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Abstract: This study investigates the feasibility of recycling various waste paving blocks as raw
materials for concrete. The recycling rate of waste blocks in Korea remains around 11%. Therefore,
three types of waste paving blocks, i.e., recycled clay-, granite-, and concrete block, were used
as partial replacements for sand in a concrete mixture at 10%, 20%, and 30% replacement ratios.
According to the Korean standards for concrete pavers and building bricks, compressive strength,
flexural strength, and water absorption tests were conducted. In addition, UPV and unit weight tests
were performed. The results showed that the performance of concrete mixtures decreased with the
increasing replacement ratio of waste clay and concrete, while the addition of waste granite improved
the properties of the mixtures. All the prepared concrete mixtures met the requirements specified in
the standards, demonstrating that concrete incorporating waste blocks can be used as paving blocks
and building bricks under limited conditions.
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1. Introduction

Waste paving blocks generated from construction projects are one of the major social
and environmental issues in Korean society. Several municipalities have policies in place
to provide citizens with demolished waste blocks of decent quality, but the recycling rate
of blocks remains at around 11%. Additionally, waste blocks with a damaged or poor
quality cause environmental issues and social costs such as landfilling and waste storage.
Therefore, it is necessary to find an effective way to utilize the continuously generated
waste paving blocks.

For sustainable development, extensive studies have been conducted on cement
composites containing various types of waste. In general, cement composites with various
wastes show lower workability and strength in comparison with ones without waste [1,2].
Leite et al. [3] reported that the slump of concretes with 50% and 100% recycled concrete
aggregate was reduced by 45% and 85%, respectively, compared to natural aggregate
concrete, and materials segregation was observed when natural aggregate was replaced
with recycled aggregate at 100% replacement ratio. In a study using granite waste as
a substitute for sand [1], a 10% replacement ratio of sand by granite waste reduced the
slump by 50%, and at the 20% replacement ratio, the slump was zero. Schackow et al. [4]
reported that about 6%, 12%, and 14% more water was required to achieve the same slump
at replacement ratios of 10%, 25%, and 40% of the waste brick aggregate, respectively.

As can be seen from these previous studies, in many cases, regardless of type, when
recycled materials are included, more free water is required to achieve adequate workability,
however, an increase in the water-to-cement ratio is the crucial parameter that degrades
the properties of cement composites [5]. Although some researchers have achieved their
target slump by increasing the dosage of superplasticizers [6], the pronounced detrimental
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effects of superplasticizers on the environment cannot be ignored. In this context, using
various wastes for concrete products that do not require workability (i.e., zero-slump) can
be considered a more environmentally friendly and viable option.

Many studies have focused on evaluating the effect of different types of waste on
concrete paving blocks: crumb rubber [7,8], ceramic waste [9], recycled concrete aggre-
gate [10], and various kinds of ashes [11,12]. However, little research has been conducted
on the recycling of demolished waste paving blocks themselves in the production of new
paving blocks and building bricks. Utilizing old waste blocks to make new blocks not only
reduces the amount of waste generated but also offsets the slump loss that occurs when
recycled materials are included in normal concrete. Therefore, in this study, three different
waste paving blocks commonly used as paving materials in Korea were recycled as fine
aggregates in a concrete mixture for the production of new pedestrian blocks and building
bricks (Figure 1). The aim of this study is (i) to evaluate the applicability of old waste paving
blocks for new concrete products; (ii) to propose an optimum replacement ratio that meets
the industrial standards for practical application. For this aim, concrete mixtures containing
different wastes were prepared, and the main characteristics (i.e., water absorption, flexural
strength, and compressive strength) stipulated in the Korean Industrial Standards (KS) for
concrete products were analyzed. In addition, other important properties such as density
and ultrasonic pulse velocity (UPV) were investigated. The experimental results were
compared with the requirements specified in the KS to discuss the use of concrete products
containing recycled materials.

" Concrete block S ACE

Figure 1. Pavement for pedestrians in Korea: (a) concrete and clay block; (b) granite block.

The significance of this study is to provide immediate and practical value on utilizing
waste paving blocks in new concrete products for paving blocks and building bricks. The
results of this study can help conserve natural resources by reducing the consumption of
river sand and reduce landfill shortages by facilitating waste recycling.

2. Materials and Methods
2.1. Materials

Ordinary Portland cement (OPC) with a density of 3.15 g/cm3 was used as the main
binder throughout the experiment. The chemical composition of OPC is given in Table 1.

Table 1. Chemical composition of ordinary Portland cement.

CaO SiO, Fe, O3 Al,O3 SO3 K,O MgO TiO, SrO ZnO MnO
OrC 73.39 13.11 4.62 2.84 2.82 1.48 1.05 0.28 0.16 0.15 0.10

Natural river sand (NS) with specific gravity and water absorption of 2.59 and 1.48%,
respectively, was used as fine aggregate. Crushed granite aggregate with a maximum
nominal size of 13 mm in size was used as coarse aggregate (CA). The specific gravity
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and water absorption of CA were 2.60 and 1.09%, respectively. A polycarboxylate-based
plasticizer was used as an admixture.

Three types of demolished waste paving blocks made of clay, concrete, and granite
were obtained from a building remodeling project. These blocks can commonly be found
on pedestrian roads in Korea. These blocks have been used in outdoor environments for
over 15 years. To remove impurities on the surface, the waste blocks were washed with
tap water. After washing, the waste blocks were fed into a Los Angeles ball mill machine
with 11 steel balls, approximately 48 mm in diameter and weighing approximately 400 g,
and rotated 500 times at a speed of 30 rpm. Then, each crushed waste block with a size of
150 pm—4.75 mm was obtained through sieving. Dust fractions smaller than 150 pm were
excluded, and fractions larger than 4.75 mm were re-crushed in the ball mill machine until
they reached the desired size. The prepared recycled materials were named as follows:
recycled brick (RB), recycled concrete (RC), and recycled granite (RG). Figures 2 and 3
show the waste blocks used in this study and their particle size distribution. The physical
properties of the waste blocks are provided in Table 2.

Figure 2. Different waste paving blocks used in the study: (a) clay block; (b) concrete block; (c) gran-
ite block.
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Figure 3. Particle size distribution of recycled materials.
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Table 2. Characteristics of waste blocks.

RB RC RG
Compressive strength, MPa 19.17 29.24 101.70
Flexural strength, MPa 4.20 6.70 10.26
Water absorption, % 7.70 5.63 0.58
Specific gravity 2.26 2.29 2.62

2.2. Mix Design and Specimen Preparation

Ten series of concrete mixtures, including a reference mixture, were made in a labora-
tory in accordance with KS F4419. The water-to-cement (w/c) ratio was 0.25, and the ratio
of OPC, NS, and CA was set to be 1:1.6:3.2 by weight. NS was replaced by RB, RC, and RG
in concrete mixtures at 10%, 20%, and 30% replacement ratios. The dosage of the plasticizer
was kept constant at 1.8% of OPC in accordance with the recommendations provided by
the manufacturer. Detailed mix proportions are given in Table 3.

Table 3. Mix proportions (kg/m?).

Mix wl/c Water OPC NS RB RC RG CA Admixture
Reference 0.25 96 384 614 1229 6.91
RB10 0.25 96 384 553 61 1229 6.91
RB20 0.25 96 384 492 123 1229 6.91
RB30 0.25 96 384 430 184 1229 6.91
RC10 0.25 96 384 553 61 1229 6.91
RC20 0.25 96 384 492 123 1229 6.91
RC30 0.25 96 384 430 184 1229 6.91
RG10 0.25 96 384 553 61 1229 6.91
RG20 0.25 96 384 492 123 1229 6.91
RG30 0.25 96 384 430 184 1229 6.91

Specimens with a length of 200 mm, a width of 100 mm, and a depth of 60 mm were
prepared (Figure 4). The mixing procedure was as follows: for homogeneity of the mixture,
NS, CA, and OPC were mixed for 2 min in a mechanical pan mixer. Then, water was added
and mixed for 3 min. The mixture was cast into molds and compressed by a universal
testing machine with a load of 40 kN. After a day of casting, all specimens were demolded
and cured in water until testing.

Figure 4. Prepared concrete samples.

2.3. Methods

The selected properties for the prepared concrete mixtures were evaluated on three
specimens at 28 days of age.
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The unit weight was determined by dividing the volume of the specimen by the dry
weight. According to KS F4004, the water absorption was determined by the difference
between the saturated weight and dry weight of a specimen. Each sample is immersed
in water at 23 °C for at least 24 h, and after wiping the surface water with a damp cloth,
the saturated surface dry weight was measured. The specimens were then oven dried
at 110 °C for 24 h until a constant weight was reached, then cooled to room temperature
and weighed.

UPV is considered an effective tool for the quality inspection of concrete and is closely
related to various properties of concrete [13]. UPV was measured in accordance with ASTM
(C594 using a portable instrument consisting of a pair of a transmitter and a receiver. The
time it takes for ultrasonic waves to pass through both ends of the specimen (about 200 mm)
was measured. The UPV value was used to investigate the correlation with the properties
of concrete.

Flexural strength was conducted according to KS F4419. A three-point bending test
was performed on a 200 x 100 x 60 mm prism specimen A load corresponding to a stress
of 0.1 MPa per second was applied. The flexural strength was determined by the following
Equation (1).

Flexural strength, MPa = 3PL €))]
g 262
where P = load at failure (N); [ = span length (=140 mm); b = width of specimen (mm);
d = depth of specimen (mm).

Compressive strength was carried out according to KS F4004. A load corresponding
to a stress of 0.25 MPa per second was applied to the nominal area of the concrete mixture,
and the strength was calculated by dividing the load at failure by the cross-sectional area
of the concrete mixture.

3. Results

The test results for the concrete mixtures prepared in this study are presented in
Table 4. The purpose of this study is to investigate the possibility of recycling waste blocks
as a fine aggregate in the production of new concrete paving blocks and building bricks,
thus, the requirements and applications for concrete paving blocks and building bricks
specified in the KS are also provided.

Table 4. Summary of the test result of concrete mixtures.

. Compressive Flexural Water Unit Weight,

Mix Strength, MPa  Strength, MPa  Absorption, % kg/m3 UPV, m/s Remarks
Ref 25.87 7.61 5.02 2133 3630 -
RB-10 24.63 6.41 6.97 2120 3301 -
RB-20 23.44 6.16 7.29 2117 3267 -
RB-30 20.67 6.00 7.65 2114 3212 -
RC-10 24.96 7.24 6.03 2124 3405 —
RC-20 22.30 7.07 6.50 2114 3305 -
RC-30 21.24 6.37 7.35 2109 3194 -
RG-10 26.15 7.79 5.73 2139 3412 -
RG-20 27.67 7.95 6.19 2145 3439 -
RG-30 28.23 8.14 6.31 2149 3498 -

Outdoor or
Type 1 Min. 13 N/A* Max. 7 N/A N/A load-bearing
structure
Building brick
(KS F4004) Internal and
Type 2 Min. 8 N/A Max. 13 N/A N/A bearing

structure

Paving block - N/A Min. 5 Max. 7 N/A N/A -

(KS F4419)

*N/A =not applicable.
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3.1. Unit Weight

The unit weight was determined by dividing the dry weight of a concrete sample
cured for 28 days by its volume. Figure 5 shows the unit weight of concrete mixtures
containing 10%, 20%, and 30% of RB, RC, and RG as a replacement for fine aggregate, and
the unit weight ranged from 2109 kg/m? to 2149 kg/m?3. The increase in the replacement
ratio of RB and RC decreases the unit weight of mixtures, but the variation is negligible
as it is from 0.43% up to 1.1%, while the addition of GP increased the unit weight from
0.28% to 0.75%, but this can also be considered insignificant. This change in unit weight
can be elucidated by the difference in specific gravity between the recycled materials and
NS. The specific gravity of RB, RC, and RG is 2.26, 2.29, and 2.62, respectively, while that of
NS is 2.59. Therefore, the unit weight of the RB and RC series is lower, and that of the RG
series is relatively higher compared to the mixture made with NS. These results are in good
agreement with those reported in previous studies [14,15].

2200
|n1m¢n2m@-3mq

o 0 | Ref-2u3 kg - _
L &
5 2100
(5]
2
5

2050

2000

RB RC RG

Figure 5. Unit weight of concretes.

3.2. Compressive Strength

The test results of the 28-day compressive strength of the concrete mixtures are shown
in Figure 6, where each value represents the average of the strengths measured on three
specimens. Except for RG, RB and RC showed a negative influence on the compressive
strength of concrete mixtures with increasing replacement ratios. The compressive strengths
of the RB and RC series were 20.67-24.63 MPa and 21.24-24.96 MPa, respectively, which
were 4.8-20.1% and 3.5-17.9% lower than the reference mixture.

40
|010% m20% m30%4
<
S 30
= Ref = 25.87 MPa
5 | T —
2
@20
2
% A |Min. 13 MPa for load-bearing building brick
=TT T
8 4 |Min. 8 MPa for non-load-bearing building brick
0 I I

RB RC RG
Figure 6. Compressive strength of concrete with different waste blocks.
The decrease in strength of concrete containing RB and RC can be associated with

the characteristics of each material. RB and RC, which are porous materials, have many
microcracks and micropores, which cause loose bonds and weak interfacial transition
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regions in concrete, reducing strength [16]. Additionally, the low intrinsic strength and
stiffness of RB and RC used as aggregates are the main factors contributing to the lowering
of the compressive strength of concrete mixtures [17].

In contrast, the compressive strength of the RG series was 26.15-28.23 MPa, which
was increased by 1.1%, 6.9%, and 9.1% compared to the reference sample at the given
replacement ratios. The increase in compressive strength due to the addition of RG is
consistent with the results reported in previous studies [18,19]. In a study conducted by
Amani et al. [18], the compressive strength increased by 6.1% and 14.3% when RG was
added at 20% and 30% replacement ratios. Some researchers have found that the addition
of about 25% to 30% of RG improved the strength through better distribution and formation
of C-5-H gels in a concrete matrix [20,21].

The test results of compressive strength for all concrete mixtures satisfied the KS
requirements. According to the KS, compressive strength is not included in the quality
requirements for concrete paving blocks, whereas building blocks are divided into two
types based on their purpose of use. Bricks for external and load-bearing structures must
have a compressive strength of not less than 13 MPa, and bricks for internal non-load-
bearing must have at least 8 MPa. Since the compressive strength of all the mixtures
exceeds 13 MPa, replacing the fine aggregate by 30% with RB, RC, and RG allows its use as
a multi-purpose building brick.

3.3. Flexural Strength

The flexural strength test results at 28 days of age are shown in Figure 7, and the
results were similar to those of compressive strength. The flexural strength decreases
when replacing fine aggregate for the RB and RC series, and increases for the RG series.
The flexural strengths of the RB and RC series were 6.0-6.41 MPa and 6.37-7.24 MPa,
respectively, which were 15.8-21.2% and 4.9-16.4% lower than the reference mixture,
respectively. However, up to the 30% replacement level of RG, the concrete mixtures showed
improved flexural strength. The flexural strength of the RG series was 7.79-8.14 MPa, which
was increased by 2.28%, 4.43%, and 6.94% at replacement ratios of 10%, 20%, and 30%. The
rough, angular texture of RG may have improved flexural strength by increasing friction
between aggregates and cement paste. Another cause of improved flexural strength is
similar to the reasons described for compressive strength, i.e., better formation of C-H-S
gels. The increase in flexural strength due to the addition of RG as a replacement for fine
aggregate is consistent with the results reported in the literature [22,23].

10
|010% 20% m30%

8 Ref=7.61 MPa
«c  Fm———_——_———_—— e  —
% ——
_ ——
g6,
) i
a Min. 5 MPa for road pavement block
T 4
&
2
[

2

0

RB RC RG

Figure 7. Flexural strength of concrete with different waste blocks.

The flexural strength for all concrete mixtures satisfied the KS requirements. According
to the standards, flexural strength is not required for concrete building bricks, whereas it
should exceed 5.0 MPa for concrete paving blocks. The lowest flexural strength observed
was measured on RB-30, which was 6.0 MPa. Therefore, replacing 30% of fine aggregates
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with RB, RC, and RG is a viable option to recycle old paving blocks into new paving blocks
and building bricks.

3.4. Water Absorption

Water absorption is considered an indirect indicator of the durability of concrete
mixtures as it measures the volume of permeable pores [24]. The water absorption of
concrete mixtures containing RB, RC, and RG increased with an increasing replacement
ratio. It seems obvious that the water absorption of mixtures is influenced by that of
recycled materials (Figure 8). The water absorption of NS used in this study was 1.48%, and
the water absorption of the reference mixture made with NS was 5.02%. The mixture using
RB with a water absorption of 7.70% had the highest absorption in the range of 6.97-7.65%,
followed by the RC-based samples (water absorption of 5.64%) at 6.03-7.35%. For the RG
series, even though the material had the lowest absorption of 0.56%, the absorption of
the mixture containing RG was 5.73-6.31%, which was higher than that of the reference
mixture. This increase in absorption can be explained by the material geometry and particle
size. Compared to NS, GP has rougher and more angular geometry, and more than 90% of
its particle size is less than 75 um. The increased specific surface area of RG increases the
water demand due to increasing water absorption [1,25].

Max. 13% for non-load-bearing building brick
IMax. 7% for road block and load-bearing building brick

§ l | 010% B20% m30%

i .
v v

i

Water absorption, %
-
bl
o
o,
[
“n
o
o
o~

(¥}

RB RC RG

Figure 8. Water absorption of concrete with different waste blocks.

The water absorption test results for all concrete mixtures meet the standards for
different applications. For concrete paving blocks and structural and exterior building
bricks, the water absorption should be less than 7%. The non-load-bearing internal building
bricks allow up to 13% water absorption. According to the standard, all concrete mixtures
except RB-20, RB-30, and RC-30 can be used as paving blocks and building bricks for
load-bearing structures. RB-20, RB-30, and RC-30 are not acceptable as paving blocks but
are suitable internal building bricks with non-load-bearing structures.

3.5. Ultrasonic Pulse Velocity

UPYV is a non-destructive testing technique that can predict various properties of
concrete based on the time of ultrasonic waves passing through an object. Figure 9 shows
the UPV test results. The measured UPV of the concrete mixtures with recycled materials
was in the range of 3194 m/s to 3498 m/s, while that of the reference mixture was 3459 m/s.
As the replacement ratio increased to 10%, 20%, and 30%, the UPV of the RB mixtures
decreased to 3301 m/s, 3267 m/s, and 3212 m/s, and that of the RC series decreased to
3405 m/s, 3305 m/s, and 3194 m/s, respectively. Conversely, the UPV of the RG series
gradually increased to 3412 m/s, 3439 m/s, and 3498 m/s, showing a trend opposite to
that of the RB and RC.
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Figure 9. Ultrasonic pulse velocity of concrete with different waste blocks.

The UPV result can be related to various properties of the concrete mixture. As
observed in Figure 10, UPV decreases with decreasing unit weight. In general, the low
unit weight is due to the low density and porosity of the materials, and the pores in
the concrete reduce the transmission rate of ultrasonic waves. Therefore, the UPV of
denser concrete tends to be higher. The coefficient of determination (R?) between the
unit weight and UPV of the prepared mixtures was 0.8386, indicating a good correlation.
Additionally, in Figure 10b, UPV shows a strong correlation with compressive strength
(R? = 0.8748), indicating that UPV can be used for predicting the compressive strength of
concrete mixtures containing RB, RC, and RG.

3600 3600
23500 2 3500 ®
? ] _.--o ? o,v"..O
§3400 o .0 § 3400 o2

R2=0.8748

2 R2=0.8386 8
23300 ° .o £ 3300 o "o
Q 0 9 - e
Z 3200 - 2 3200 .
= F=}
5 5

3100 3100

2100 2120 2140 2160 18 23 28 33

Unit weight, kg/m? Compressive strength, MPa
(@) (b)

Figure 10. Correlation between ultrasonic pulse velocity and unit weight (a), compressive strength (b).

4. Discussion

The experimental investigations conducted in this study showed that different waste
paving blocks had different effects on the properties of concrete mixtures. Within 30%, as the
replacement ratio of RB and RC increased, the properties deteriorated, while the properties
of mixtures with RG were gradually improved. The experimental results obtained in this
study can be attributed to the characteristics of the old waste blocks used to manufacture
the new concrete block and brick. Figure 11 shows the relationship between the properties
of the waste blocks (x-axis and see Table 2) and the properties of new concrete products
containing the waste blocks (y-axis, see Table 4). As provided in Table 2, specific gravity,
compressive strength, and flexural strength increase in the order of brick block, concrete
block, and granite block waste, while water absorption increases in the reverse order. It
is obvious that the characteristics of these wastes affect the properties of the concrete
containing them. For example, as shown in Figure 11a—c, the unit weight, compressive
strength, and flexural strength of new concrete products increase in the order of RB, RC, and
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RG. Moreover, when the replacement ratio of RB and RC increases, these three properties
decrease, while when the replacement ratio of RG increases, the properties increase. The
water absorption of concrete increases in the order of RG, RC, and RB, which is proportional

to the absorption capacity of the waste blocks.

. 2160 .30
S 5
= ° = 8
<] o ° o
2 2140 o S 25 o RG
5 RG % & o
G g7 o
o & o 7 9 ° @
= < 2120 o 2520 RC
b oo Z & RB
= RB® ©10% 020% o30%|f £ = 010% ©20% ©30%
Z 2100 Re g 15
22 23 2.4 2.5 2.6 27 © 0 50 100 150
Specific gravity of waste block Compressive strength of waste block. MPa
(a) (b)
9 . 8
& 4 s o °
° g 8 8 g 67
£8 RG g e k
o) < Q &g RB
557 & 5.2 o
z —g (o] o § § 6 8 fo)
586 8§ RC =70 . RC
z 5 .
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©

Water absorption of waste block., %
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Figure 11. Correlation between properties of old waste blocks and properties of new concrete
products: (a) unit weight; (b) compressive strength; (c) flexural strength; (d) water absorption.

The results obtained clearly showed that the characteristics of the recycled materials
influence the properties of the new concrete, and therefore the ‘average effect’ arising
from the centralized disposal of waste should be taken into account. The average effect
of using different wastes has been observed in the literature. For example, in the study of
Kechagia et al. [26], the 28-day compressive strength of concrete mixed with 20% marble
dust and 20% recycled glass, respectively, was 51.5 MPa and 45.2 MPa, but when the given
materials were mixed by 10% simultaneously (i.e., 10% marble dust and 10% recycled glass),
the compressive strength was 50.7 MPa, showing an average effect. Kolawole et al. [27]
reported that the mechanical and durability properties of concrete mixed with bamboo
leaf ash and ground clay brick by 5% at the same time were lower than when the given
materials were used individually by 10%. Therefore, if possible, it is necessary to prevent
the ‘average effect’ through the selective demolition and treatment of waste.

5. Practical Application

Many previous studies have found that various types of waste can be recycled as raw
materials for concrete, and concrete mixtures containing recycled materials are generally
more economical and environmentally friendly than traditional concrete. Although these
recycled concretes are used in actual structures, some societies are still reluctant to use
recycled products [28]. Therefore, it is essential to constantly strive to find ways to reuse
and recycle waste for various uses in real life. Figure 12a shows an example of the reuse
of demolished paving blocks as retaining walls and steps. As in this example, where
appearance is less important, waste paving blocks can be reused without recycling. This
reuse has the advantage of saving the resources and energy consumed in the production of
new blocks and recycling of old blocks, but waste blocks that are severely damaged cannot
be utilized. Figure 12b is an example of using cut-concrete building bricks as a finishing
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material in the form of a tile for internal columns. After construction, there is little external
force, hence the strength and durability of concrete products are relatively less required.
These concrete products can be considered one solution for applying large amounts of
recycled materials.

Figure 12. Reusing (a) and recycling (b) wastes.

6. Conclusions

In this study, the feasibility of recycling waste paving blocks which are commonly used
in Korea into new paving blocks and building bricks was investigated, and the following
conclusions can be drawn:

e  Dartial replacement of natural sand with RB and RC reduced the properties of concrete
mixtures (unit weight, compressive strength, flexural strength, water absorption) with
the increased replacement ratios;

e  Atareplacement ratio limited to 30%, the addition of RG improved the properties of
the concrete mixtures except for water absorption. Exceptionally, the water absorption
increased with an increase in the RG replacement ratio, which appears to be due to the
finer particle size of RG;

e  UPV can be used to predict the compressive strength of concrete mixtures containing
RB, RC, and RG, showing a coefficient of determination of 0.87;

e  Asareplacement for fine aggregate, all concrete mixtures made of RB, RC, and RG
with a replacement ratio of up to 30% met Korean Industrial Standards under different
conditions of use.

The main tests of concrete adopted in this study were limited to those specified in
Korean Industrial Standards. Compared with recycled material-free concrete, concrete
containing old recycled materials such as brick, granite, and concrete may have different be-
havior; thus, more comprehensive studies including durability performance are suggested
for further research.
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