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ABSTRACT

This paper presents the results of both theoretical and experimental studies on the influence of bond stress on the
formation and development of cracks in reinforced concrete beams made with 100% recycled lightweight aggre-
gates. Experimental studies to determine the parameters of concrete using recycled lightweight aggregate (RLWA)
were carried out on three mix designs, M1, M2, and M3, with corresponding compressive strengths of 15 MPa,
25 MPa, and 35 MPa, respectively. The experiments to determine the bond-slip relationship between recycled
lightweight aggregate concrete and reinforcing steel were conducted on cubic specimens with dimensions of 150
x 150 x 150 mm and reinforcing bars with a diameter of d = 12 mm The tests investigating the cracking behavior
of reinforced beams made of recycled lightweight aggregate concrete (RLWAC) under flexural loading were car-
ried out on beam specimens under four — point loading with simply supported supports. The cracking moment, the
cracking width at steel yield, and the cracking width at the maximum moment of the beams were compared with
the provisions of TCVN 5574-2018 and Eurocode 2 and the proposed theoretical method. The research results
indicate that the bond strength between reinforcing steel and recycled lightweight aggregate concrete is lower than
that of conventional concrete. This is mainly attributed to the weak interfacial transition zone (ITZ), the porous
nature, and the high water absorption of the recycled lightweight aggregates. The results from tests on reinforced
concrete beams under flexure showed that RLWAC beams exhibited earlier crack initiation, faster crack propaga-
tion, and larger crack widths than conventional reinforced concrete beams. The analytical results based on the pro-
posed theoretical model for calculating the cracking moment and crack width of reinforced concrete beams using
RLWAC are closer to the experimental results (with errors of 2—7% for cracking moment and 19-23% for crack
width) than those obtained according to TCVN 5574:2018 and Eurocode 2. These results contribute to establishing
a scientific basis for the design and crack control of reinforced concrete members using RLWAC.

Keywords: recycled lightweight aggregate, recycled lightweight aggregate concrete, bond stress, Bond—slip rela-
tionship, crack initiation and propagation, reinforced concrete beam.

INTRODUCTION

In recent years, the amount of construction
waste generated from the demolition and reno-
vation of buildings has increased significantly,
placing great pressure on the urban environment
and waste management systems. Recycling con-
struction waste to produce recycled aggregates is
considered a suitable approach in line with the
sustainable development strategies and circular
economy in the construction sector. Therefore,

many researchers have investigated the use of
recycled materials in concrete production such
as: studies on the mechanical properties of con-
crete incorporating recycled aggregate have been
reported in [1, 2]; research on the quality of coarse
aggregate mixture can be found in [3, 4]; inves-
tigated on the strength and shrinkage of concrete
mixtures presented in [5, 6]. Lightweight con-
crete using recycled lightweight aggregate offers
advantages in reducing self-weight, improving
thermal insulation, and utilizing construction

473


https://orcid.org/0000-0001-7374-9424
https://orcid.org/0009-0001-1361-471X

Advances in Science and Technology Research Journal 2026, 20(6), 473-487

waste materials [7, 8]. However, the mechanical
properties of RLWAC differ significantly from
those of conventional normal-weight concrete
(BTT). This difference mainly stems from the
characteristics of recycled lightweight aggregate
particles, which typically exhibit a porous struc-
ture, high water absorption, and relatively low
compressive strength of recycled aggregate [9,
10]. In the study of the authors [11, 12] the influ-
ence of the bond behavior between reinforcing
steel and RLWAC was investigated.

The research results of the above authors have
shown that the bond stress between the steel rein-
forcement and concrete. These studies have shown
that the bond stress between the steel reinforcement
and the concrete governs the transfer of force from
the reinforcement to the concrete and vice versa.
This is an important factor determining the simul-
taneous working of reinforced concrete structures
under loading. In publications [13] research on the
influence of different types of recycled lightweight
aggregate concrete on the bonding behavior
between steel reinforcement and concrete. Several
studies [14, 15] have been conducted to consider
the influence of different parameters (such as the
replacement rate of recycled lightweight aggre-
gate, the water-to-cement ratio, type and diameter
of steel reinforcement, and the position of rein-
forcement) on the bond strength of steel reinforce-
ment in recycled lightweight aggregate concrete.
Most studies [16] have shown that RLWAC gener-
ally exhibits lower bond strength to steel reinforce-
ment than conventional concrete. However, some
types of recycled aggregate concrete reported in
[17] have shown bond strength between steel and
RLWAC comparable to or even higher than that of
normal reinforced concrete.

Weak bond strength can lead to premature
cracking, increased relative slip between rein-
forcement and concrete, thereby affecting load
transfer and promoting crack widening in the ten-
sile zone of the concrete. Therefore, a thorough
understanding of the bond strength characteristics
of RLWAC is essential for accurately describing
the cracking behavior of the structural members.

Although many studies have been conducted
worldwide on lightweight concrete and recycled
concrete, the number of studies that thoroughly
investigate the relationship between bond stress
and the mechanisms of crack initiation and propa-
gation in reinforced concrete beams using recy-
cled lightweight aggregate remains limited. Cur-
rent design standards, such as TCVN 5574:2018
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[18] and Eurocode 2 [19], which were developed
for conventional normal-weight concrete and tra-
ditional lightweight concrete, do not accurately
reflect the mechanical properties of RLWAC.
Therefore, developing separate theoretical models
for this type of material is extremely necessary.

In this study, RLWA was used from the tech-
nological process of Mueller et al. [20], Three
RLWAC mixes with different strength levels
were tested to determine their mechanical prop-
erties and stress-strain relationship. Bond — slip
tests were conducted investigate the bond stress
behavior and to develop an appropriate T—s model
for this type of concrete. Finally, experiments on
RLWAC beams subjected to pure bending were
carried out to evaluate the cracking mechanism
and to establish a theoretical model for predicting
the cracking moment and crack width.

The research results clarify the relationship
between bond stress and the influence of crack
development in RLWAC beams, and provide a
scientific basis for construction and design guid-
ance to be more appropriate for structural mem-
bers using this material.

MATERIALS AND METHODS

Materials

In this study, the concrete materials and mix
design incorporated RLWA produced from con-
struction and demolition waste following the pro-
cedure proposed by Mueller et al. (2008) [20].
The RLWA were classified into size ranges: S2
(4-8 mm) and S3 (8—16 mm) (Figure 1). The S2
coarse aggregates had a bulk density of approxi-
mately 430 kg/m?® and a water absorption of 28%,
whereas the S3 aggregates had a bulk density of
369 kg/m® and a water absorption of 32%. The
crushing value test conducted in accordance
with TCVN 7572-11:2006 [21] yielded values of
53.5% and 43.47% for the S2 and S3 aggregates,
respectively (Figure 2). These results reflect the
porous structure and the relatively low crushing
strength characteristic of RLWA. In addition,
Portland cement, fly ash, and a superplasticizer
were used to improve workability and to ensure
the target design strength of 15, 25, and 35 MPa
for mixes M1, M2, and M3, respectively.

The concrete mix designs incorporating
recycled aggregates consisted of three mixes:
M1, M2, and M3 (Table 1). These mixes were
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designed with the same water-to-binder ratio and
target compressive strengths of approximately 15
MPa, 25 MPa, and 35 MPa, respectively. The dry
bulk density of RLWAC, measured after 28 days
of curing at room temperature, ranges from 1715
to 1775 kg/m? In this study, the concrete materi-
als and mix design incorporated RLWA produced
from construction and demolition waste following
the procedure proposed by Mueller et al. (2008)
[20]. The RLWA were classified into size rang-
es: S2 (4-8 mm) and S3 (8-16 mm) (Figure 1).
The S2 coarse aggregates had a bulk density of
approximately 430 kg/m? and a water absorption
of 28%, whereas the S3 aggregates had a bulk
density of 369 kg/m? and a water absorption of
32%. The crushing value test conducted in accor-
dance with TCVN 7572-11:2006 [21] yielded
values of 53.5% and 43.47% for the S2 and S3
aggregates, respectively (Figure 2). These results
reflect the porous structure and the relatively low
crushing strength characteristic of RLWA. In
addition, Portland cement, fly ash, and a super-
plasticizer were used to improve workability and
to ensure the target design strength of 15, 25, and
35 MPa for mixes M1, M2, and M3, respectively.

The concrete mix designs incorporating
recycled aggregates consisted of three mixes:
M1, M2, and M3 (Table 1). These mixes were
designed with the same water-to-binder ratio and
target compressive strengths of approximately 15
MPa, 25 MPa, and 35 MPa, respectively. The dry
bulk density of RLWAC, measured after 28 days
of curing at room temperature, ranges from 1715
to 1775 kg/m? In this study, the concrete materi-
als and mix design incorporated RLWA produced
from construction and demolition waste follow-
ing the procedure proposed by Mueller et al.
(2008) [20]. The RLWA were classified into size
ranges: S2 (4-8 mm) and S3 (8-16 mm) (Figure
1). The S2 coarse aggregates had a bulk density of
approximately 430 kg/m? and a water absorption
of 28%, whereas the S3 aggregates had a bulk
density of 369 kg/m? and a water absorption of
32%. The crushing value test conducted in accor-
dance with TCVN 7572-11:2006 [21] yielded
values of 53.5% and 43.47% for the S2 and S3
aggregates, respectively (Figure 2). These results
reflect the porous structure and the relatively low
crushing strength characteristic of RLWA. In
addition, Portland cement, fly ash, and a super-
plasticizer were used to improve workability and
to ensure the target design strength of 15, 25, and
35 MPa for mixes M1, M2, and M3, respectively.

&

MAU HAT S3

MAU HAT S2

Figure 1. Recycled coarse aggregate

The concrete mix designs incorporating
recycled aggregates consisted of three mixes:
M1, M2, and M3 (Table 1). These mixes were
designed with the same water-to-binder ratio and
target compressive strengths of approximately
15 MPa, 25 MPa, and 35 MPa, respectively.
The dry bulk density of RLWAC, measured after
28 days of curing at room temperature, ranges
from 1715 to 1775 kg/m? In this study, the con-
crete materials and mix design incorporated
RLWA produced from construction and demo-
lition waste following the procedure proposed
by Mueller et al. (2008) [20]. The RLWA were
classified into size ranges: S2 (4-8 mm) and S3
(8-16 mm) (Figure 1). The S2 coarse aggre-
gates had a bulk density of approximately 430
kg/m? and a water absorption of 28%, whereas
the S3 aggregates had a bulk density of 369 kg/
m?® and a water absorption of 32%. The crushing
value test conducted in accordance with TCVN
7572-11:2006 [21] yielded values of 53.5% and
43.47% for the S2 and S3 aggregates, respec-
tively (Figure 2). These results reflect the porous
structure and the relatively low crushing strength
characteristic of RLWA. In addition, Portland
cement, fly ash, and a superplasticizer were used
to improve workability and to ensure the target
design strength of 15, 25, and 35 MPa for mixes
M1, M2, and M3, respectively.

The concrete mix designs incorporating
recycled aggregates consisted of three mixes:
M1, M2, and M3 (Table 1). These mixes were
designed with the same water-to-binder ratio and
target compressive strengths of approximately
15 MPa, 25 MPa, and 35 MPa, respectively. The
dry bulk density of RLWAC, measured after 28
days of curing at room temperature, ranges from
1715 to 1775 kg/m?® In this study, the concrete
materials and mix design incorporated RLWA
produced from construction and demolition
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Figure 2. S2 and S3 aggregate samples after the
crushing test and sieving through different sieve sizes

waste following the procedure proposed by
Mueller et al. (2008) [20]. The RLWA were
classified into size ranges: S2 (4-8 mm) and
S3 (8-16 mm) (Figure 1). The S2 coarse aggre-
gates had a bulk density of approximately 430
kg/m* and a water absorption of 28%, whereas
the S3 aggregates had a bulk density of 369 kg/
m?® and a water absorption of 32%. The crushing
value test conducted in accordance with TCVN
7572-11:2006 [21] yielded values of 53.5% and
43.47% for the S2 and S3 aggregates, respec-
tively (Figure 2). These results reflect the porous
structure and the relatively low crushing strength
characteristic of RLWA. In addition, Portland
cement, fly ash, and a superplasticizer were used
to improve workability and to ensure the target

design strength of 15, 25, and 35 MPa for mixes
M1, M2, and M3, respectively.

The concrete mix designs incorporating
recycled aggregates consisted of three mixes:
M1, M2, and M3 (Table 1). These mixes were
designed with the same water-to-binder ratio and
target compressive strengths of approximately 15
MPa, 25 MPa, and 35 MPa, respectively. The dry
bulk density of RLWAC, measured after 28 days
of curing at room temperature, ranges from 1715
to 1775 kg/m?

Mechanical properties

Compressive strength was determined on
150 x 300 mm cylindrical specimens in accor-
dance with TCVN 3118:2022 [22]; flexural ten-
sile strength on 100 x 100 x 400 mm prismatic
specimens according to TCVN 3119:2022 [23];
and splitting tensile strength on 150 x 300 mm
cylindrical specimens in accordance with TCVN
8862:2011 [24]. For each test, 9 specimens were
prepared, corresponding to the 3 mix designs
M1, M2, and M3.

The elastic modulus and stress-strain rela-
tionship under compression were determined in
accordance with ASTM C469 [25] using 150 x
300 mm cylindrical specimens. For each mix, 6
specimens were used to measure the elastic mod-
ulus, and 3 specimens were tested to failure.

The axial compressive strain of the con-
crete specimens was measured using electrical
resistance strain gauges attached to the con-
crete surface during the loading process. The
experimental results provided the mechanical
properties of RLWAC, including compressive
strength, tensile strength, elastic modulus, and
the stress-strain relationship (Figure 3). These
parameters were used as inputs for subsequent
analyses of bond stress and the mechanisms of
crack initiation and propagation in reinforced
concrete beams.

Table 1. Concrete mix design and bulk density of recycled lightweight aggregate concrete

0 [ we | vave | vew, | ramo | S || o oy dely [ oo
M3 0.36 0.35 0.45 27.61% 1% 1798 0.012 1775 0.016
M2 0.36 0.31 0.45 27.61% 1% 1783 0.011 1762 0.019
M1 0.36 0.28 0.45 27.61% 1% 1773 0.023 1715 0.047

Note: + W/B is the water-to-binder ratio, + V,/V_is the ratio of recycled coarse aggregate to concrete (by volume),
+ Vs/V_, is the ratio of sand to recycled coarse aggregate (by volume), + FA/B is the ratio of fly ash to the mass
of binder, + SP/B is the ratio of superplasticizer to the mass of binder.
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Bond stress test

The bond stress between steel reinforcement
and RLWAC was determined using the test meth-
od proposed by RILEM and SNIP 2.03.01-84
[26]. For each mix (M1, M2, and M3), 3 cubic
specimens with dimensions of 150 x 150 x 150
mm were prepared. The reinforcing bars used
were CB400V steel with a nominal diameter of
12 mm, placed at the center of the specimens, as
shown in Figure 4. The length of the steel rein-
forcement embedded in the concrete was taken
as 5d (60 mm). The pull-out load was gradually
applied to the steel reinforcement bars until the
steel slipped out of the concrete. The relative
slip of the steel bar with respect to the concrete
was measured directly during loading. From
the experimental results, the characteristic bond
parameters, including maximum bond stress,
corresponding slip at the maximum state, and

residual bond stress, were determined, serving
for the analysis of the cracking mechanism and
modeling of the behavior of reinforced concrete
beams in the following sections.

Flexural test

The flexural behavior test of reinforced con-
crete beams using RLWA was conducted on beam
specimens with a cross-section of 150 x 200 mm
and a span of 2000 mm. The experimental setup
and applied loads are shown in Figure 5 and
Table 2. The beam was loaded with two concen-
trated loads spaced 400 mm apart (twice the beam
height) located in the middle of the beam, creat-
ing a purely bending section.

The concrete materials used are M1, M2, and
M3 mixes as shown in Table 1. The reinforcement
steel used is CB400V, with the specifications
shown in Table 3

Figure 3. Test specimens, testing equipment, and failed specimens from the mechanical
and physical property tests of recycled lightweight aggregate concrete
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Figure 4. Test specimens, pull-out test setup, and failed specimens

Table 2. Characteristic parameters of the experimental beams

L Beam dimensions Longitudinal steel ratio Span
STT Mix id (mm) steel W (%) L, (mm)
1 M1 150 x 200 x 2200 2/E12 0.97 2000
2 M2 150 x 200 x 2200 2/E12 0.97 2000
3 M3 150 x 200 x 2200 2/E12 0.97 2000
20690 560160 | 400 5060160 206090
1 1 I [ 1—1 o
400 400 @ e
L waP2 (PR ——t == | .
| AT 2l 1 o
T T - 202l *
1] 2 [, 2 5{1 I S
| I— _r I =
| w1205, Q,
100‘ 800 ‘ 400 ‘ 800 ‘100 14 120 [ J;UU
T T T T 150 ] 120 L

2200

(a) Beam configuration

Figure 5. Four-point bending test setup and instrumentation layout

RESULTS

Mechanical properties

The results of the mechanical properties
experiments of RLWAC are shown in Table 4
and Figure 6.

The experimental results show that the
mechanical properties of RLWAC vary consistent-
ly with strength level, with three groups exhibiting
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characteristic compressive strengths of approxi-
mately 15 MPa (M1), 21-22 MPa (M2), and
30-31 MPa (M3). The corresponding measured
splitting tensile strengths range from approximate-
ly 1.68-1.73 MPa (M1), 2.05-2.08 MPa (M2), and
2.48-2.53 MPa (M3). Based on the experimental
data, the authors propose a relationship between
the splitting tensile strength and the compressive
strength of RLWAC, as given in Equation 1 [27]:
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Table 3. Properties of the reinforcing bars used

No Diameter and Class of steel As, cm? fy, MPa f,, MPa E, .10°,MPa
1 @12 CB400V 2.26 440 552.6 210

@8 CB400V 1.01 440 552.6 210

@6 CB240T 0.566 240.2 305.5 210

Table 4. Mechanical and physical properties of recycled lightweight aggregate concrete

No. | Mix id The age of Compressive Splitting tensile Flexural tensile Elastic modulus,
) hardening, day strength f, MPa strength, f, MPa strength, ., MPa E , MPa
1 M1 28 days 15.11 1.73 2.91 12903
2 M2 28 days 21.11 2.07 3.54 15591
3 M3 28 days 30.68 2.48 417 17967
strength, and the bulk density of RLWAC is pro-
forsp = 0.50. [=2< [f. [MPa] (1) e i -
ctsp = U2 555V e posed as given in Equation 3 [27]:

where: f, . f, denote the splitting tensile strength
[MPa] and the compressive strength
[MPa] of RLWAC, respectively.

The relationship between flexural tensile
strength and the splitting tensile strength of
RLWAC is given by Equation 2:

Jr =V Jesp = 1.67 for5p [MPa] 2)

where: vy is the ratio between the flexural tensile
strength and the splitting tensile strength,
with y = f/f . According to published

ct,sp

research results [27], the value of y =1.67.

The elastic modulus of RLWAC was deter-
mined from compression test results in accor-
dance with ASTM C469 [25]. The relationship
between the elastic modulus, the compressive

——M]I-1
——M1-2
——M]1-3
——M2-1
—M2-2
—M2-3

Stress (MPa)

0 0,00,
Sfra12n

0,004

Figure 6. Stress—strain curves of RLWAC
for specimen groups M1, M2, and M3

0,3

_ fc)
EC—19520(10

(p/2200)2 [MPa]

)

where: E, p, f denote the elastic modulus
(MPa), the bulk density (kg/m?), and the
compressive strength (MPa) of RLWAC,
respectively.

Equations 1, 2, and 3 are used as material
inputs for subsequent analyses of the bond-slip
behavior and the mechanisms of crack initiation
and propagation in reinforced concrete beams
using RLWAC

The experimental results for the stress-strain
relationship of RLWAC for mixes M1, M2, and
M3 are shown in Figure 6 [27].

The stress-strain curves of specimens within
the same strength grade exhibit good consistency.
The behavior of RLWAC can be divided into two
main stages: in the initial stage, the stress-strain
curve of the concrete is nearly linear. When the
stress reaches approximately 85% of the peak
strength, the stress-strain curve of the concrete
gradually transitions to a nonlinear shape. After
reaching the peak stress, the concrete specimens
quickly fail and almost immediately lose their
load-bearing capacity.

The experimental results show that the strain
at the peak stress of RLWAC is e = 0.0028.
The ultimate strain at complete failure, e, was
recorded to be very close to e, reflecting the high
brittleness and the limited post-peak deformation
capacity of RLWAC. Due to the difficulty in accu-

rately determining €_, under the experimental
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conditions, the ultimate strain was taken by ref-
erence to EN 1992-1-1[14] for lightweight con-
crete, with e , = 0.0031within the density range
of the studied lightweight concrete. Therefore,
the authors propose that the stress-strain rela-
tionship of RLWAC be approximated by a single
linear segment, with the ultimate strain e , =
0.0031. This proposed stress-strain model is used
in subsequent analyses of flexural behavior and
the mechanisms of crack initiation and propaga-
tion in reinforced concrete beams using RLWAC.

Bond characteristics

The relationship between bond stress and slip
of reinforcing steel in RLWAC was determined
through pull-out tests conducted on specimens
from three mix designs, M1, M2, and M3, as
shown in Figure 7 [27].

In stage I, when the slip is very small (s =
0), the concrete remains uncracked, and the bond-
slip relationship between the reinforcement and
the concrete is linear. According to the results
reported by [29], [30] and [31], in this stage, the
bond stress is mainly transferred through chemi-
cal bonding between the surface of the reinforce-
ment and the cement paste in the reinforcement-
concrete interfacial transition zone (ITZ).

In Stage II, the bond-slip relationship curve
takes a nonlinear form, with the bond stress
increasing. According to [30] and [31], at this
stage, cracks appear in the concrete around the
reinforcement. Because the chemical bonding
is reduced, the mechanical interlocking mecha-
nism due to the ribs of the reinforcing bar bearing
against and “biting into” the surrounding concrete
becomes dominant. The bond stress approaches
the value 7, , and at the same time, the slip of the
reinforcing bar relative to the concrete begins to
increase, but at a very slow rate.

(o)}

=
=¥
3
&
2
@
——MIl-1 ——Ml-2 ——MI-3
0
0 50 100 . 150 200 250 300
Slip (pm)

Figure 7. Bond-slip curves of concrete up to
complete pull-out failure for the three
RLWAC mix groups M1, M2, and M3
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In stage I11, after reaching its maximum value,
the bond stress remains nearly constant for a very
short period before starting to decrease. As slip
increases, the bond stress decreases toward the
corresponding value 7. According to research
[31], in this stage, the concrete in front of the
ribs of the reinforcing bar is crushed and local-
ly damaged, gradually reducing the effective-
ness of the mechanical interlocking mechanism.
As a result, the bond stress decreases with slip
in the range from s: to s2. In this stage, contact
friction between the reinforcement and the con-
crete begins to play an increasingly significant
role. For concrete using lightweight aggregates,
according to [30], [31], the effectiveness of fric-
tion and mechanical interlocking is lower than
that of normal-weight concrete. This is explained
by the fact that lightweight aggregates have low
hardness and compressive strength, the ITZ is
weak and easily forms microcracking, and the
bond stress decreases rapidly after the maximum
point in the bond-slip curve, reflecting the high
brittleness of the material.

In stage 1V, the bond stress is considered to
remain constant until the steel bar is pulled out
of the concrete. This can be explained as follows:
when the slip is greater than s, the mechanical
interlocking mechanism is almost ineffective, the
remaining bond resistance is mainly due to the
residual friction between the steel and the dam-
aged concrete, with the bond stress approximate-
ly equal to the value 7, and nearly constant with
increasing the slip [30], [31].

Based on the integration of the t—s curve
over the anchorage length of 5d, the formula for
determining the average bond stress of RLWAC is
given by Equation 4 [27]:

T =160 |—=fc [MPa] 4)

Where, according to research [19]: /, = 0.9
f . FOr RLWAC, the following proposed formu-

la [27] is used: fusp = 0.50. |2 /F; [Mpa]

The experimental research results and com-
parison with commonly used predictions for
lightweight concrete, show that: at the same com-
pressive strength level, the average bond stress T
of RLWAC is smaller than the values predicted
by K.H. Mo [32], E. Sancak [33], but is close to
those predicted by CEB - FIP [34] and W.C. Tang
[14] (Figure 8).



Advances in Science and Technology Research Journal 2026, 20(6), 473-487

It can be seen that the bond stress transfer
mechanism in RLWAC is similar to that of nor-
mal-weight concrete, including chemical bond-
ing, mechanical interlocking, and contact friction.
Compared with previous research results, the
average bond stress value of RLWAC is gener-
ally lower than that of conventional lightweight
and normal-weight concrete. According to studies
[35], [36], and [30], this is due to the lower den-
sity and elastic modulus of the concrete, as well
as significantly weakened mechanical interlock-
ing and friction effects.

Results on crack formation and development

Experimental results on crack formation and
development of RLWAC beams under flexural
loading are shown in Figure 9, Figure 10.

The research results showed that, under load-
ing, cracks appeared earlier in RLWAC beams
than in normal-weight concrete (BTT) beams.
After crack initiation, the crack width of RLWAC
beams was greater than that of BTT beams at the
same load level.

This can be explained by the mechanical
characteristics of RLWAC and the bond behavior
between the steel reinforcement and the concrete.

Firstly, the bond strength between the steel
reinforcement and RLWAC is significantly

30

20 g————@—0—
10
0 .ﬁ.ﬁ
15 17 19 21 23 25 27 29 31
Compressive strength (Mpa)

—e

Bond stress (MPa)

—@—EXP —@— Mo —@—Tang

—@— Sancak —@— CEP-FIB

Figure 8. Average bond strength of RLWAC
compared with prediction models

lower than that of normal-weight concrete. This
issue is discussed in section 3.2 of this study.
This finding is also consistent with the results of
the publication [30].

Secondly, the tensile strength of RLWAC is
lower than that of conventional reinforced con-
crete. RLWAC exhibits brittle behavior, leading
to early cracking and localized failure.

The load-reinforcement strain relation-
ships of RLWAC for specimen groups M1, M2,
and M3 indicate that the reinforcement strains
in the beams evolve similarly when the load
increases, and a comparison with the M3 sam-
ple of normal-weight concrete having the same
compressive strength is presented in Figure 11.

BTN M504
s 75

G
[ ] Jiae]

(c) Cracks observed in the beam specimen with concrete mix M3 and normal-weight
concrete (BTT)

Figure 9. Images of cracks in the experimental beams
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Figure 10. Load—crack width relationships of the test beams for specimen groups M1, M2, and M3

The load-strain curves of the reinforcement in
the RLWAC and normal-weight concrete beams
show that, in the elastic stage, the steel strain in
both RLWAC and BTT beams is almost equiv-
alent. However, as soon as the reinforcement
begins to yield, the RLWAC specimens exhibit a
faster rate of increase in strain due to the reduced
force transfer efficiency after cracking initiation
and the gradually decreasing bond stress. At the
same time, the compression zone strain of the
RLWAC in specimens M1, M2, and M3 shown
in Figure 12 as shows similar values at the same
load level; however, Figure 12 also indicates
that the compression zone strain of the RLWAC
is significantly larger than that of the normal-
weight concrete with the same compressive
strength at the same load level. This reflects the
characteristics of RLWAC, which has a low elas-
tic modulus and a porous RLWA structure with
crushing strength, leading to greater compressive
deformation under the same load. This results in
faster concrete deformation in the tension zone
and accelerated crack widening.

Thus, it can be seen that, due to the low bond
stress, low tensile strength, low elastic modulus,
and the rapid increase in steel strain after yield-
ing, RLWAC exhibits earlier crack initiation,
faster crack development, and larger crack width
compared to normal-weight concrete (BTT).
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Model for predicting crack initiation
and propagation

In the pre-cracking stage, the calculation

model is based on the following assumptions:

1. The plane section remains plane.

2. The concrete in the compression zone behaves
elastically, with a triangular stress distribution.

3. RLWAC exhibits brittle behavior, and the ten-
sile zone is assumed to remain linear up to
cracking (triangular stress diagram).

4. The reinforcement behaves elastically and is
strain-compatible with the concrete.

5. The reinforcement area is transformed into an
equivalent concrete area using the coefficient:

Q. = —. At the moment when the beam starts

c
to crack, the extreme tensile stress of the con-

crete reaches the axial tensile strength £ .

The crack moment of the beam is determined
according to [19]:

Mere = fsAs (d_%) +

fet(h—x)hb
e

)

where: ﬁ denotes the stress in the reinforcement
at the time of cracking.
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Figure 11. Load-strain relationships
of tensile reinforcement for beam specimens M1, M2,
M3, and normal-weight concrete (BTT)

Considering the effect of tension stiffening
in the region between cracks, the crack spacing,
and the crack width, the following formula is pro-
posed according to [34]:

_ fctAct,ef D

lere =522 (6)

When expressed in terms of moment, by sub-
stituting 0, from the moment-stress relationship
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c¢) Concrete mix M3 and normal-weight
concrete (BTT)
Figure 12. Load—strain relationships of concrete

in the compression zone for beam specimens M1,
M2, M3, and normal-weight concrete (BTT)

of the reinforcement into the above formula, the
crack width can be written as:

= %(Asd?f— B~ fl%) 7

In this case, T is the average bond stress. For
RLWAC, it is recommended to use the following
published formula [27]:

2200

Pc

T =1.60 £.r [MPa] (8)
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In which, according to [19]: f = 0.9fw’xp; For
RLWAC, the following proposed formula [27]
is used:

fersp = 0.50. |2 [f [Mpa] ©)

COMPARISON OF EXPERIMENTAL
RESULTS AND THEORETICAL MODEL

The calculated cracking moment values
obtained from the proposed theoretical model and
the experimental results are presented in Table 5.

Table 5. M__ of the studied RLWAC beams

The crack formation moment, Mcrc, deter-
mined by the model is in close agreement with
the experimental results, with an error of only
2% to 7% for all three mix designs, M1, M2, and
M3. This indicates that the proposed model accu-
rately reflects the crack formation mechanism of
RLWAC beams.

The Mcrc value determined according to
TCVN 5574:2018 [18] is higher than the experi-
mental results by 11% to 31%, while the pre-
diction according to EC2 [19] is lower by 10%
to 23%. These discrepancies indicate that both
current standards do not accurately describe the
cracking behavior of RLWAC, which exhibits

Mix id (experir?r';ental) M, (theoretical) Difference M, TCVN -5574 Difference M, EC2 Difference
(kKN.m) (kN.m) (kN.m)
(kN.m)
M1 2.02 2.16 7% 2.64 31% 1.56 -23%
M2 2.64 2.72 3% 3.06 16% 2.30 -13%
M3 3.22 3.28 2% 3.57 1% 2.90 -10%
30 30
z z
< 20 < 20
e e
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Figure 13. Load—crack width relationship of RLWAC based on experimental results,
proposed theoretical calculations, and design codes (TCVN 5574:2018 and EC2)
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Table 6. Crack width at the steel yielding stage based on experimental results, theoretical calculations,

and TCVN 5574:2018

. Woe . W_ (EC2) . W (_TCVN .
P (kN) | ID mix | (experimental- | (theoretical-TH) | Difference Cﬁnm) Difference 5574:2018) | Difference
EXP) (mm) (mm) (mm)
18.79 | M1-1 0.133 0.161 21% 0.257 93% 0.324 144%
18.89 | M1-2 0.132 0.162 23% 0.259 96% 0.326 147%
19.89 | M2-1 0.148 0.177 20% 0.264 78% 0.340 130%
19.04 | M2-2 0.151 0.179 19% 0.262 74% 0.345 128%
20.74 | M3-1 0.158 0.188 19% 0.268 70% 0.348 120%
20.44 | M3-2 0.156 0.185 19% 0.265 70% 0.350 124%

mechanical properties different from those of
normal-weight concrete.

The results of determining the crack width at
the time of plastic yielding of the reinforcement
according to TCVN5574:2018 [18], Eurocode
2 [19], and experimental results are presented
in Table 6 and Figure 13. The calculated value
from the proposed | model is consistent with the
experimental results, with an error of 19-23%.
The calculation results reasonably accurately
simulates the observed crack size in the exper-
iment. Meanwhile, the calculated crack width
according to TCVN 5574:2018 [18] is 120% to
147% higher than the experimental results. The
calculated crack width according to Eurocode 2
[19] is also larger than the experimental results
by 70% to 93%, and both standards are overly
cautious and do not accurately reflect the charac-
teristics of RLWAC. Therefore, the results indi-
cate that the proposed model for calculating the
cracking moment and crack width of RLWAC
beams yields predictions that are more consistent
with the actual behavior of RLWAC than those
provided by the formulas specified in TCVN
5574:2018 [18] and Eurocode 2 [19].

CONCLUSIONS

Based on the experimental results and analy-
sis of reinforced concrete beams using RLWAC,
the following conclusions can be drawn:

e The mechanical properties of RLWAC are
greatly influenced by the porous nature, high
water absorption, and low crushing strength
of the RLWA. The elastic modulus and ten-
sile strength of RLWAC are lower than those
of normal-weight concrete. Therefore, when
RLWAC beams are subjected to flexural load-
ing, earlier crack initiation occurs, and larger

crack widths are compared to those of nor-
mal-weight concrete beams. Based on experi-
mental research results, this study proposes a
predictive model for the tensile strength and
elastic modulus of reinforced concrete using
RLWAC.

The bond-slip behavior of RLWAC shows
that the force transmission mechanism and the
development stages in the bond stress-slip rela-
tionship still go through 4 stages, like normal-
weight concrete, but the maximum bond stress
value is lower. The ITZ region of RLWAC is
weak, prone to microcracking, which reduces
the effectiveness of the mechanical interlock-
ing mechanism and significantly reduces fric-
tion. The study has developed a t—s model
with three segments and proposed a suitable
formula for calculating the average bond
stress for RLWAC, helping to more accurately
describe the force transmission mechanism
between concrete and reinforcement.

Flexural tests on beams showed a direct influ-
ence of bond stress on the crack mechanism ini-
tiation and propagation mechanisms. RLWAC
beams showed earlier crack initiation, greater
number of cracks, and a crack propagation rate
compared to BTT beams. This is due to the
low bond stress, low tensile strength, and low
elastic modulus of RLWAC.

This study proposes a theoretical model to
predict the crack initiation and propagation
in flexural reinforced concrete beams using
RLWAC, which has a relatively good agree-
ment with experimental results. The crack
resistance moment, M_, was predicted by
the proposed model and compared with the
experimental results, with an error of about
2-7%. The crack width at the time of yield-
ing steel was predicted by the proposed model
and compared with the experimental results,
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with an error of about 19-23%. Meanwhile,
the predictions according to TCVN 5574:2018
and Eurocode 2 are overly conservative with
errors of about 70— 147%.

This research provides an important basis
for developing appropriate design and crack
control criteria for RLWAC structural elements
in the future.
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