L5.5/(2LC) 14.77 29.24 34.06 2.31 1.16

C14.77D10L3.5/(2LC) 14.77 30.89 37.15 2.51 1.2

C14.77D10L5.5/(2LC) 14.77 32.16 38.6 2.61 1.2

Hafiz zain saeid et al. (ACI Com-
mittee, 2014) specimen with 2 
layers confinement

16.55 47.55 34.8 2.1 0.73
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8 � Conclusion
This study investigated the effect of a novel strengthening 
method using steel rebar embedment and CFRP confine-
ment on LSC concrete. According to the results of the 
research, the following conclusions have resulted:

1.	 Utilizing steel rebars to embed into LSC concrete 
is an effective and efficient method to increase the 
initial compressive strength of concrete, since the 
maximum and minimum of 53% and 30% strength 
enhancement were observed, respectively. The 
increase in compressive strength can be mostly 
attributed to the axial stiffness enhancement of con-
crete due to the presence of steel.

2.	 Low-strength concretes with compressive strength 
of 12.45 MPa and under are not suitable to be con-
sidered for FRP confinement, as their compressive 
strength regarding rebar embedment falls below 
the minimum considered by ACI 440.2R provision 
(ACI440.2R-08, 2008). However, the utilization of 
steel bars to enhance the initial compressive strength 
of LSC concrete to be considered for CFRP strength-
ening has been proven to be effective for compressive 
strength of 14.77 MPa or higher.

3.	 According to the ANOVA analysis of results obtained 
from experimental tests, the variation in the num-
ber of CFRP layers is the most effective approach to 
enhance the compressive strength and ultimate strain 
of concrete with a percentage contribution of 52.61 
and 48.89 for ultimate strength and strain, respec-
tively.

4.	 Despite being effective in enhancing the initial com-
pressive strength of specimens, the rebar embedment 
has shown less significance compared to CFRP wrap-
ping, as the p-values were more than 0.05 for both 
ultimate strength and strain. However, rebar size and 
interaction of rebar embedment and number of lay-
ers are significant according to the analysis.

5.	 The statistical MSE and AAE analyses indicate that 
despite the presence of a discrepancy between mod-
els and experimental data due to the rebar embed-
ment effect, the model proposed by Lam and Teng 
provides a better correlation with test results com-
pared to other models.

9 � Suggestions for Future Work
Considering the effectiveness of rebar embedment in 
compressive strength enhancement, the authors suggest 
utilizing the number of embedment rebars as a param-
eter in LSC concrete to increase the strength of LSC ele-
ments with a load-bearing capacity of less than 14.5 MPa. 

The various types of FRP confinement can also be utilized 
in future research. In addition, regarding the comparison 
between experimental data and models, authors encour-
age researchers to study recent models, while proposing a 
model to predict the effect of rebar embedment in FRP-
confined LSC cylinders.

Appendix 1

f’cc: Compressive strength of confined concrete psi 
(MPa).
f′c: Specified compressive strength of concrete, psi 
(MPa).
ψf: FRP strength reduction factor and it is equal to 
0.95 for full wrapped sections.
κa: Efficiency factor for FRP reinforcement in 
determination of f′cc (based on geometry of cross-
section) can be taken as 1 for circular cross-sec-
tions.
fl: Maximum confining pressure due to FRP jacket, 
psi (MPa).
Ef: Tensile modulus of elasticity of FRP, psi (MPa).
tf: Nominal thickness of one ply of FRP reinforce-
ment, in. (mm).
εfe: Effective strain level in FRP reinforcement.
D: The diameter of specimen, (mm).
κε: Efficiency factor equal to 0.58 for FRP strain 
to account for the difference between observed 
rupture strain in confinement and rupture strain 
determined from tensile tests.
εfu: Design rupture strain of FRP reinforcement, 
in./in. (mm/mm) equal to 1.4 for CFRP sheets 
which are used in this research.
kl: Lateral stiffness of FRP jacket (MPa).

In the model which is represented by Ali Fallah pour 
et al. k1 is compressive strength enhancement coefficient, 
k1 in Rechart et  al.’s model is confinement ratio that is 
suggested k1 = 4.1 and also fr is confining pressure.
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