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1. Introduction

Thebond between the rebar and the s conereteis one porta
aspects of a reinforced concrete, where the effectiveness depends on the force transfer
mechanism at the interface zone. The bond mechanism of plain rebar differs from that of
deformed rebar embedded in concrete. In plain rebar, the transfer of force by adhesion is
caused by the chemical bonding between the reinforcement and the concrete before bar
slip and the friction forces that occur after the rebar slips due to the loss of chemical bonds
ata low level of stress. In comparison, deformed bars must rely on the transfer of a large
proportion of these forces by mechanical interlocking between the rib and the surrounding
concrete [1,2].

Generally, a bond stressslip relationship can reflect bond behavior between rein-
forcement and concrete. The four test methods used to describe the bond strength-slip
relationship and to evaluate bond properties between steel and concrete specified in ACI
408R-03 3] b b d beam splice. Pull
is the most widely used method because of the ease of fabrication and the testing procedure

‘The bond-slip behavior of plain rebar has been studied since the introduction of
reinforced concrete, Various factors affect the bond plain bars, including
the influence of bonded length, bar shape and size, concrete strength and pull-out load-
ing rate [3,4], bond stress distribution along the length of the bar in concrete [5], lateral
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Abstract: Recycled plastic waste as an aggregate in concrete mixtures is one of the important issues in
the construction industry since it allows the reduction of building weight and has beneficial effects on
the environment. Inaddition, the bonding ability of this kind of lightweight concrete to reinforcement
is also a prerequisite as a composite material in forming reinforced concrete structures. Therefore,
in this study, the bond of plain rebar embedded in artificial lightweight aggregate concrete made
from polypropylene plastic waste coated with sand was investigated. A pull-out test of nine group
specimens was conducted to study the bond strength of 10 mm, 12 mm, and 16 mm diameter plain
rebar embedded in polypropylene plastic waste coarse aggregates lightweight concrete (PWCAC),
failure mode, and bond stress—slip relationship. The test results show that the bond-slip relationship
and bond strength depend mainly on the bar diameter for PWCAC. Meanwhile, for all PWCAC
specimens tested, the pull-out failure modes were observed. A bond equation for PWCAC was
formulated by performing a regression analysis on the experimental results and afterward was
combined with an existing bond-slip equation for normal concrete to have the bond-slip formulation
for the lightweight concrete studied. The comparison between the model and experimental results

indicates a close agreement.

Keywords: polypropylene coarse aggregate; plain rebar; bond strength; bond-slip relationship

1. Introduction

The bond between the rebar and the surrounding concrete is one of the mostimportant
aspects of a reinforced concrete, where the effectiveness depends on the force transfer
mechanism at the interface zone. The bond mechanism of plain rebar differs from that of
deformed rebar embedded in concrete. In plain rebar, the transfer of force by adhesion is
caused by the chemical bonding between the reinforcement and the concrete before bar
slip and the friction forces that occur after the rebar slips due to the loss of chemical bonds
ata low level of stress. In comparison, deformed bars must rely on the transfer of a large
proportion of these forces by mechanical interlocking between the rib and the surrounding
concrete [1,2].

Generally, a bond stress—slip relationship can reflect bond behavior between rein-
forcement and c@Jrete. The four test methods used to describe the bond strength—slip
relationship and to evaluate bond properties between steel and concrete specified in ACI
408R-03 [3] are called pull-out, beam end, beam anchorage, and beam splice. Pull-out testing
is the most widely used method because of the ease of fabrication and the testing procedure.

The bond—slip behavior of plain rebar has been studied since the introduction of
reinforced concrete. Various factors affect the bond performance of plain bars, including
the influence of bonded length, bar shape and size, concrete strength and pull-out load-
ing rate [3,4], bond stress distribution along the length of the bar in concrete [5], lateral
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loading [6], and bonding characteristics of the plain bar in low-strength concrete [7], which
have alsoffffflen studied by pull-out test. Feldman and Bartlett [8] assessed the variabil-
ity of the bond strength of plain bars embedded in normal concrete and derived a bond
stress—slip relationship, whereby the bond stress and slip at any point along the embedded
reinforcement can be obtained for certain boundary conditions [5]. In addition, exper-
iments were carried out on the bond behavior between plain bars and special concrete
such as high-performance concrete [9], recycled aggregate concrete [10,11], and lightweight
aggregate concrete [12-14].

In recent trends, research activities that integrate C{mc‘me technology and the envi-
ronment have become a worldwide concern. For example, the use of plastic waste as an
aggregate in producing lightweight concrete has been conducted by several researchers
including Purnomo et al. [15], Pamudiji et al. [16], and Abu-Saleem et al. [17], related to
the plastic waste of polypropylene (PP); Al Bakri et al. [18], Abeysinghe et al. [19], and
Abu-5Saleem et al. [17], related to high-density polyethylene; Choi et al. [20], Frigione [21],
Islam et al. [22], Abu-Saleem et al. [17], and Alqahtani [23], related to polyethylene tereph-
thalate; and Lakshmi and Nagan [24], Arora [25], Ali et al. [26], Ahmad et al. [27], and
Ullah et al. [28] in relation to electronic wastes.

British Design Code BS 8110 is widely used as current national codes of practice for re-
inforced concrete structures in several countries in Africa, such as Nigeria and Uganda [29].
Two reinforcing steel bars are dassified in the BS 8110. One of them is plain round bars of a
characteristic yield strength of 250 N/mm?. Based on this fact, the plain rebar was used in
this study:.

The lack of information regarding the bond characteristics between plain rebar and
lightweight concrete made from PP waste coarse aggregates (PWCA) is one of the main
obstacles to its acceptance in the construction industry. Thus, the bond-slip behavior
of plain rebar in this plastic aggregate lightweight concrete is not fully understood, and
further research is still needed. Although Pamudji et al. [30] have investigated the bond-
slip behavior of a steel bar embedded in PWCA concrete (PWCAC), no bond strength
formulation or bond strength—slip relation was proposed in the study. Therefore, this
study is a continuation of their research and emphasizes experimental studies to evaluate
the bond strength—slip relation of plain rebar embedded in lightweight concrete using
coarse aggregates made from sand-coated polypropylene plastic waste. THgJevaluation was
measured by performing a pull-out test, RILEM TC-RC 6 standard [31]. The pull-out test
was conducted to determine the bond strength between plain rebar and PWCAC where the
influence of the compressive strength of the concrete and the size of the diameter of the
reinforcement were studied. The next step was to analyze the ultimate bond strength which
will be introduced to the bond—slip relationship. A bond strength equation for PWCAC was
formulated and then combined with an existing bond—slip equation to have the bond-slip
formulation for the lightweight concrete studied

2. Materials and Methods
2.1. Materials
2.1.1. Cement and Superplasticizer

The binder material used in this study is Portland Composite Cement (PCC) produced
by PT. (Indocement Tunggal Prakarsa, Bogor, Indonesia), where production standards
of SNI 15-7064-2014, ASTM C595-13, and EN 197-1:2011 are satisfied. From the supplier
information, the PCC has a specific gravity range of 3.00-3.05. The superplasticizer (SP) was
applied as the admixture material for all w /¢ ratio to enhance the fresh concrete workability
with a 1.18 to 1.2 specific gravity at 27 °C.

2.1.2. Fine Aggregate and PP Waste Coarse Aggregate

The fine aggregate used in this study is river sand (RS) as a constituent of lightweight
concrete. The physical properties, such as specific gravity and water absorption, were
tested on the material according to the ASTM C 128 standard, the bulk density according to
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ASTMC 29, and the granular fineness modulus according to ASTM C 33, and are presented
in Table 1.

Table 1. Physical properties of fine and coarse aggregates.

RS PWCA

Density (g/cm®) 0.535
Specific gravity:

Saturated surface dry (S5D) 2.70 1.092

Bulk 259 1.071

Apparent 290 1.095

Absorption (%) 417 2.040

Abrasion (%) - 10.80

Fineness modulus 2.32 4.25

The coarse aggregate used as a constituent of lightweight concrete in this study is
a coarse aggregate made from PP plastic waste. Plastic waste that has been shredded is
fed into an injection machine to be shaped similarly to natural coarse aggregate and is
referred to as plain plastic aggregate (PPA); it has a size of 7.5-20 mm, as developed by
Pamudiji et al. [32], and is shown in Figure 1. The following process is to coat the surface of
the PPA with river sand to increase the adhesion with the cement paste, and the thickness of
the sand layer is increased by approximately 1 mm [15,16]. Testing the physical properties
of PWCA as lightweight aggregates refers to the standard ASTM C330 [33]/SNI 2461 [34]
as presented in Table 1.

(a) PPA (b) PWCA
Figure 1. Polypropylene waste coarse aggregate.

2.1.3. Reinforcement Steel

Plain reinforcing bars with 10 mm, 12 mm, and 16 mm diameters were selected in
the bond test. The mechanical properties of the rebar are listed in Table 2 and shown
in Figure 2.

Table 2. Properties of the plain rebar.

Diameter of Rebar, d (mm) Yield Stress, Fy (MPa) Ultimate Stress, F, (MPa)
10 313 456
12 332 474

16 315 462
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Figure 2. Stress—strain relationship of plain bars.

2.2. Mix Proportions

Three mix proportions of PWCAC were designed to prepare specimens based on
water—cement ratio and varied as to PWCA content, corresponding to a target strength
class of 20 MPa to 26 MPa. All the mix proportions, including a normal concrete mix,
are presented in Table 3. The specimen prepared with normal concrete (NC23) is used as
control specimen.

Table 3. Properties of the mix proportions of PWCAC and normal concrete (NC).

Series WiC Cement Sand PWCA Water Superplasticizer (%)
LC-20 0.29 1 2 2.6 091 0.6
LC-23 0.29 1 2 2.0 0.90 0.7
LC-26 0.29 1 2 1.8 0.80 0.8
NC-23 0.30 1 1.3 23 0.90 0.7

2.3. Designation of Specimens

The experimental investigation with a pull-out test was designed to study the influence
of two main parameters, concrete strength and diameter of reinforcement, in the bond
strength between a steel bar and lightweight concrete made of sand-coated plastic waste
coarse aggregate. A total of 29 pull-out specimens were cast using PWCA with three
different concrete mixtures, as presented in Table 3. There were three specimens in each
series for testing. Plain rebar with nominal diameters of 10, 12, and 16 mm was then
embedded in each PWCA concrete mix with 400 mm of the rebar length protruding out on
one end as the free end and 30 mm of the rebar at the other end as the loaded end. This was
done to obtain a slip measurement, and so that the rebar could be easily grasped during
the pull-out test. The embedded length rebar of all specimens was maintained within
five imes the reinforcing bar diameter, and the concrete cover was chosen as over 4.5 times
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the rebar diameter to avoid splitting failure. Polyvinyl chloride (PVC) tubes were used to
ensure the un-bonded zone length. The dimensions of the pull-out specimens and setting
are shown in Figure 3, where d is the rebar diameter.
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2.4. Test Method

load

(b)

(9)

Figure 3. Pull-out test specimens (a), setting (b), and (c) testing equipment.

The dry density and compressive strength of cylindrical concrete with a diameter of
15 cm and a height of 30 cm were tested when the specimen was 28 days old, referring
to ASTM C567 [35] and ASTM €39 [36] standards, respectively. In addition, the concrete
strength values for all pull-out specimens were tested using the non-destructive method by
ultrasonic pulse velocity (UPV). Tables 4 and 5 present the compressive strength from all
specimens tested by the destructive and non-destructive methods.

Table 4. Concrete physical and mechanical properties obtained from destructive test.

Series Sample Number Density (gr/cm®) Concrete Strength (MPa)
LC-20 I 1.734 2072
I 1.838 23.93
m 1.692 19.88
v 1.751 19.49
Average 1.754 21.m
LC-23 I 1.728 2413
I 1.820 26.52
m 1.754 2240
v 1.511 20.75
Average 1.786 2345
LC-26 I 1.738 26.55
I 1.5819 26.32
1 1.777 26.98
v 1.839 2649
Average 1.793 26.58
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Table 5. PWCAC physical and mechanical properties obtained from non-destructive test, and bond
strength-slip data from pull-out test.

Concrete Strength (MPa) Bond Strength Slip
Series Bar Dia. Density (gr/em®) Non-Destructive Average Ba&fll[?ﬂc:fth Fn:;:l]flsilip

LC26-P10B 10 1.889 28.33 25.36 146 0.28
LC26-P10C 10 1.913 27.69 0.80 0.02
LC26-P10D 10 1.871 30.35 1.93 143
LC26-P12B 12 1.779 23.12 1.93 0.54
LC26-P12C 12 1.819 22.63 1.20 0.90
LC26-P12D 12 1.787 26.35 2.54 1.36
LC26-P16B 16 1.782 24.36 3.68 2.39
LC26-P16C 16 1.807 2413 3.25 0.55
LC26-P16D 16 1.773 21.31 3.03 1.90
LC23-P10A 10 1.867 26.42 2417 1.89 1.15
LC23-P10B 10 1.826 24.33 117 0.55
LC23-P10D 10 1.780 27.69 1.57 0.61
LC23-P12B 12 1.807 31.31 1.23 0.13
LC23-P12C 12 1.695 18.85 1.39 0.81
LC23-P12D 12 1.754 19.03 1.39 0.57
LC23-P16A 16 1.877 25.50 1.40 1.90
LC23-P16C 16 1.703 20.20 2.04 047
LC20-P10A 10 1.706 22.23 20.84 1.62 0.137
LC20-P10C 10 1.687 19.42 147 1.52
LC20-P10D 10 1.622 20.31 1.75 0.25
LC20-P12A 12 1.723 21.67 1.04 0.19
LC20-P12B 12 1.750 20.58 1.15 0.16
LC20-P16B 16 1.796 21.81 1.93 0.14
LC20-P16C 16 1.775 21.60 1.87 1.17
LC20-P10A 10 1.706 2223 1.62 0.137

A hand hydraulic pump was applied as the tension load and the settings for the
pull-out test which followed the RILEM TC-RC6 [31] are shown in Figure 3. To determine
the bond strength—slip relationship, the load and slip at the free ends of the rebar embedded
in the concrete were measured. The hand hydraulic pump monotonically increasing load
was applied and read through the load cell display monitor and analog manometer for
comparison. One linear variable differential transducer (LVDT) was attached to the rebar.
Therefore, the bond strength can be calculated as the normal force divided by the perimeter
multiplied by the length of the reinforcement embedded I; in the concrete, as shown in the
following equation.

J)U
?Td!’d
where T is the bond strength (MPa), P, is the axial load (N), d is the rebar diameter (mm),
and [, is the bond length (mm).

T=

4y
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3. Results and Discussion
3.1. Physical and Mechanical Properties of Concrete

The dry unit weight, destructive, and/or non-destructive values of compressive
strength, bond strength, and slip are presented in Tables 4—6. From Table 4, it is shown that
the dry unit weight value is less than 1840 kg/m?, which is included in the classification
of lightweight concrete according to SNI-2461 [34] and ASTM C 330 [33]. The test results
show that the average compressive strength of concrete atJe age of 28 days increased
with the decrease in PWCA content in the concrete mixture. The results of the destructive
compression test were used to verify those given by the non-destructive UPV testapparatus.

Table 6. Normal concrete physical and mechanical properties obtained from non-destructive test and
bond strength—slip data from pull-out test.

Concrete Strength (MPa) Bond Strength Slip
Series Bar Dia. Density (gr/fcm?) Non-Destructive Average Bond Strength Free and Slip
(MPa), T, (mm), S,
NC23-P16A 16 2.330 2233 2296 239 0.85
NC23-P16B 16 2.363 23.35 1.53 211
NC23-P16C 16 2.388 23.21 213 0.36

3.2. Bond Stress—Slip Behavior

The bond stress was calculated acc@iing to Equation (1) and the slip was determined
by measuring the relative movement of the free end of the rebar to the concrete. Therefore,
the bond-slip relationship curve could be drawn directly based on the test data. Bond-
slip curves of rebar free ends for specimens with different concrete strengths and rebar
diameters are presented in Figures 4-6. Figure 7 shows the bond-slip curve from plain rebar
embedded in natural aggregate concrete as specified in Table 6. The axes in Figures 4-7
were normalized by dividing the bond stress by the concrete compressive strength on the
ordinate axis and dividing the slip by the embedded length of rebar on the abscissa axis.
The bond-slip curve between plain reinforcement and lightweight concrete from sand
coated plastic waste aggregates was similar in shape to that between plain rebar in natural
aggregate concrete as obtained by Xing et al. [37] and Cairns [1]. For the same concrete
compressive strength group LC23, the bond slip curves for the 16 mm plain bars embedded
in PWCAC and NAC were similar in shape, as presented in Figures 5c and 7. A larger
measurement capacity of LVDT was used in the NAC test compared to that used in the
PWCAC test. In the rising part of the ascending section of the curve, initially the bond
strength was very small and the slip was not obvious at the free end of the rebar, while the
curve tended to remain linear; Wang et al. [38] termed this condition micro-slip.
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Furthermore, the critical stress slip began to occur at the ends of the rebar, which
indicates that the adhesion by the concrete to the interface zone began to disappear. The
next role was taken over by friction, where the curve started to increase non-linearly until
it reached the maximum bond strength, and the slip was still small. However, once the
maximum stress was reached, the curve immediately softened with an increasing slip and
finally reached a stable residual bond strength.

3.3. Failure Mode

In general, there are two patterns of bond failure in the pull-out test, i.e., splitting-
failure and pull-out failure. In this study, all the test specimens failed according to the
pull-out failure mode. The mold, specimen example, and general pull-out failure pattern
are shown in Figure 8. After the test, the plain bar was separated from the concrete cube
and then the cube was splitin two parts to better see what happened inside the cube. This
is shown in Figure 8c. When the applied load increased gradually, the slip showed a rapid
growth as the load approached the maximum, and then the plain rebar was pulled out. At
the same time, the slip increased very rapidly, and thereafter the test specimen failed in
the form of the detachment of the rebar from the concrete. For the test specimen, the area
around the plain rebar did not show any cracks on the concrete surface due to the applied
load increasing gradually until it reached the maximum load. Examples of the failure
pattern for the 10 mm, 12 mm, and 16 mm rebar are shown in Figure 9. The failure pattern
that occurs in plain rebar embedded in plastic waste aggregate concrete coated with sand
shows the same results as the failure pattern that occurs in plain rebar embedded in normal
concrete as carried out by Xing et al. [37], where the failure that occurs is a pull-out failure.
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(b)

Figure 8. (a) Mold and steel rebar. (b) Specimen example and (¢} general pull-out failure pattern in
PWCA concrete.

3.4. Bond-Slip Model

Past researchers have developed many bond-slip models for bars embedded in con-
crete [12,37,39]. The model consists of three segments, namely the ascending portion,
linearly descending portion, and residual stress portion.

3.4.1. Proposed Bond Strength

In this study, the bond stress distribution along the rebar embedded in the concrete
was assumed to be uniform so that the average bond strength could be determined by an
equation [1]. The bond strength for each type of PWCA concrete specimen was obtained
by averaging the bond strength of three identical samples to get reliable results. Mean-
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while, PWCA concrete specimens that failed by yielding of the rebar were excluded when
calculating the bond strength.

(c)

Figure 9. Pull-out failure pattern in PWCA concrete: (a) rebar 10 mm, (b) rebar 12 mm, and (c) rebar
16 mm.

Parameters including ultimate bond strength and slip at the time of ultimate bond
strength and residual bond strength obtained from the pull-out test measurements were
used to characterize the bond—slip relationship. Meanwhile, to eliminate the effect of
compressive strength on the bond strength of PWCA concrete, normalization of the bond
stress Tu/+/fc was carried out on all test specimens as per Feldman and Bartlett [8] and
Verderame et al. [40]. The normalized bond strength obtained ranged from 0.20 to 0.70,
which is lower than the 2.5 value recommended by MC2010 [41] for normal concrete, as
shown in Figure 10. Using linear regression between the bond and concrete compressive
strength, the obtained coefficient of R? was low. As the value of the Pearson correlation
was 0.34 and a weak evidence condition was given the by p-value of 0.095, the increase
in the bond strength caused by an increase in the concrete compressive strength was not
statistically significant. According to Xing et al. [37] and Liu et al. [13], the increased
compressive strength due to an improvement in the transition zone between the aggregate
and cement matrix and the confinement effect can increase the normalized bond strength
of lightweight aggregate concrete.

The rebar diameter also influences the bond strength. Based on the presented data in
Figure 11, the bond strength tended to increase with the increasing bar diameter, especially
between the 10 mm versus 16 mm rebar diameter embedded in the LC20, LC23, and
LC26 PWCAC. The 12 mm rebar diameter gave a lower bond strength for the LC20 and
LC23 PWCAC, probably due to the placement of the LVDT sensor, which was not rigidly
supported as this concrete group was the first tested. This result is different from previous
studies, where a smaller bar diameter can provide a higher strength [42-45]. However,
in this study, the 12 mm and 16 mm diameter of the plain rebar embedded in the LC26
concrete showed a better bond strength than the 10 mm bar diameter. These results are
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in line with those of Liu et al. [13], who stated that the bond strength increases with the
increasing diameter of the reinforcement embedded in lightweight concrete.

Normalized Bond Strength, t,/Vf,

t/fe (x 10°(-2))

1.00
0.80 1
0.60 + A
[ y=0.0125x
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0.40 +
- A A
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- 3 A
020 4 .
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0_00 1 L L I L 1 L L I L 1 L
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Figure 10. Normalized bond strength vs. compressive strength from UPV test.
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Figure 11. Variation with rcspcao T, /f and diameter.
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The bond strength of the rebar embedded in PWCA concrete was determined by
analyzing the pull-out test results on specimens with different concrete strengths and
reinforcement diameters. Exponential regression analysis was performed on eighteen
pull-out test samples to predict the bond strength of plain rebar embedded in PWCA
concrete. In the regression analysis, “d” was chosen as the independent variable, as shown
in Figure 11, because it is the one that has the most influence on the bond strength of the
concrete test specimen, among other parameters that influence it. As shown in Figure 11,
the coefficient of R? obtained was 0.643. The regression analysis, as shown in Figure 11,
that predicted the bond strength is presented in Equation (2) as follows:

7, = (2_]58(].1(116:\‘)}'; @)

where T, is the ultimate bond strength, d is the rebar diameter, and £, is the non-destructive
compressive strength obtained from the use of ultrasonic pulse velocity on the PWCAC
specimens. The comparison between the bond strength estimated by Equation (2) and the
test results is shown in Figure 12, where R? is equal to 0.6736.

3.50 1
] (a]
J (o]
3.00 R*=0.6736
I 250 % o
—
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< 100
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= ]
0.00 +<—r—r——————t+—+——+r—t+r—rrrtr—rrrtTrrrr
0.00 0.50 1.00 1.50 2.00 2.50 3.00

T,, Prediction (MPa)

Figure 12. Comparison between the bond strength estimated by the proposed equation and
test results.

3.4.2. Bond-Slip Relationship

Figures 3-5 show two graphs of the bond stress—slip relationship. The first graph
consists of ascending and descending curves. Besides those two curves, the second graph
has a small horizontal line that connects the peaks of the ascending and the beginning of
the descending curves. Based on these two patterns, two existing equations were applied
in this study that express the relationship between the bond-slip for plain rebar embedded
in the sand-coated PWCAC.

The first pattern form of the bond-slip relationship curve was developed based on the
stress—strain relationship proposed by Popovics [46], which is shown in Equation (3). The
bond-slip relationship equation in MPa is

E 1.6

51
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where 7 is the bond stress, 7, is the ultimate bond strength, s is the slip measured at the
loaded end during the test (mm), and sl is the slip corresponding to the ultimate bond
strength. The prediction results of the bond-slip relationship are shown in the red line
curve in Figure 13 where more than 30% of the test results are plotted in the figure, but
only 7, equal to 1.60 MPa, was directly used for the comparison with another equation, as
presented in the following paragraph, without the use of Equation (2).

2.80

2.60 Experimental
2.40 @ Prediction-1
2.20 ¢ @ Prediction-2

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30

S (mm)

Figure 13. Bond-slip relationship using two prediction formulas vs. experimental results.

Meanwhile, the form of the second pattern curve is based on the equation which is
identical to the initial part for ribbed bars given in MC2010 [41], as shown by the black
line curve in Figure 13. The modified formula given by Equation (6) from Rafi (2019) [39]
is similar to Equations (4) and (5) presented below. At the initial stage, according to
Equations (4) and (5), the occurring displacement is less than the limit value of S;.

T(S} = maks(%) (4)

For 0 < § < 5, based on the relationship that 7 = 0.6 T4, when § = 51 /10, ot = 0.2 gives
a reasonable representation of the ascending branch. Furthermore, until the displacement
reaches the second limit value of S5, the function is constant at the value interpreted as the
ultimate bond strength 7.

g\ oF
T(S} = Tmaks (S_l) (5)

For slip S > S, the value of o = —0.61s used, which gives a representation of the
descending branch and a residual bond stress of 63% of the peak value when § = 105;.
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By comparing the curves provided by the two-prediction formulas and the experimen-
tal results, Equation (3) gives better descending curves then those of Equations (4) and (5).
In this regard, bond-slip curves predicted by Equation (3) were plotted against the LC20,
LC23, and LC26 PWCAC test results. As previously presented in Figures 4-7, the bond
stress and slip in Figures 14-16 are in the dimensionless form. The predicted curves by
using Equation (3), which considers Equation (2), are, in general, in close agreement with
the test results.
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Figure 14. Local bond stress—slip curve for LC20 PWCAC, (a) 10 mm plain rebar, (b) 12 mm plain
rebar, (¢) 16 mm plain rebar.
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Figure 15. Local bond stress—slip curve for LC23 PWCAC, (a) 10 mm plain rebar, (b) 12 mm plain
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Figure 16. Local bond stress—slip curve for LC26 PWCAC, (a) 10 mm plain rebar, (b) 12 mm plain
rebar, (c) 16 mm plain rebar.

4. Conclusions
An experimental study covering a pull-out test of plain rebar embedded in concrete

with sand-coated polypropylene waste coarse aggregate was presented. The concrete
quality is represented by three compressive strengths and three rebar diameters that are
usually used in the construction industries. The proposed ultimate bond strength of the
concrete is derived using an exponential regression analysis. In conjunction with the
proposed ultimate bond strength, two existing models derived previously by Popovics [46]
and MC2010 [41] could be used to predict the bond-slip curves for plain rebar embedded in
this lightweight concrete. However, the Popovics [46] model gave better overall ascending
and descending curves compared to the experimental results.
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