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ABSTRACT: In the era of sustainable development, lightweight concrete (LWC) manufactured from
industrial waste becomes a potential material, particularly LWC using lightweight aggregates (LWA) from
construction and demolition waste (CDW). However, there is a lack of study on this LWC manufacture,
especially in terms of its mechanical properties and structural applications. This paper presents several
experimental works that were conducted to assess the mechanical properties of lightweight concrete (LWC)
made from construction and demolition waste (CDW), including the elastic modulus, compressive strength,
splitting, and flexural tensile strength. The mechanical properties of this concrete have been impacted by the
density, as well as the relationship between the tensile-compressive strengths and the relationship between the
elastic modulus and compressive strength based on the elastic factor, as determined based on experimental
results. In addition, this paper investigates bond behavior between steel reinforcement (ribbed rebar with a 12
mm diameter) and LWC according to the results of pull-out tests.

Keywords: Mechanical properties, Lightweight concrete, Recycled lightweight aggregate, Construction and

demolition waste
1. INTRODUCTION

The usage of lightweight concrete (LWC) in
long-span bridges, high-rise buildings, and
earthquake resistant structures has become
widespread. This is because LWC reduces the
overall specific weight of the building in
comparison to traditional concrete [1]. Besides, the
lower thermal conductivity of LWC improves the
fire resistance of buildings. However, the
mechanical properties of LWC (i.e., compressive
strength and modulus of elasticity) will differ
depending on the type of lightweight aggregate
(LWA) used [2].

On the other hand, the increasing
industrialization has resulted in the development of
construction and demolition waste (CDW), which
has caused several major problems, such as
environmental contamination, landscape
degradation, and traffic congestion in many
countries around the world. According to Menegaki
and Damigos [3], the generation of CDW in Europe
is estimated as approximately 333 million tons
(excluding soils) in 2014, composed of 300 million
tons of inert waste, 30 million tons of non-inert
waste, and 3 million tons of hazardous waste. In the
US, 534 million tons are generated, about 28.9
million tons during construction and 505.1 during
demolition activities. For Australia, 19.5 million

40

tons, and for China, approximately 1.13 billion tons
are reported. In Vietnam, official statistics have
shown that the total municipal solid waste generated
in 2016 was about 33.2 thousand tons per day, i.e.,
approximately 12.1 million tons per year, of which
the CDW accounts for approximately 10-15% [4].

One of the solutions is to recycle the CDW to
make building materials, namely LWA, from the
melting of bricks and mortar. Therefore, to create
useable construction materials, recycling CDW has
become a priority mission in several countries.
Additionally, this can also prevent the over-
exploitation of limited natural resources such as
sand, clay, and limestone used in construction.

The manufacture of LWC with various types of
lightweight aggregates, including construction
waste, aluminum waste, expanded clay, rubber ash,
and fly ash, was investigated by a number of
researchers worldwide [5-7]. However, the focus of
this study will be on research conducted by Mueller
et al. [8-10]. The authors have presented an
effective technique for manufacturing LWA from
the crushed masonry walls of construction and
demolition structures in buildings (i.e., brick and
mortar). This is particularly important for
development of LWC from CDW in the previous
study of Nguyen et al. [11]. This work suggested
that the combination of construction wastes and fly
ash is suitable for manufacturing the LWA with a
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density of less than 1000 kg/mq. Although LWC has
been successfully manufactured from CDW, the
mechanical properties of this concrete have not yet
been investigated and assessed in this work.

The objective of this study is to evaluate the
mechanical properties of LWC from CDW,
including the elastic modulus, compressive
strength, splitting, and flexural tensile strength, as
well as the relationship between these properties.
The stress and strain behavior of LWC and the bond
strength between reinforced bars and LWC were
also investigated. For these purposes, an
experimental program was conducted at the
laboratory LAS-XD 125 of Hanoi University of
Civil Engineering on a type of LWC that used
recycled lightweight aggregates from CDW with
two different size ranges, namely Al (with particle
sizes of 4-8 mm) and A2 (with particle sizes of 8-16
mm). The experiments were carried out on three
different types of mixtures of LWC, and the results
were then analyzed and discussed.

2. RESEARCH SIGNIFICANCE

The significance of this study is to evaluate the
mechanical properties of LWC from CDW,
including the elastic modulus, compressive
strength, splitting, and flexural tensile strength, as
well as the relationship between these properties. In
addition, the bond behavior between steel
reinforcement and LWC, according to the results of
pull-out tests, was studied.

3. EXPERIMENTAL PROGRAM
3.1 Materials

LWC consists of Portland cement PC40 as the
binder; river sand as fine aggregates; recycled
lightweight aggregates (LWA) with a maximum
nominal size of 16 mm as coarse aggregates; coal-
fired fly ash, superplasticizer Placc-air, and water as
the other constituents. River sand has a density of
2630 kg/m?3, fineness modulus of 3.0, natural
moisture content of 0.5%, and porosity of 43.7%.
Two sets of recycled lightweight aggregates, Al
with a particle size of 4-8 mm and A2 with a particle
size of 8-16 mm, that were used as coarse
aggregates are shown in Fig.1. The relative density
is 430 kg/m3 for Al and 369 kg/m? for A2. After
analyzing the physical parameters, the water
absorption of LWA increased rapidly within 15
minutes of soaking in water. It reached 15.2% for
particles Al and 20.1% for particles A2 after 1 hour
and remained stable after 24 hours. The
hygroscopic coefficients for particles Al and A2
were 28.3 and 32.0%, respectively. Therefore, the
recycled LWA structure has a greater porosity
compared to that of conventional LWA structures,
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resulting in a high water absorption capacity. Its
capacity might improve the connection between
aggregates and cement. In contrast, these LWA
have lower particle strength with compressibility
factors of 53.5% for particles Al and 43.5% for
particles A2. In order to enhance the compressive
strength of LWC, coal-fired fly ash from Pha Lai
coal-fired power plants was used. Besides, the
utilization of fly ash also brings environmental and
economic benefits for reducing cement use.

Particle A2
(8-161

Particle Al
(4-8n

Fig.1 Recycled LWA made from CDW

According to ACI 211.2-98 [12], LWC mixes
should include air-entraining admixtures to reduce
separation and improve the homogeneity of fresh
concrete. Superplasticizer was added to the mixture
to ensure the reliable workability of recycled LWC.
For these reasons, the deep brown admixture, which
is a combination of superplasticizer and air-
entraining admixture, may be used in the concrete
mixtures in this study. Superplasticizer Placc-air
producing according to ASTM C494 type G [13]
was suitable for all types of cement to delay the
setting time for concrete mixture including
important properties, namely density of 1.08 g/cm?
with a coefficient of variation of 0.2% and use the
content of 0.7 to 1.4 liters per 100 kg of cement.

3.2 Concrete Mix Proportion

According to previous studies, the objective of
this research is to manufacture LWC made from
recycled LWA with a density ranging from 1400 to
1800 kg/m®. Several concrete mixtures proportions
used were determined corresponding to three target
compressive strengths of 16, 20, and 30 MPa,
corresponding to the strength classes of LWC:
LC16/18, LC20/22, and LC30/33 according to EN
206-1:2003 [14]. After analyzing the influence of
LWA content in LWC, three sets of LWC mix
proportions were used in this study. The first and
second sets (named M1 and M2) used only particles
Al or A2 as coarse aggregates, whereas the third set
(named M3) included a combination of particles Al
and A2 as coarse aggregates.
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3.3 Specimens and Experimental Procedure Table 1 Testing and specimens’ details

No. Test Specimen

After preparing the aggregates, cement, sand, and
fly ash were mixed in a forced mixer for three
minutes before adding water and superplasticizer
Placc-air gradually. After that, LWA was added and
mixed for around 5 minutes. Finally, the mixing
product is controlled by the target slump to check
the workability of the LWC mixtures. The
workability of the fresh concrete was determined
according to ASTM C143 [15]. The slump values, :
which ranged from 7 to 15 cm, increased when 2 Flexural test for tensile  Prism
adding superplasticizer Placc-air.

In this study, Table 1 presents the mechanical
properties of hardened LWC made from recycled
LWA with various test specimen sets: (i) A set of
cubes with dimensions of 150x150x150 mm was
used as a specimen for dry density testing; (ii) Three
sets of cylindrical specimens with dimensions of
150x300 mm were used as the standard specimen
for compressive strength, and splitting tensile
strength testing; (iii) a set of prism specimens with
dimensions of 100100400 mm (i.e., the un-
reinforced concrete beams subjected to a three- strength
point bending test) was used for flexural tests to
determine the tensile strength of LWC. Each set
consists of nine specimens and was produced with
three different concrete compressive strengths.
After being cast and cured in the laboratory for 28
days, all cylindrical and prism specimens were
dried on a saturated surface dry oven to remove
water from the surface. Besides, pull-out tests were
used to assess the bond behavior between steel
reinforcement and LWC aCCOfding to the guidelines 4  Test for static modulus of Cy|inder (]_50x300 mm)
for pull-out specimens from the RILEM standard
[16-17]. The pull-out specimens are cubes with
ribbed rebar of 12 mm in diameter (150x150%150
mm). Each cube has ribbed rebar with a 12 mm
diameter at the center. The embedded rebar set into
the PVC tubes with a length of 2 cm was attached
to ensure an anchorage length. All pull-out
specimens have an embedment length of 60 mm,
which is five times the diameter of the rebar.

1  For compressive strength  Cylinder (150x300 mm)

strength (100%100x400 mm)

3 Splitting test for tensile Cylinder (150x300 mm)

elasticity

4. EXPERIMENTAL RESULTS

4.1 Density of Recycled Lightweight Concrete 5  Pull-out test for steel-LWC Pull-out specimen: Cube

interface (150x150%150 mm)
In this study, the type of recycled LWA used was
modified in three sets. When modifying the particle
size of LWA Al to the particle size of A2, the
density of LWC decreases because particle A2 has
a smaller density than particle Al. Besides, the
density of specimens using the combination of
particles A1 and A2 was higher than that of
specimens using only particle A2. The average dry
weight is 1684 kg/m? for the set M1. Meanwhile, it
is 1746 and 1772 kg/m? for the sets M2 and M3,
respectively.
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According to the status of Iffat [18] for the linear
relationship between density and compressive
strength of concrete, set M1 has the smallest value
among the three sets, so it could be expected to be
in the set with a compressive strength of 16 MPa.

4.2 Compressive Strength of Recycled
Lightweight Concrete
According to the compression tests, the

compressive strengths for set M1 ranged from 14.78
to 16.06 MPa. It varied from 20.66 to 23.54 MPa for
the set M2 and from 29.92 to 31.59 MPa for the set
M3. The coefficient of variation accounts for 3.10,
4.58, and 1.97% of all specimens for sets M1, M2,
and M3, respectively. Therefore, the average
compressive strength of all sets is in good agreement
with the predicted value. When the density of LWC
rose, the compressive strength of all specimens
increased by around 30%. Therefore, the higher the
compressive strength of LWC, the lower the content
of LWA. Fig.2 illustrates failure models of cylinders
after the compression test. All specimens were
damaged at the weak cross-section between the
aggregate and cement mortar. It shows that the cracks
passed directly through LWA because of the good
bond between LWA and cement mortar, as well as
the low bearing capacity of LWA.

Fig.2 The failure of cylindrical specimens for
compression tests

4.3 Tensile Strength of Recycled Lightweight
Concrete

In this study, the flexural and splitting tests were
conducted to evaluate the tensile strength of the
recycled LWC. For the flexural tests, the average
tensile strengths are 2.89, 3.46, and 4.12 Mpa,
corresponding to the LWC mixtures M1, M2, and
M3, respectively. For the splitting tests, they are
1.71, 2.07, and 2.50 MPa. The average tensile
strength from the flexural tests was 60% as much as
those from the splitting tests for all three sets of the
LWC mixture.

Besides, the coefficients of variation from the
flexural test were 1.55, 2.05, and 1.52% for three
mixtures of LWC M1, M2, and M3, respectively.
Meanwhile, these values from the splitting test were
1.70, 1.61, and 1.56%. These results indicate the
reliable splitting-tensile strength of LWC. Figs.3-4
illustrate the failure mechanisms of prisms and
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cylinders in flexural and splitting tests. All
specimens exhibited a primary crack along the
loading diameter direction. The brittle failure mode
of LWC was comparable to the mode of traditional
concrete.

Fig.4 The failure mode of cylinders in splitting tests

f, =0.56f,

1)
f,=03(f, )2’3[0.4 + o.eLj
2200 @
213
f,=023(f,) @)
e,
f, ., =05 |2 [f
e 2200*/7 )

On the other hand, the relationship between the
splitting tensile strength and the compressive
strength of concrete is represented in previous
empirical equations, as shown in Egs. (1) and (2)
[19-20]. On the other hand, Zhang and Gjorv [21]
also proposed Eqg. (3) for the splitting tensile
strength/compressive strength relationship. Where
fo and f; are the tensile and compressive cylinder
strengths, and p is the dry density of concrete. Fig.5
displays the relationship between compressive
strength and splitting tensile strength of
experimental LWC based on the experimental
results and several given empirical equations.
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Fig.5 The relationship between the compressive and
splitting tensile strengths
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The results of the experiments gave a similar
relationship as presented in the given empirical
equations. The theoretical tensile strengths, which
were calculated based on the present standards,
were 1.8, 2.3, and 2.8 Mpa, corresponding to M1,
M2, and M3 LWC mixtures. These theoretical
values were higher than the experimental values for
all three LWC mixtures. Meanwhile, these values
obtained from the experiments were higher than the
ones obtained from the empirical equation of Zhang
and Gjorv [21], which were greater than 0.27 MPa.

After that, the experimental values for the
splitting tensile strength of LWC were analyzed
using a linear regression method. After determining
the relationship between the splitting tensile
strength and the form of different functions of
compressive strength, the best-fit function of
compressive strength is displayed in the proposed
equation Eq. (4) with an empirical variance of 0.99.
Besides, the coefficients of variation are 0.85, 1.59,
and 0.43% for the LWC mixtures M1, M2, and M3.
The splitting tensile strength calculated by Eq. (4)
exhibits a deviation of 0.95% on average. There is a
good agreement on the proposed value of splitting
tensile strength (fepv) With a slight difference of
around 1 %.

44 Modulus of Elasticity of Recycled
Lightweight Concrete

LWC has a lower modulus of elasticity in
comparison to traditional concrete, which ranged
from 17300 to 22400 MPa due to the lower
elasticity of LWA [21-22]. Besides, Neville
investigated the influence of the volume fraction
and physical properties of LWA on the modulus of
elasticity of LWC [23]. This study estimated the
modulus of elasticity based on the test for static
modulus of elasticity on cylinders. As a result, the
modulus of elasticity for recycled LWC ranged
from 12333 to 18894 MPa, and the coefficient of
variation varied from 1.84 to 1.97%. Fig. 6 shows
the failure mode of cylinders for tests of the
modulus of elasticity.

On the other hand, several empirical equations
in the present standard presented the relationship
between the modulus of elasticity (Ec) and the
compressive strength (fo). Egs. (5), (6), (7), and (8)
were proposed to determine the modulus of
elasticity [19-20, 24-25]. Fig.7 illustrates the
relationship between the modulus of elasticity
obtained from the experimental data and empirical
equations and compressive strength. The modulus
of elasticity obtained in the experiments accounted
for 60% of these values calculated based on the
equation by Carrasquillo [24], while they were
similar to these values determined based on the

empirical equations recommended by the present
standards. However, the theoretical values for LWC
mixtures M1 and M2, which were calculated by Eq.
(6), were 11577 and 14520 MPa. They were less
than the experimental value for each LWC mixture.

Fig.6 The failure mode of cylinders in tests of
modulus of elasticity

30 ¢
2
s 7
“5 ~—~
S & 20
[3) )
S ('? ,o—”'—_:::"‘-
g |_|J(J - - _gamm=S=
= \/15 ."—’/, y
8 ¥
= 10 | --m--EXP Carrasquillo
-=@=-EC2 ACI318
NS 3473-1992
5 : ‘ ‘ ‘
15 20 25 30 35

Compressive strength (f, - MPa)

Fig.7 The relationship between the compressive
strength and modulus of elasticity

Similar to the tensile strength, this study used a
linear regression method to analyze the modulus of
elasticity. After that, Eg. (9) was proposed to
determine the modulus of elasticity based on the
compressive strength obtained from experimental
data. In which Ec, p, and f; are the elastic modulus
(MPa), the density (kg/mq), and the compressive
strength (MPa) of recycled LWC, respectively.
There is a good agreement of the proposed value of
modulus of elasticity with experiment data with a
deviation of less than 3%.
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4.5 Stress-strain Relationship of Recycled
Lightweight Concrete

From the results of tests for the modulus of
elasticity, the strain ea corresponding to the
maximum stress was approximately 0.0028 mm for
all three LWC mixtures. It is slightly lower than the
recommended value, which is 0.003, according to
present standards [20, 26-27]. Clarke [28] found
that the relationship between stress and strain of
LWC is more linear than that of traditional concrete
because of the brittle behavior of LWC. The post-
peak behavior of LWC, which is an unstable crack
propagation stage of LWC, presents an immediate
failure in LWC. In this study, there are two stages
for the stress-strain curves for all three LWC
mixtures, as depicted in Fig.8(a). Firstly, the pre-
peak stage demonstrates the quasi-linear behavior
of LWC. Because of the plastic strain development
in LWC, after reaching 85% of the maximum stress,
a stress-strain relationship progressively changes
into a curve. Secondly, the post-peak stage is the
immediate failure of concrete crushing after

approximately 0.0031, which is close to a 0.0028
strain when reaching maximum stress. In order to
improve the simplicity and safety, the stress-strain
relationship of recycled LWC was proposed, as
shown in Fig.8(d), with an ultimate strain of 0.0031.
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(b) The modeled curve
reaching the maximum stress, in which there is a
total loss of bearing capacity. The strain (scu2)
corresponding to the ultimate stress at failure is
relatively close to the strain e when reaching the
maximum stress. The curve shown in Fig.8(b)
illustrates the modeled curves for the stress-strain
relationship of recycled LWC, and the curve
depicted in Fig.8(c) was proposed to reflect the
brittle behavior of this recycled LWC.

0.4+0.6p
=0.0035 =
gcuz X ’71 [771 2200 ]

(10)
On the other hand, the ultimate strain of concrete
could be determined by Eq. (10) based on EC2 [21].
Then, this empirical equation was used to calculate
the ultimate strain of recycled LWC in this study.
Therefore, the average value of & IS

(c) The proposed curve
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(d) The simplified curve

(a) The experimental curve
Fig.8 The stress-strain relationship of LWC
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4.6 Bond Stress-Slip Relationship of Recycled
Lightweight Concrete

Bond strength is an essential structural property
of reinforced concrete components [29]. This study
investigated the bond-slip relationship between
recycled LWC and steel reinforcement (e.g., ribbed
rebar with a 12 mm diameter). Fig.9(a) represents
the bond stress and relative slip of LWC obtained
from the experiments. In particular, the average
slips corresponding to the maximum bond stress
(denoted s1) and the residual post-peak bond stress
(denoted s,) are 0.109 and 0.245 mm. As illustrated
in Fig.9(a), there are four stages for the bond stress-
slip relationship of LWC. In the first stage, the bond
stress-slip relationship is linear because specimens
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have no cracks. Then, when increasing the bond
strength, the slip of reinforcement on the concrete
began to rise steadily. Simultaneously, cracks
occurred around the reinforcement and developed
outside the specimens. After reaching maximum
bond stress (zmax), the bond stress remained constant
due to the yielding stage of the reinforcing bar.
After bond stress and relative slip have plunged
dramatically, the bonding stress would remain
constant at z: until the reinforcing bar is pulled out
of the concrete.

6 - ~o-M1-1-0-M1-2 =—M1-3
mM2-1-u-M2-2 = M2-3
5 |+ --x--M3-1-+-M3-2 —M3-3

Bond stress (z - MPa)

0 100 200
Slip (s - um)
(@) The experimental curve

Bond stress
(z-MPa)

)

T B

0 S S slip
(s-mm)

(b) The simplified curve
Fig.9 The stress-slip relationship of recycled LWC

On the other hand, several researchers observed
that the bond properties of LWC are affected by
aggregate characteristics, the water/cement ratio,
the type and shape of steel reinforcing bars, and
curing conditions [30]. Besides, others suggested
the bond stress-slip constitutive law of LWC [31-
32]. In this study, Egs. (11) to (13) were proposed
to describe the relationship between the bond stress
and slip of the recycled LWC. As a result, the
theoretical values of tmax were 3.42, 4.07, and 4.88
MPa, while the values of 7z were 2.19, 2.52, and 2.93
MPa. These values correspond to the three different
compressive strengths of LWC. In comparison with
the experimental data, these theoretical values are
quite satisfactory, with a slight difference of 0.65%
for the maximum bond stress and 6.55% for the
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residual  post-peak bond stress.  Fig.9(b)
demonstrates a simplified curve for the bond stress-
slip relationship of recycled LWC with a good
agreement between the experimental and theoretical
values. This abrupt decline of recycled LWC
presented the LWC mechanical properties (i.e.,
cracking properties and shear stiffness). In this
study, Eg. (14) was proposed to determine the
average bond stress of recycled LWC (7) to
evaluate the cracking distances in concrete
structures. Within the scope of this paper, when the
density of LWC varies from 1684 to 1772 kg/m?,
the ratio between the average bond stress and
compressive strength stays relatively constant at
around 1.8.

0.2
T = Thax [EJ (for0<s<s)
s

1

(Toex = 0.88\/?C with s, =0.109 mm)

(11)
=T~ (T —rf)[ 575 ] (fors, <s<s,)
S,—S, (12)
r=1, (fors, <s)
(z; =0.627,,, withs, =0.245 mm) (13)
16 2200 3

5. CONCLUSIONS

Based on the experimental data recorded during
the tests to investigate the mechanical properties of
recycled LWC using the LWA made from CDW,
numerous conclusions can be derived from this
study:

* In comparison to traditional heavy concrete, the
recycled LWC has the degradation of stiffness and
ductility (e.g., compressive and tensile strength, the
modulus of elasticity).

e According to the suggested method for
manufacturing recycled LWC by Nguyen et al. [4],
concrete mixtures used were determined to have three
different compressive strengths of 16, 20, and 30 MPa
and a density ranging from 1400 to 1800 kg/mq.

* The stress-strain relationship of recycled LWC
has been proposed in the form of a straight line
because the recycled LWC is more brittle than
traditional concrete. When the maximum stress
reaches about 85% of compressive strength, the
relative strain is 0.0028. For the design of cross-
sections, the simplified relationship may be used as
a linear stress-strain relation with the value ultimate
strain (ec2) of 0.0031.

» The bond stress-slip relationship is formed in
four stages. When reaching the maximum bond
strength, the slip remains constant before quickly
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reducing. The average bond strength-to-
compressive strength ratio for this recycled LWC,
stays constant at 1.8.

* The proposed equations demonstrate the
relationship between compressive strength and
other properties of the recycled LWC, as calculated
with several parameters (e.g., fc: the compressive
strengths (MPa) respectively; p: density (kg/m?).)

(i) Splitting tensile strength (fetsp — MPa)

P
f =05 /—./f
o 2200V °

(ii) Modulus of elasticity (Ecm- GPa)

f 0.3 2
E, =1952[ | |2
10) (2200

(iii) The average bond stress (z- MPa)
7 =18f,
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