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Abstract: The bond strength of tension lap splices in recycled-coarse-aggregate-reinforced concrete
strengthened with hybrid (steel–polyolefin) fibers was experimentally investigated. This study was
conducted with the help of twelve lap-spliced beam specimens. The replacement level of coarse
natural aggregates with recycled concrete aggregate (RCA) was 100%. The following variables
were investigated: various ranges of steel–polyolefin fibers—100–0%, 75–25%, 50–50%, 25–75%, and
0–100%—in which the total volume fraction of fibers (Vf ) remains constant at 1%; and two lengths of
lap splices for rebars of 16 mm diameter (db): 10 db and 15 db. The test results showed that the best
range of steel–polyolefin fibers that gave the highest bond strength was 50–50%. The ductility of
the fiber-reinforced recycled-aggregate (FR-RA) concrete was significantly improved for all the cases
of various relative ratios of steel and polyolefin fibers. The bond strength was also predicted using
three empirical equations proposed by Orangun et al., Darwin et al., and Harajli. This study showed
that the Harajli equation gave a more accurate estimation of the bond strength of reinforcing bars
embedded in FR-RA concrete than those proposed by Orangun et al. and Darwin et al.

Keywords: lap splices; bond strength; recycled aggregate; steel fiber; polyolefin fiber; hybrid fiber;
fiber-reinforced concrete

1. Introduction

The production of concrete requires a significant amount of natural resources; about
75% of the concrete volume is occupied by aggregates. The consumption of natural coarse
aggregates in concrete production annually requires twenty billion tonnes; however, in
the next 2 to 3 decades, this need is expected to rise to about forty billion tonnes [1].
Furthermore, there is an enormous quantity of waste around the globe resulting from
the destruction of old structures or the construction of new ones. The anticipated yearly
waste generated from these actions is 900 million tons in Europe, the US, and Japan and
200 million tons in China [2,3].

The environmental influence of producing concrete has been reduced in several ways,
one of which is using recycled aggregate made from demolition and construction debris
rather than natural aggregate. The benefit of using this method is to sustainably eliminate
the massive amounts of demolition and construction waste produced around the world
and also to reduce the demand for natural aggregate.

The durability and mechanical performance of the concrete could be affected when
recycled aggregate is used in the concrete mix [4,5]. However, it has been reported that
no influence was observed on the concrete mix when normal concrete was replaced by
20–30% recycled aggregate [1]. When the replacement rate reached 100%, the compressive
strength decreased by 12–25% [1–7], and the tensile strength decreased by 10–24%; the
flexural strength decreased to 16–23% [8,9].

The aggregate form has a remarkable effect on the bond behavior between concrete
materials and reinforcement. The presence of a soft and porous mortar layer on the particles
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of the recycled concrete aggregate may cause cracks to spread more easily, and this may
lead to lower bond strength.

Various ideas have emerged to enhance the performance and overcome the problems
of concrete caused due to the use of recycled aggregate, such as using admixtures [10],
treating recycled aggregate [11,12], and adding additional cementitious ingredients and
fibers. On the other hand, various types of steel and synthetic fibers were used to enhance
the flexural and compressive strength, toughness, deformation, fatigue, ductility, and
impact resistance of recycled aggregate [13–17]. Carneiro et al. [14] found that the concrete
compressive strength increased by 13% when using 0.75% steel fibers (hooked-end) with
a 25% replacement of recycled aggregate. Akça et al. [15] used polypropylene fibers of
1% together with 55% recycled aggregate replacement; they gained an increase of 4% in
flexural strength and 31% in tensile strength. Arslan [18] found that the fracture energy of
ordinary concrete, which is defined as the required energy to initiate a crack in the concrete,
increased by 35% when glass and basalt fibers were used. In a similar manner, adding
steel and polypropylene fibers to ordinary concrete could raise the residual flexural–tensile
strength [19,20]. Yet, the steel fibers gave results that may be considered more scattered
compared with synthetic macro-fibers because of the low number of steel fibers with less
homogeneous distribution across the fracture surface [21]. Currently, synthetic fibers could
be utilized separately or together with steel fibers in the pavements applied to high-impact
loading to minimize shrinkage and enhance impact resistance [21,22]. The effects of steel
and polyolefin fiber hybridization on the mechanical properties of the base concrete were
investigated by Lee et al. [23]. Two fiber contents (0.54 and 1.08 vol%) with polyolefin fiber
proportions varied from 0 to 100% in the hybrid fibers were considered. They showed
that using 0.54 vol% fiber hybridization did not clearly affect the mechanical properties of
concrete. However, a synergetic effect occurred at 1.08 vol% fiber content.

With the help of a variety of testing techniques including digital image correlation
(DIC) techniques [24], acoustic emission (AE) techniques [25], and piezoelectric trans-
ducers [26], the damage characteristics of fiber-reinforced concrete (FRC) have been in-
vestigated, such as internal crack types, propagation directions, and the regularity of
spatiotemporal evolution.

Several studies have been made to investigate the bond behavior of recycled-aggregate
concrete. Based on pull-out tests conducted by Ajdukiewicz and Kliszewicz [9], for high-
performance concrete made from recycled aggregate, the peak bond stress decreased by 20%
compared with natural aggregate concrete. While for concrete in which the replacement was
only for natural coarse aggregate with recycled aggregates, the peak bond stress dropped
to 8%. According to the pull-out tests conducted by Xiao and Falkner [27] for concrete
with and without recycled aggregates, the obtained bond strength values were practically
uninfluenced regardless of the proportion of recycled aggregate used in the concrete. They
recommended identical anchorage lengths. The pull-out experiments implemented by
Choi and Kang [28] demonstrated that the model presented by ACI Committee 408 [29]
estimated unconservative bond strength values for recycled-aggregate concrete. Based on
their splice beam tests, other researchers [30–32] revealed lower bond strength for recycled-
aggregate concrete compared to natural-aggregate concrete. Also, Morohashi et al. [33]
found that the splitting bond strengths were similar for the natural and recycled aggregates.

Research Significance

Only a few studies have investigated the effect of fibers on the bond performance
of reinforcing bars in recycled-aggregate concrete. However, to the best of the author’s
knowledge, there has been no study that considered the effect of hybrid fibers (steel and
polyolefin) on the bond performance between reinforcing bars and recycled-aggregate
concrete (RAC). Therefore, the primary goal of this work was to study the bond behavior
of RAC beams having hybrid steel–polyolefin fibers with various ranges (steel–polyolefin:
100–0%, 75–25%, 50–50%, 25–75%, and 0–100%) in which the total volume fraction of fibers
(Vf ) remains constant at 1%. The replacement rate of recycled coarse aggregate was 100%
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in the all-mix design. Two lengths of lap splice for rebars of 16 mm diameter were used: 10
and 15 times the diameter of the rebars.

It was a significant investigation to determine whether the steel and polyolefin fiber
hybridization would improve the bond performance of the lap splices, as well as the
ductility of the failure mode of FR-RA concrete. The findings of this study would therefore
affect the design and construction of structural elements.

2. Experimental Program

This study required testing twelve recycled coarse aggregate RC beams of 1700 mm
simple span loaded by a two-point load using various percentages of steel–polyolefin fibers
to investigate the behavior of the bond between concrete and reinforcement bars. The
beams were molded and tested at the Civil Engineering Department Laboratories, College
of Engineering, University of Basrah.

3. Specimens Details

Twelve recycled-aggregate RC beams of dimensions 1800 mm (length), 300 mm (depth),
and 180 mm (width) with lap-spliced tension steel bars at the mid-span of the beams were
used. The beam specimens were loaded utilizing a four-point-load configuration with
600 mm span between the loadings.

Depending on the lap splice length (ls), two groups of beams were used (ls = 10 and
15 db). For both groups, the volume fractions of fibers remained constant (Vf = 1%) with
various ratios of steel–polyolefin fibers (steel–polyolefin: 100–0%, 75–25%, 50–50%, 25–75%,
and 0–100%).

Two bars of 16 mm diameter were used as longitudinal tension reinforcement, spliced
at mid-span with lengths (ls = 160 mm and 240 mm) for each beam specimen. The lap splice
lengths of 10 db and 15 db, both considerably less than the required development length
by ACI 318-19 [34], were selected to develop local bond failure conditions. The tension
reinforcement was configured in such a manner that the covers of concrete in all directions
became almost identical. Two bars of 10 mm diameter were placed at the compression
zone to support the shear reinforcement. For all beams, bars of 10 mm diameter were
provided as transverse reinforcement outside the splice zone with 100 mm spacing. Beam
reinforcement details corresponding to lap splice lengths of 160 mm and 240 mm are shown
in Figures 1 and 2, respectively. A typical reinforcement of the lap-spliced beam specimen
is shown in Figure 3.
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The beam notations and details are listed in Table 1. A notation form consisting of
three parts was used. Splice length is mentioned first by 10 and 15 db, while the second
part corresponds to the steel fiber (S) rate, which is 100, 75, 50, 25, and 0%, and the last part
is for the polyolefin (P) rate, which is varied as 0, 25, 50, 75, and 100%.

Table 1. Summary of the splice beams.

Group
No.

Specimen
ID

Lap Splice
Length

Steel Fiber
Percentage (%)

Polyolefin Fiber
Percentage (%)

1

B10S0P0 10 db 0 0

B10S100P0 10 db 100 0

B10S75P25 10 db 75 25

B10S50P50 10 db 50 50

B10S25P75 10 db 25 75

B10S0P100 10 db 0 100
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Table 1. Cont.

Group
No.

Specimen
ID

Lap Splice
Length

Steel Fiber
Percentage (%)

Polyolefin Fiber
Percentage (%)

2

B15S0P0 15 db 0 0

B15S100P0 15 db 100 0

B15S75P25 15 db 75 25

B15S50P50 15 db 50 50

B15S25P75 15 db 25 75

B15S0P100 15 db 0 100

4. Materials
4.1. Steel Reinforcement (Rebar)

The rebar of Grade 60 was used for the main and transverse (shear) reinforcement.
Table 2 summarizes average values of yield ( fy) and ultimate ( fu) strengths and the observed
elongation for used rebar samples. During beam tests, most of the spliced bars did not
yield because of the small splice length.

Table 2. Rebar properties.

Rebar Diameter
(mm)

Yield Strength fy
(MPa)

Ultimate Strength
fu (MPa)

Elongation
(%)

10 470 620 11.3
16 522 695 10.2

4.2. Fibers

Two types of fibers (hooked-end steel and macro-polyolefin fibers) were considered in
this study. There are different shapes of steel fibers available such as straight, hooked, and
corrugated fibers; however, the hooked-end steel fibers were used in this study because
previous studies have demonstrated that hooked-end steel fibers significantly improve
bond properties compared to straight fibers [35]. The used fibers are shown in Figure 4.
Their properties are summarized in Table 3.
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Table 3. Properties of used fibers.

Fiber Types Length (mm) Diameter (mm) Aspect Ratio

Hooked-end steel 35 0.55 63.6

Macro-polyolefin 60 0.84 71.4

4.3. Concrete

In this work, the concrete mixes were designed to achieve a 28-day compressive
strength of 30 MPa for the cylinder. The concrete ingredients consisted of potable water, re-
cycled concrete aggregates (RCAs), ordinary Portland cement type I, sand, macro-polyolefin
and/or steel fibers, and superplasticizer, see Table 4. The physical and chemical properties
are shown in Tables 5 and 6, respectively.

Table 4. Details of materials used in concrete mix.

Cement
(kg/m3)

Sand
(kg/m3)

RCA
(kg/m3)

Water
(kg/m3)

Superplasticizer
(kg/m3) w/c

405 608 1135 182 4.05 0.42

Table 5. Cement physical properties.

Physical Properties Test Result Limits of ASTM
C150-04

Specific surface area (Blaine method) (m2/kg) 312 Not less than 280

Setting time (Vicat method)
(min)

Initial setting 126 More than 45

Final setting 321 Less than 375

Compressive strength
(MPa)

3 days 13.8 More than 12

7 days 23.4 More than 19

Table 6. Chemical composition and main compounds of cement.

Oxide Composition % By Weight Limits of ASTM C150-04

Lime (CaO) 62.3 ---

MgO 2.04 6.0 (max)

Fe2O3 4.09 ---

SO3 2.10 ---

C3A 2.81 3.0 (max)

C4AF 14.2 25.0 (max)

Loss on ignition 2.42 3.0 (max)

Insoluble residue 0.59 0.75 (max)

The recycled coarse aggregates were produced from the tested concrete cubes available
in the Construction Material Laboratory, Civil Engineering Department, University of
Basrah. A waste concrete jaw crusher was used to obtain the required amount of RCA.
RCA with a particle size range of 12.5–4.75 mm was used. The grading of coarse RCA was
determined in accordance with ASTM C33–18 [36]. The passing percentage of each particle
size was selected as the average of the lower and upper passing limits of that particle
size. The used particle sizes of coarse RCA and its grading are shown in Figures 5 and 6,
respectively. The replacement degree of the RCA is defined as the RCA weight to the coarse
aggregates’ total weight used in the concrete. In this work, the replacement rate was 100%.
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One of the disadvantages of recycled aggregate is the high absorption of water; there-
fore, the saturated dry surface was used by pre-soaking the recycled aggregate quantity
one day before the specimens were cast. When the soaking time was through, the recycled
aggregate was placed on the lab’s clean floor, and any water that had become attached to
the aggregate was removed using a soft cloth.

Then, by mixing the dry constituents of the concrete, the polyolefin and/or steel fibers
were spread by hand. The ingredients were mixed using a mixture machine to gain a dry
homogeneous mix and to avoid the fiber balling in one location. Finally, the superplasticizer
with the potable water was added to the mixture machine.
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Before the beam specimens were cast, the molds were oiled to prevent the concrete
from sticking to the sides. Cube samples with 150 × 150 × 150 mm, cylindrical samples
with 150 × 300 mm and prismatic beam samples with 100 × 100 × 350 mm were taken
for each mix to determine the compressive strength, the splitting tensile strength, and the
flexural strength. The samples are shown in Figure 7, and the test results are shown in
Table 7. The average strength values of the specimens in Table 7 are for three specimens
at least. The cast beams were cured with water after they were demolded for 28 days, see
Figure 8.
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Table 7. Mechanical properties of concrete.

Mix
No.

Steel Fiber
Ratio (%)

Polyolefin
Fiber

Ratio (%)

Compressive
Strength, fcu

(MPa)

Compressive
Strength, f’

c
(MPa)

Tensile
Strength,
fct (MPa)

Flexural
Strength,
ft (MPa)

1 0 0 36.41 30.34 2.68 16.13

2 100 0 41.45 34.54 4.30 23.80

3 75 25 39.66 33.05 3.89 23.28

4 50 50 38.69 32.24 4.86 25.54

5 25 75 38.26 31.88 3.75 21.69

6 0 100 37.48 31.23 3.47 17.93

The experimental results of cube, cylindrical, and prismatic beam samples showed
that the specimens with no fibers under compression experienced a sudden explosion and
brittle failure. The fibers had little effect on the compressive strength of fiber-reinforced
concrete (FRC). The failure mode, however, changed significantly from brittle to ductile.
As a result of the fibers’ bridging effect, the cubic specimens did not crush but maintained
their integrity throughout the test. The fibers had more effect on the tensile and flexural
strength of FRC. Adding fibers to concrete significantly increased its energy absorption
capacity, increased its ductility and resistance to crack growth, and increased its tensile and
flexural strength.
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5. Test Setup

The lap-spliced beam specimens were tested using four-point bending tests in order
to generate a constant, maximum moment in the middle-third of the beam specimen,
which may help to induce bond failure at the splice region as shown in Figure 9. The
beam specimen rested on two roller supports with a clear span of 1700 mm. A stiff steel
spreader beam was utilized to transfer the applied load to the tested beam specimen. Two
rollers were placed on the top of the tested beam at the location of the third points. The
length of the uniform bending moment section was set to 60 cm. The Universal Testing
Machine with a capacity of 2000 kN was used to apply the load on the specimens through
a spreader steel beam. A load cell of 750 kN capacity was placed at the center of the
spreader beam to measure the load. A linear variable displacement transducer (LVDT)
was mounted on a stand next to the tested beam. The pin of the LVDT was attached to
the plate which was placed in the middle of the beam. The LVDT was used in order to
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measure the midspan deflection of the beams. The data logger was used to record load and
displacement information. The test setup is shown in Figure 9.
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6. Results and Discussions
6.1. General Behavior and Failure Mode

All tested lap-spliced specimens failed in bonding along the length of the splice. The
failure mode observed for all specimens was splitting. The cracking generally occurred
at the constant moment region of the specimen. All specimens showed fundamentally
similar cracking behavior regardless of the type and relative percentage of fibers. The tested
lap-spliced specimens are shown in Figure 10. The plain concrete specimens developed
longitudinal splitting cracks on the bottom and sides. After the splitting cracks formed, the
load carrying capacity of the beam specimen dropped rapidly. Despite the fiber-reinforced
concrete (FRC) specimens failing as bottom-and-side splits, the cracks propagated more
slowly, and bond failure was relatively less sudden than the plain concrete specimens.



Fibers 2024, 12, 60 11 of 21
Fibers 2024, 12, x FOR PEER REVIEW 12 of 23 
 

B10S0P0 B10S0P100 

 

B10S25P75 

 

B10S50P50 

B10S75P25 B10S100P0 

Figure 10. Cont.



Fibers 2024, 12, 60 12 of 21

Fibers 2024, 12, x FOR PEER REVIEW 13 of 23 
 

B15S0P0 B15S0P100 

 

B15S25P75 

 

B15S50P50 

B15S75P25 

 

B15S100P0 

Figure 10. Tested lap-spliced beams made of recycled-aggregate-reinforced concrete. 
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6.2. Load-Deflection Behavior

The load-deflection responses of the specimens include three stages: a stiff pre-cracking
stage, a post-cracking stage from cracking up to splitting bond failure, and a post-failure
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stage with slowly deteriorating stiffness. The applied load versus the midspan deflection
of specimens in Groups 1 and 2 are shown in Figures 11 and 12. Although the fibers had a
marginal effect on the first cracking strength of the fiber-reinforced recycled-aggregate (FR-
RA) concrete, their fiber-bridging effect clearly improved the post-cracking behavior of the
FR-RA concrete. Post-splitting ductility was significantly improved by fiber reinforcement.
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In the case of a small length of lap splices of 10 db, the increase in the ultimate load
capacity of the FRC beam specimens ranges between 8% and 53% in comparison to that of a
plain beam specimen. However, in the case of a larger lap splice length of 15 db, the increase
in the ultimate load capacity of the FRC beam specimens ranges between 17% and 79% in
comparison to that of a plain beam specimen. The effect of fibers on the ultimate load of
the beam specimen with ls = 15 db is higher than that of ls = 10 db. As can be noted from
Equation (1), the bond strength decreases linearly as the splice length increases. Therefore,
the contribution of fibers in the bond strength increases as the splice length increases. For
both lap splice lengths, the maximum increase in the ultimate strength is in the case of
using 50% steel fibers and 50% polyolefin fibers.

From the results, it can be concluded that the use of 50% steel fibers and 50% polyolefin
fibers gives the highest bond strength, and this fiber percentage is effective also with a small
lap splice length. On the other hand, the ductility of the FR-RA concrete is substantially
improved for all the cases of various percentages of steel and polyolefin fibers.

6.3. Bond Strength

The maximum tensile stress in the reinforcement bars was determined according to
a linear elastic cracked section analysis. The bond stress was assumed to be uniformly
distributed over the length of the splice; thus, the following relationship can be used to
determine the bond stress:

u =
Ab fs

πdbls
=

fsdb
4ls

(1)

where u is the average bond stress; db and Ab are the nominal diameter and the area of
the reinforcement bars, respectively; fs is the stress in the reinforcement bars at failure;
and ls is the splice length (10 db or 15 db). The test results including the ultimate loads Pu
and the corresponding measured midspan deflection Du, the calculated steel stress fs, the
calculated bond strength (utest) from Equation (1), the normalized bond strength to ( f ′c)

1/4,
the bond ratio, and the failure mode are presented in Table 8. The bond ratio is the ratio
between the normalized bond strength of the FR-RA concrete specimen and the plain RA
concrete specimen in the same group. It is important to note that Darwin et al. [37] found
that ( f ′c)

1/4 is more accurate than ( f ′c)
1/2 in representing the effect of concrete strength on

bond strength for concrete with a compressive strength between 17 and 110 MPa.

Table 8. Summary of the test results.

Group
No.

Specimen
ID

Concrete
Strength,
f’
c (MPa)

Ultimate
Load, Pu

(kN)

Midspan
Deflection at

Pu (mm)

Steel
Stress, fs

(MPa)

Bond
Strength,

utest (MPa)

utest/
(f’

c)
1/4

Bond
Ratio

Failure
Mode

1

B10S0P0 30.34 109.90 1.65 317.83 7.95 3.39 1.00 SP

B10S100P0 34.54 138.45 6.29 399.21 9.98 4.12 1.22 SP

B10S75P25 33.05 126.62 4.49 365.45 9.14 3.81 1.13 SP

B10S50P50 32.24 171.03 5.44 493.92 12.35 5.18 1.53 SP

B10S25P75 31.88 120.07 4.47 346.83 8.67 3.65 1.08 SP

B10S0P100 31.23 119.47 1.21 345.28 8.63 3.65 1.08 SP

2

B15S0P0 30.34 132.64 2.56 383.58 6.39 2.72 1.00 SP

B15S100P0 34.54 202.52 10.53 522.00 * 8.70 3.59 1.32 SP + Y

B15S75P25 33.05 173.49 8.57 500.75 8.35 3.48 1.28 SP

B15S50P50 32.24 241.11 6.07 522.00 * 8.70 3.65 1.34 SP + Y

B15S25P75 31.88 157.49 5.60 454.93 7.58 3.19 1.17 SP

B15S0P100 31.23 155.83 2.09 450.35 7.51 3.18 1.17 SP

* Reinforcement bar has yielded; SP: splitting of concrete; Y: yield of reinforcement bar.
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In some specimens, the reinforcement bars were yielded before the bond failure, which
are marked with an asterisk in Table 8. For these specimens, the steel stress was taken
as the yield stress of the bar to calculate the bond stress in Equation (1). The variations
in normalized bond stress and bond ratio versus various ratios of steel–polyolefin fibers
are plotted in Figures 13 and 14, respectively. The test results showed that the steel and
polyolefin fibers increased the bond strength in comparison to the plain RAC. The increase
in the bond strength could be attributed to the increase in the splitting tensile strength of
FRC. The maximum increase in the bond strength was when a ratio of steel–polyolefin of
50–50% was used. The bond ratios for lap splice lengths of 10 db and 15 db were 1.53 and
1.34, respectively. In general, the effect of fibers on the bond strength in the case of ls = 15 db
was more than that of ls = 10 db. The fiber reinforcement provides enhanced bond strength
to the reinforcing bars by acting as transverse reinforcement.
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6.4. Comparison between Theoretical and Experimental Results

For the purpose of comparison, the bond strength of tension-spliced bars embedded in
plain unconfined concrete was calculated using empirical equations, Equations (2) and (3),
presented by Orangun et al. [38,39] and Darwin et al. [40], respectively:

u√
f ′c

=

[
0.1 + 0.25

c
db

+ 4.15
db
ls

]
(2)

u
4
√

f ′c
=

[
0.23 + 0.46

c
db

+ 14.10
db
ls

](
0.1

cm

c
+ 0.9

)
(3)

where c represents the smallest of the concrete bottom cover (cb), side cover (cso), or half the
clear spacing between the bars (csi); cm is the largest value of cb and the smallest of cso or
(csi + 6.0 mm).

The bond strength of tension-spliced bars embedded in fiber-reinforced concrete (FRC)
was also calculated using Equation (4) presented by Harajli [41]. This equation is essentially
the equation of Darwin et al. [40] including an additional term to incorporate the effect of
fibers on the bond strength.

u
4
√

f ′c
= 0.23 + 0.46

c
db

+ 14.10
db
ls

+ 4
√

f ′c

(
0.25

c
db

Vf l f

d f

)
(4)

A summary of the average bond strength from the experimental test and the three
empirical equations is presented in Table 9. This table also contains the normalized bond
strength to ( f ′c)

1/4 and the ratio between the calculated normalized bond strength of the
specimen from the empirical equations and that from the test of the same specimen. The
normalized bond stress versus volume fractions of steel and polyolefin fibers is also plotted
in Figures 15 and 16, for lap splice lengths of (10 db) and (15 db), respectively.
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Table 9. Comparison of experimental and theoretical bond strength values.

Group
No.

Specimen
ID

Concrete
Strength,
f’
c (MPa)

Ultimate
Load, Pu

(kN)

Pu

(f’
c)

1/4
Normalized
Load Ratio

Test and Calculated Bond Stress, u (MPa) Normalized Bond Stress, u/(f’
c)

1/4 ucalc/utest

Test Orangun Darwin Harajli Test Orangun Darwin Harajli Orangun Darwin Harajli

1

B10S0P0 30.34 109.90 46.83 1.00 7.95 5.33 5.81 5.81 3.39 2.27 2.47 2.47 0.67 0.73 0.73

B10S100P0 34.54 138.45 57.11 1.22 9.98 5.69 6.00 7.69 4.12 2.35 2.47 3.17 0.57 0.60 0.77

B10S75P25 33.05 126.62 52.81 1.13 9.14 5.57 5.93 7.64 3.81 2.32 2.47 3.19 0.61 0.65 0.84

B10S50P50 32.24 171.03 71.78 1.53 12.35 5.50 5.89 7.63 5.18 2.31 2.47 3.20 0.45 0.48 0.62

B10S25P75 31.88 120.07 50.53 1.08 8.67 5.47 5.88 7.66 3.65 2.30 2.47 3.22 0.63 0.68 0.88

B10S0P100 31.23 119.47 50.54 1.08 8.63 5.41 5.85 7.66 3.65 2.29 2.47 3.24 0.63 0.68 0.89

2

B15S0P0 30.34 132.64 56.52 1.00 6.39 4.57 4.70 4.70 2.72 1.95 2.00 2.00 0.71 0.74 0.74

B15S100P0 34.54 202.52 83.54 1.48 8.70 4.88 4.86 6.55 3.59 2.01 2.00 2.70 0.56 0.56 0.75

B15S75P25 33.05 173.49 72.36 1.28 8.35 4.77 4.80 6.51 3.48 1.99 2.00 2.72 0.57 0.58 0.78

B15S50P50 32.24 241.11 101.19 1.79 8.70 4.71 4.77 6.51 3.65 1.98 2.00 2.73 0.54 0.55 0.75

B15S25P75 31.88 157.49 66.28 1.17 7.58 4.69 4.76 6.54 3.19 1.97 2.00 2.75 0.62 0.63 0.86

B15S0P100 31.23 155.83 65.92 1.17 7.51 4.64 4.74 6.55 3.18 1.96 2.00 2.77 0.62 0.63 0.87

Mean 0.60 0.62 0.79

SD 0.07 0.08 0.08
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The results show that the equations presented by Orangun et al. [38,39] and Darwin
et al. [40] gave a conservative bond strength estimation for the FR-RA concrete. However,
the equation presented by Harajli [41] was relatively the most accurate estimation for
the bond strength of FR-RA concrete because this equation includes the fiber effect. The
average of the ratio between the calculated bond strengths using Orangun et al. [38,39] and
Darwin et al. [40] equations and measured bond strengths for the specimens was 0.60 and
0.62 with standard deviation (SD) of 0.07 and 0.08, respectively. However, the average was
0.79 with SD of 0.08 using the Harajli [41] equation.

7. Conclusions

Based on the results of the bond strength of tension lap splices in recycled-coarse-
aggregate-reinforced concrete strengthened with hybrid (steel–polyolefin) fibers, the fol-
lowing conclusions can be drawn:

1. The failure mode observed for all fiber-reinforced recycled-aggregate (FR-RA) concrete
specimens was splitting. All specimens showed fundamentally similar cracking
behavior regardless of the type and relative ratio of steel–polyolefin fibers.

2. The effect of fibers on the ultimate load capacity of the beam specimen with ls = 15 db
was higher than that of ls = 10 db. In the case of ls = 15 db, the increase in the ultimate
load capacity of the FRC beam specimens ranged between 8% and 53% in comparison
to that of the plain beam specimen. However, in the case of ls = 15 db, it ranged
between 17% and 79%.

3. The maximum increase in the bond strength of reinforcing bars embedded in FR-RA
concrete was when a ratio of steel–polyolefin of 50–50% was used. In this ratio of
fibers, the bond ratio was about 1.53 for the case of ls = 10 db; however, it was about
1.34 for the case of ls = 15 db.

4. In general, the effect of fibers on the bond strength in the case of ls = 15 db was more
than that of ls = 10 db except for the ratio of steel–polyolefin of 50–50%.

5. The ductility of the FR-RA concrete was substantially improved for all the cases of
various relative ratios of steel and polyolefin fibers.
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6. The empirical equation proposed by Harajli [41] was a more accurate estimation of
the bond strength of FR-RA concrete than that proposed by Orangun et al. [38,39] and
Darwin et al. [40].
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Nomenclature

Variable Definition
Ab area of rebars

c
the smallest of concrete bottom cover, side cover, or half the clear distance between
the bars

cb concrete bottom cover
cso concrete side cover
csi half the clear spacing between the bars

cm
the largest value of bottom cover and the smallest of side cover or half the clear
distance between the bars + 6.0 mm

db nominal diameter of rebar
df diameter of fiber
f ′c compressive strength of concrete
fs stress in the rebar at failure
lf length of fiber
ls lap splice length
u bond strength
Vf volume fraction of fibers
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