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Featured Application: This research provided maximum replacement levels of several recycled
materials for concrete paving block, and a reference data for the further investigation about the
concrete paving block mixed with multiple types of recycled materials.

Abstract: Recycled aggregates have been widely studied and used in concrete products nowadays.
There are still many waste materials that can be used as recycled aggregates other than crushed
concrete particles. This paper aims to study the property variations of sustainable concrete paving
block incorporating different contents of construction wastes. Five different types of waste materials
were used in this project, including: recycled concrete coarse aggregate (RCCA), recycled concrete
fine aggregate (RCFA), crushed glass (CG), crumb rubber (CB), and ground granulated blast furnace
slag (GGBS). According to the test results of the properties of blocks mixed with different levels of
wastes materials, it is concluded that adding both RCCA and RCFA in the block can decrease its
strength and increase the water absorption. The suggested replacement levels for RCCA and RCFA
are 60% and 20%, respectively. Mixing crushed glass in the concrete paving blocks as a type of coarse
aggregates can improve the blocks’ strength and decrease the blocks” water absorption. Addition of
crumb rubber causes a significant deterioration of blocks” properties except for its slip resistance.

Keywords: recycled concrete aggregate; crumb rubber; crushed glass; compressive strength; tensile
splitting strength; water absorption

1. Introduction

In China, the construction industry has developed rapidly since late 1990s [1]. High-rise buildings
are established, and the old buildings are demolished at the same time. Due to the irreplaceability of
concrete in the construction industry, large quantities of concrete were used in the past two decades,
and this situation leads to the generation of large volumes of construction waste [2]. Using recycled
demolished concrete as the aggregate in the new construction products can reduce the utilization of
the limited nature resource and reduce the environmental burden at the same time.

Relevant studies about using construction wastes in concrete products were investigated by
many researchers. Concrete products that incorporates recycled materials can help minimize the
CO;, footprint and potable water usage via the avoidance of using raw materials. Therefore, concrete
containing waste material is generally regarded as a type of “sustainable concrete”. In this case,
studying on the maximum possible amount of recycled materials in concrete, and extending the types
of waste materials that can be used in concrete are important in the sustainable concrete research area.

Appl. Sci. 2019, 9, 1197; d0i:10.3390/app9061197 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
http://www.mdpi.com/2076-3417/9/6/1197?type=check_update&version=1
http://dx.doi.org/10.3390/app9061197
http://www.mdpi.com/journal/applsci

Appl. Sci. 2019, 9,1197 20f15

In early 1985, Ravindrarajah and Tam [3] studied the effects of using recycled-concrete aggregate
instead of natural aggregate. In recent years, many researchers have studied the impact of using
different types of recycled aggregates on the properties of concrete products. Not just crushed concrete,
some other common construction wastes, such as crushed clay bricks, are used as recycled-aggregate [4].
In general, using recycled aggregates instead of natural aggregates in concrete will reduce the strength
of concrete products [3-5]. As one type of concrete product, blocks are usually composed of 85%-90%
fine coarse aggregates and fine aggregates, mainly small limestone particles and sand [6].

Construction wastes not only refer to recycled concrete aggregates, which contain crushed
concrete, crushed bricks, and granites, but also contain wasted glass, wood, plastic, and rubber [7].
In order to utilize the crushed glass as aggregate, and produce the concrete incorporating recycled
glass, the experiments to incorporate glass waste in concrete have been carried out since the 1960s [8].
Rubber is considered as a type of recycled aggregate that can be used in concrete [9-13]. In general,
the research studies suggested that the amount of rubber shall not exceed 25% of the total aggregate
volume [11-13]. Furthermore, as a commonly found industrial waste material, ground granulated
blast furnace slag (GGBS) is also investigated as a material to replace some of the cement during the
concrete products’ manufacturing [14].

There are no strict requirements on strength and durability for concrete paving blocks, and such
products are easy to manufacture and to cure [15]. Besides compressive strength and tensile splitting
strength, the water absorption, abrasion resistance and slip resistance of blocks are also important
properties for concrete paving blocks [15,16]. The performance requirements for concrete paving
blocks are summarized and shown in Table 1, according to British standard BS EN-1338: 2003 [15]
and Chinese standard GB 28635-2012 [16]. The common size of concrete paving blocks is 200 mm x
100 mm x 60 mm. In that case, recycled aggregates can be used to replace either coarse aggregates
or fine aggregates. However, the aggregate crushed value is usually lower than natural aggregates.
The utilization of recycled aggregate made from crushed concrete in paving blocks has been studied by
many researchers. Soutsos et al. [6] investigated the use of recycled demolition aggregate in producing
concrete paving blocks. It is recommended that, in order to ensure that the strength of recycled concrete
block is as same as those blocks that only contain natural aggregates, the replacement level of recycled
masonry-derived coarse aggregates shall not exceed 60%. In addition, using those recycled aggregates
as fine aggregates, the replacement level shall not go beyond 40%. Recycled rubber particles were
also used as fine aggregates in precast concrete paving blocks. Silva [10] studied the properties of
concrete tactile paving blocks made with recycled tyre rubber. The study also incorporated GGBS in
the blocks as cement replacements. It was found out that using a certain amount of GGBS to replace
cement can increase the compressive strength and tensile splitting strength of concrete blocks [17].
Atici and Ersoy [18] evaluated the effect of replacing the cement with GGBS on interlocking paving
blocks, and the replacement levels of GGBS used to replace the cement in their research ranged from
10% to 60%. The test results show that the compressive and tensile splitting strength increase with
the curing period increasing, and the best strengths are obtained when the GGBS replacement level is
ranging from 20% to 60%.

This research aims to investigate the properties” variations of sustainable concrete paving block
incorporating different contents of construction wastes. Up to now, recycled materials, such as crumb
rubber and crushed tempered glass, are rarely used in industry to replace the natural fine and coarse
aggregate in manufacturing concrete paving blocks. Furthermore, the most current research about
recycled concrete paving blocks does not cover the block’s abrasion resistance and slip resistance.
In this research, five different types of waste materials were used to replace the coarse aggregates,
fine aggregates or cement in the concrete mixture with a 28-day target mean strength of 30 MPa. For the
concrete paving blocks mixed with waste materials, five material properties such as compressive
strength, tensile splitting strength, water absorption, abrasion resistance and slip resistance were
investigated. Those results were compared with the related standard requirements to obtain the
maximum replacement levels of recycled materials used in this study. Furthermore, the test results
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provided a reference data for the further investigation about the concrete paving block mixed with
multiple recycled materials.

Table 1. Requirements of each property for different national codes.

Provert Recommended Value (BS EN-1338: Recommended Value
perty 2003 [15]) (GB 28635-2012 [16])
Dimension tolerance (block
thickness < 100 mm):
- Length +2.0 mm +2.0 mm
- Width +2.0 mm +2.0 mm
- Thickness +3.0 mm <2.0 mm
Strength performance:
} Compressive streneth C30: Average strength > 30.0 MPa
P & Any individual strength > 25.0 MPa

Average strength > 3.6 MPa

) Tensile splitting strength Any individual strength > 2.9 MPa

Weather resistance:

- water absorption <6.0% for Class 2 <6.5%

Abrasion resistance:

No performance measured for Class 1

- Maximum groove 23.0 mm for Class 3 <32.0 mm
20.0 mm for Class 4
Slip resistance >60 BPN >60 BPN

“BPN” is a unit for slip resistance, which is short for British Pendulum (Tester) Number.

2. Experimental Program

2.1. Materials

The materials used in this series of experiments are listed as follows: natural coarse aggregate,
natural fine aggregate, ordinary Portland cement, RCCA (contain crushed concrete, small amount of
crushed stone and crushed bricks), RCFA, CR, CG, and GGBS. Figure 1 shows the recycled wastes
used in this experiment. Table 2 shows the information of the construction wastes, which contains the
size range, the source of each material listed in the table. The detail properties of GGBS provided by
the supplier are shown in Table 3.

(b) () (d)
Figure 1. Recycled wastes. (a) RCCA; (b) RFCA; (c) crumb rubber; (d) crushed glass; (e) GGBS.

Table 2. Size range and sources of construction wastes.

Materials Size Range Source
Recycled concrete coarse aggregate ~ 5.0-25.0 mm Crushed concrete
Recycled concrete fine aggregate 0.1-4.0 mm Crushed concrete
Crumb rubber 1.0-2.0 mm Recycled tires

Crushed glass 5.0-25.0 mm Crushed toughened glass
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Table 3. Properties of ground granulated blast furnace slag (GGBS).

. . National Code

Properties Unit Results GB/T-18046 [19]
Density g/cm? 2.940 >2.80

Specific surface area m?/ kg 455.000 400.00-500.00

Mass loss on ignition Y% 0.600 <3.00
MgO percentage % 9.910 <14.00
503 percentage % 1.825 <4.00
cl1 percentage Y% 0.012 <0.06
Water percentage % 0.010 <1.00
Activity index (7 days) Y% 90.000 >75.00
Activity index (28 days) % 98.000 >95.00

2.2. Mix Proportion

In this project, the original mix proportion was designed according to the “mass method” in
Chinese standard JG]55-2011 [20]. The particular mix proportions for this series of experiments are
shown in Table 4. The range of replacement levels for each recycled material was determined as follows:

Recycled concrete coarse aggregate, or RCCA for short, is one of the most common recycled
waste used for recycled aggregate concrete (RAC) products. According to the previous articles
and experiments’ results, five replacement percentages of RCCA were selected in this experiment.
The concrete paving blocks which were cast by replacing the natural coarse aggregate with
different replacement levels of 20%, 40%, 60%, 80%, and 100% [21] by weight of the total coarse
aggregate content.

Recycled concrete fine aggregates (RCFA) were also considered as a type of recycled wastes
to be used in this experiment. Unlike the RCCA, previous researchers and experimental results [6]
indicated that a high replacement level of RCFA would lead to a sharp decline of concrete product’s
properties. The limitation of the replacement percentage of RCFA was suggested as 30% [22]. Therefore,
the replacement levels of RCFA in the experiment were determined as 10%, 20% and 30%.

Both crumb rubber (CR) and crushed glass (CG) were barely used as aggregates in the concrete
paving blocks. Therefore, several trial experiments were undertaken to estimate the ranges of
replacement levels. Due to the rubber particles having strong rebound resilience [23], the specimens
cannot maintain the original dimensions after being taken out from the brick making machine if the
rubber content is too high, considering which the replacement levels of CR were selected as 1%, 2%,
and 3%. Similarly to RCCA, crushed glass was also used to replace the coarse aggregates in the blocks.
According to the previous articles and trial test results [24], the final replacement levels of CG were
decided as 10%, 20%, 30% and 40%. GGBS was used to replace the cement with replacement levels
selected as 30%, 50% and 70% according to the previous test results [14,25].

In Table 4, “RL” represents “replacement level”, “NCA” represents “natural coarse aggregate”,
and “NFA” represents “natural fine aggregate”. The replacement levels of RCCA in the experiment
were determined as 20%, 40%, 60%, 80%, and 100%, labeled as RCCB-X, with “X” indicating the
replacement level of RCCA in the blocks. The replacement levels of RCFA in the experiment were
determined as 10%, 20%, and 30%, labeled as RCFB-X. The replacement levels of CB were selected as
1%, 2%, and 3%, and labeled as CRB-X. The replacement levels of CG were decided as 10%, 20%, 30%,
and 40%, and named as CGB-X. The replacement levels of GGBS were selected as 30%, 50%, and 70%
and labeled as GGBS-X.

2.3. Specimens Preparation

The specimens were designed as concrete paving blocks with typical dimensions. Figure 2
demonstrates the process of manufacturing the concrete paving blocks in this project. The whole
procedures, including preparing the concrete mixture, casting concrete paving blocks and curing,
were in accordance with the actual industrial production standards by using a small scale brick-making
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machine as shown in Figure 3 with maximum pressing force of 80 kN. Before the casting phase, all the
materials used in the experiments were completely dried in the oven for 24 h. At the concrete mixture
preparation phase, water was added after the coarse aggregates, cement, and sand mixing in the mixer
for two minutes, and then the whole materials were mixed for another three minutes. For one batch of
the concrete mixture, the total mass was 60 kg for casting 20 concrete paving blocks. For one batch
of blocks (20 blocks), five specimens were used to test the compressive strength, five specimens for
tensile splitting strength, and the other three for water absorption, slip resistance tests, and abrasion
resistance [15]. After casting, all the specimens were cured in a thermostatic chamber for 28 days until
testing. The temperature in the chamber remained at 20 & 2 °C, and the humidity was controlled at
50% by the temperature and humidity controller.

Table 4. Mix proportions (kg/m?) of concrete paving blocks.

Mix RL Water Cement NCA NFA RCCA RCFA Rubber Glass GGBS

RCCB-0 0% 152 380 959 959 0 0 0 0 0
RCCB-20 20% 152 380 767 959 192 0 0 0 0
RCCB-40 40% 152 380 575 959 384 0 0 0 0
RCCB-60 60% 152 380 384 959 575 0 0 0 0
RCCB-80 80% 152 380 192 959 767 0 0 0 0
RCCB-100 100% 152 380 0 959 959 0 0 0 0
RCFB-10 10% 152 380 959 863 0 96 0 0 0
RCFB-20 20% 152 380 959 767 0 192 0 0 0
RCFB-30 30% 152 380 959 671 0 288 0 0 0
CGB-10 10% 152 380 863 959 0 0 0 96 0
CGB-20 20% 152 380 767 959 0 0 0 192 0
CGB-30 30% 152 380 671 959 0 0 0 288 0
CGB-40 40% 152 380 575 959 0 0 0 384 0
CRB-1 1% 152 380 959 949 0 0 10 0 0
CRB-2 2% 152 380 959 940 0 0 19 0 0
CRB-3 3% 152 380 959 930 0 0 29 0 0

GGBS-30 30% 152 266 959 959 0 0 0 0 114

GGBS-50 50% 152 190 959 959 0 0 0 0 190

GGBS-70  70% 152 114 959 959 0 0 0 0 266

Coarse aggregate Fine aggregate
(including NCA, RCCA, (including NFA, RCFA, Cement and GGBS
cG) J CR)

Dry in the oven for (24+0.5)

hours, temperature maintain Cooling to room

100 °C. temperature

Put all the materials in a
mixer. mixing for Smins

l

Compact concrete
mixture into blocks by
brick making machine

2 mins after mixing Water
-«

A4

Curing blocks on one
shelf in a thermostatic

chamber for 28 days

Figure 2. The process of manufacturing the concrete paving blocks.
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Figure 3. Full view and detailed images of the brick making machine. (a) hydraulic brick
making machine; (b) two moulds for deforming the concrete paving blocks; and (c) baseboard for
load application.

2.4. Experiments

As the essential component of the concrete mixture, the properties of different types of raw
material were tested, including sieving analysis [7] and aggregate water absorption [26].

The blocks’ strength tests and coarse aggregates’ aggregate crushed value test were conducted on
a compression testing machine as shown in Figure 4a. In order to obtain the compressive strength of
blocks, the applied load on the pedestal was controlled by force under a constant rate of 3 kN /min,
and, for the tensile splitting test, the rate was 0.1 kN/min with reference to BS EN 1338: 2003 [15].

Slip resistance was measured using pendulum friction test equipment as shown in Figure 4b.
Specimens were adjusted to ensure the contact surface was horizontal before testing. Water absorption
of blocks was also determined in accordance with BS EN 1338: 2003 [15]. Blocks were immersed in
water at a temperature of 20 + 5 °C for three days before testing.

Abrasion resistance of blocks was tested by a special test machine: CM-B type unglazed brick
abrasion testing machine. Figure 4c shows the image of the testing machine. According to BS EN 1338:
2003 [15], the “wide wheel abrasion test” method was selected in this series of experiments.

Figure 4. Test equipment in this series of experiments; (a) compression testing machine; (b) pendulum

friction test equipment; (c) unglazed brick abrasion testing machine.



Appl. Sci. 2019, 9, 1197 7 of 15

3. Results and Discussion
3.1. Aggregates’ Properties

3.1.1. Sieve Analysis

The sieving analyses’ results of different aggregates used in this experiment are shown in Figures 5
and 6. Based on the comparison of sieve analysis results between NCA and RCCA, it is clear that the
RCCA contained a much higher percentage of aggregates whose sizes were less than 5 mm. Most of
those aggregates were the small pieces of crushed concrete and dust.

According to Figure 6, comparing the NFA result and RCFA results, it is easy to observe that the
RCFA contained higher percentages of particles with a size less than 0.15 mm. Most of those particles
were soil particles and dust.

—&—Recycled coarse aggregate Natural coarse aggregate
100 I "
)
= 1 |
5 80 i
S |
i 2 60 } /
on = T
S 20 | 2
5 |
E | oY
0.01 0.1 1 10 100
Sieve Size (mm)

Figure 5. Sieving analysis of NCA and RCCA.

—&o—Recycled fine aggregate ~ —@— Natural fine aggregate
100
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ol LI s
, | "

80 i
|
i
|
/1 |
T
|
|
|
g

Percentage Passing of the
Aggregate (%)

40

20 / |
O‘V—V_Y_V_‘a‘_!‘/vlvn T — 11Tt
0.01 0.1 1 10 100

Sieve Size (mm)

Figure 6. Sieving analysis of NFA and RCFA.
3.1.2. Aggregate Water Absorption

The water absorptions of different coarse aggregates are shown as below in Table 5.
The results confirmed that the RCCA had a higher porosity than the NCA, which led to a stronger
capability to absorb water while the crushed glass particles had almost zero water absorption [27].
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Table 5. Water absorption of aggregates.

Types of Aggregates Water Absorption of Aggregates
Natural aggregate 1.53%
Recycled concrete coarse aggregate 6.28%
Crushed glass 0.00%

3.2. Dimensions

All the concrete paving blocks in this series of experiments were checked against the nominal
dimension of 200 mm x 100 mm X 60 mm, and the error of each side was less than 2 mm. Figure 7
shows the front and side faces of one concrete paving block.

(a) (b)

Figure 7. Front and side faces of one concrete paving block. (a) plan view of a concrete paving block;

(b) lateral view of a concrete paving block.

3.3. Compressive Strength

Figure 8 shows the relationship between the different replacement levels of materials and the
compressive strength of specimens. It is clear that all the replacement materials had an adverse effect
on the concrete paving blocks” compressive strength except the crushed glass, which maintains a higher
performance in compressive strength with the increase in the percentage of crushed glass. Specimens
mixed with RCCA maintained a stable compressive strength until the replacement level reached 40%.
The compressive strengths reached 41.07 MPa, 38.04 MPa, and 40.38 MPa when replacement levels were
0%, 20%, and 40%, respectively. After the replacement level exceeding 40%, the compressive strength
decreased in an almost linear fashion from 40.38 MPa at 40% to 21.04 MPa. According to BS EN 1338:
2003 [15], the compressive strength of concrete paving blocks shall be equal to or higher than 30 MPa.
The specimens with replacement level higher than 60% were unable to meet the specification [16].
According to Figure 8, the specimens mixed with CG had higher compressive strengths than the one
mixed with natural coarse aggregate when the replacement levels of crushed glass increased from
10% to 40%. The strength peaked to the highest value, 43.45 MPa, at the replacement level of 20%.
Specimens with RCFA and crumb rubber as a replacement of fine aggregates have lower compressive
strength compared to specimens without any replacement. When the mass content of crumb rubber
in the block increased from 1% to 3%, the compressive strength sharply drops from 31.27 MPa to
21.00 MPa. With regard to RCFA, the reduction of compressive strength was from 32.51 MPa to
23.00 MPa with the replacement level changed from 10% to 30%. The compressive strength of blocks
mixed with GGBS kept the same level, nearly 40 MPa when the replacement levels were 0%, 30%,
and 50%, respectively. However, the strength sharply decreased to 31.06 MPa when the GGBS content
reached 70%.
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Figure 8. Relationship between the different replacement levels of materials and the compressive
strength of specimens.

3.4. Tensile Splitting Strength

Figure 9 demonstrates the relationships between the replacement levels and the tensile splitting
strength of concrete paving blocks for various types of waste materials. Specimens mixed with RCCA
had an even higher tensile splitting strength of 11.73 MPa at a replacement level of 20%. However,
the tensile splitting strength decreased in an almost linear trend from 11.73 MPa to 8.80 MPa when the
replacement level increased from 20% to 80%. The lowest splitting tensile strength is 6.37 MPa with
100% RCCA in the specimen. A positive effect on the blocks’ tensile splitting strength was observed
when crushed glass was used as the replacement for coarse aggregates. The overall tendency was
that the tensile splitting strength kept increasing with the replacement level varying from 10% to 40%
and reached the highest value of 12.79 MPa at 40%. When the replacement level was 30%, the tensile
splitting strength was only 12.45 MPa. However, this value was still higher than the blocks mixed with
natural aggregates (11.34 MPa). The tensile splitting strength of the blocks mixed with RCFA declined
directly from 10.80 MPa to 7.41 MPa as the replacement level rose from 10% to 30%. Similar to the
trend observed for the compressive strength, the tensile splitting strength of specimens containing
recycle rubber also remarkably declined with the increase of replacement level. It reached the lowest at
5.53 MPa when the crumb rubber’s content is 3%. The tensile splitting strength of blocks mixed with
GGBS maintained the same level (12.81 MPa and 13.06 MPa) when the replacement levels rose from
30% to 50%. However, when the percentage of GGBS increased to 70%, the tensile splitting strength
was only 9.53 MPa.



Appl. Sci. 2019, 9, 1197 10 of 15

—_
I~

m Concrete block m Concrete block mixed 18

—
-

M Concrete block mixed
mixed with RCCA 2 with RCEA 16 with CG

—_ =1

=12 2 14
s 210 =
;10 = = 12
o g = 8 210

B 8 2
% 6 Z 6 z 8

2 2 @ 6
e = st L = RS B e e == | 2 4
ER) &, R B B e B
2 27 2 2
Fo Zo Z o0
& 0% 20% 40% 60% 80% 100% B 0% 10% 20% 30% = 0% 10% 20% 30% 40%

Replacement level (%0) Replacement level (%0) Replacement level (%)
(a) (b) (c)
14 18
Concrete block Concrete block

=12 mixed with CR = 16 mixed with GGBS
£ I S
210 I < I I
= =12
=3 =11} I

8 5
5 I s 10 I
P I ;n 8
g 4 E 6
I e e e =
o o 4 NN .
22 3 2
20 2o

0% 1% 2% 3% 0% 30% 50% 70%
Replacement level (%0) Replacement level (%)
(d) (e)

Figure 9. Relationship between the different replacement levels of materials and the tensile splitting
strength of specimens.

3.5. Water Absorption

According to Figure 10, it is clear to observe that, for the blocks mixed with RCCA, RCFA, and
crumb rubber, the increase in the replacement levels of those materials increases the specimens’ water
absorption. Compared with samples without any replacement (with 3.89% water absorption), the
specimens mixed with RCCA and RCFA maintained similar water absorption of 3.91% and 3.90%,
at the replacement levels of 20% and 10%, respectively. The value reached the peak of 7.60% and 4.87%,
respectively, while the replacement levels were 100% and 30%. The water absorption of blocks sharply
rose with the increase of crumb rubber content in the blocks. With only 3% crumb rubber mixed in the
blocks, the water absorption reached 6.02%. Crushed glass is one of the materials that can reduce the
water absorption when it was mixed into blocks. The values of water absorption ranged from 3.50%,
3.24%, 3.65% and 3.72% while the replacement levels were 10%, 20%, 30%, and 40%, respectively.
All the results were lower than that of the control group at 3.89%. Addition of GGBS also helped
reduce the block’s water absorption. The water absorptions of samples that contained 30% and 50%
percentage of GGBS were 3.58% and 3.77%, respectively. When the replacement level of GGBS peaked
to 70%, the water absorption value increased to 4.26%, which is smaller than the standard requirement
at 6.0% [15].

3.6. Abrasion Resistance

7

Figure 11 demonstrated the relationship between materials’ replacement levels and the blocks
maximum groove lengths that were obtained from abrasion resistance tests. According to the British
standard BS EN 1338: 2003 [15], the higher value of groove length represents a lower performance
of block’s abrasion resistance. In general, all the samples’ test results were higher than 23 mm,
which fall short according to the standard requirements for class 3 blocks [15]. The impacts of different
replacement levels of materials on the samples” abrasion resistance are shown in Figure 11.
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Figure 10. Relationship between the different replacement levels of materials and the water absorption
of specimens.
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Figure 11. Relationship between the different replacement levels of materials and the maximum groove
lengths of specimens.

The measured groove length of the blocks mixed with natural aggregates was 29.34 mm. For the
RCCA, when the replacement level changed from 0% to 40%, the length decreased straight from
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29.34 mm to 25.58 mm. Then, with increasing content of RCCA, the value of groove length also started
to rise and peak at 35.73 mm. A low percentage of RCFA can increase the blocks” abrasion resistance.
The value of groove length dropped from 28.74 mm to 28.14 mm when the content of RCFA changed
from 10% to 20%. Then, at a 30% replacement level, the length returned to 28.81 mm. To sum up,
adding RCFA in the concrete mixture had a relatively positive impact on the blocks” abrasion resistance,
and the impact was not significant. For the CG, the values of groove lengths were 29.55 mm, 29.33 mm,
28.12 mm, and 29.77 mm when the replacement levels were 10%, 20%, 30%, and 40%, respectively.
The abrasion resistance only had a sharp increase at 30%. The variation of abrasion resistance of
the blocks mixed with different percentages of GGBS was significant. At a 30% replacement level,
the groove length was only 24.49 mm, which was the lowest in this series of experiments. The value of
length rose to 25.98 mm when the replacement level was 50%, and that result was still much lower than
29.34 mm (replacement level: 0%). However, at a 70% replacement level, the result peaked at 30.23 mm.
For the blocks mixed with CR, the groove length was very high (30.96 mm) at a 1% replacement level,
then declined to 29.02 mm at 2%, and finally reduced to 28.36 mm at 3%.

3.7. Slip Resistance

Figure 12 shows that relationships between the blocks’ slip resistance and materials’ replacement
levels. In general, the blocks mixed with the waste materials had a lower slip resistance than the blocks
made with natural aggregates.
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Figure 12. Relationship between the different replacement levels of materials and the slip resistance
of specimens.

The slip resistance of blocks mixed with natural aggregates was 90.38 BPN. For the RCCA, the slip
resistance sharply decreased to 79.50 BPN when the replacement level was 20%. The slip resistance
increased and was maintained at 84.00 BPN, 83.80 BPN, and 86.00 BPN when the replacement levels
of RCCA were 40%, 60%, and 80%, respectively. The value decreased to 80.30 BPN with a 100%
replacement level of RCCA. The slip resistance of blocks mixed with RCFA also had a significant
reduction when the replacement level was 10%. When the replacement levels increased to 20% and
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30%, the corresponding slip resistance increased to 87.92 BPN and 87.11 BPN, respectively. For blocks
utilizing CG, the values of slip resistance slightly fluctuated from 85.33 BPN to 86.08 BPN when the
replacement levels changed from 10% to 30%. When the replacement level increased to 40%, the slip
resistance had a sharp decline to 80.20 BPN. The slip resistance of block mixed with CR did not change
too much compared with the block mixed with other recycled materials. The values were 89.17 BPN,
85.75 BPN, and 87.75 BPN when the replacement levels increased from 1% to 3%. A reduction of slip
resistance can also be observed when the cement replaced by GGBS in the concrete paving blocks.
The value decreased from 87.58 BPN to 81.75 BPN when the replacement level of GGBS increased
from 30% to 50%. At the 70% replacement level, the slip resistance increased to 82.92 BPN. However,
the standard derivation of the average value at this point was higher than the standard derivations of
other results in this group.

3.8. Discussion

According to the test results, it is obvious to note that replacing either coarse aggregate or fine
aggregate with different waste materials can influence block’s properties. Furthermore, different types
of waste materials have different effects on various properties. By observing the section of crushed
blocks mixed with different recycled coarse aggregates, RCCA and CG, it can be noticed that the coarse
aggregate particles maintained their shapes after blocks crushing, which proves that the failure was
due to the failure of mortar. By comparing the aggregate properties among NCA, RCCA, and CG, the
biggest physical difference between those aggregates is the aggregate water absorption. Since the mix
proportion was designed with “Mass method,” the aggregates should be totally dry before casting.
In that case, the RCCA particles would absorb more free water, and the cement hydration reactions
would be more inadequate compared with the reactions in the block mixed with NCA and CG. Hence,
increasing the replacement level of RCCA would lead to the strengths decreasing of concrete paving
block’s. The block’s water absorption increases for the same reason. Furthermore, due to fact that
the crushed glass particles have a smaller water absorption value than the natural coarse aggregates,
replacing the NCA with CG would lead to the strengths increasing and the water absorption decrease
of concrete paving blocks.

The same phenomenon was also observed for the blocks mixed with NFA and RCFA. According
to the sieve analysis result, the RCFA contained a larger amount of dust than NFA. This dust
can absorb free water and reduce the cement hydration reactions in block, and then decrease the
block’s compressive strength and tensile splitting strength, as well as lead to the increase of the
water absorption.

Compared with other recycled aggregates, crumb rubber particles have an extremely small
elastic modulus. In that case, when the concrete mixtures were cast into blocks under pressure,
the crumb rubber particles deformed and such deformation is recovered after taking the blocks out
of moulds. This recovering deformation causes volume expansion (especially on the surfaces of
one block), which contributes to the decrease of block’s compressive strength and tensile splitting
strength, as well as the increase of the water absorption. In addition, there is a potential alkali-silica
reaction for blocks mixed with glass. As presented, the block mixed with 40% crushed glass has higher
compressive strength and tensile splitting strength than the block mixed without crushed glass at
28 days. An addition batch of blocks mixed with 40% crushed glass are stored in the laboratory for the
purpose of long-term investigation.

4. Conclusions

According to the experiment results in the properties of concrete paving blocks mixed with
different types of recycled wastes, the following conclusions can be drawn:

e Using RCCA as coarse aggregate for concrete paving blocks can lead to a significant decrease of
both compressive strength and tensile splitting strength, and also increase the water absorption of
the concrete paving blocks. The abrasion resistance test results indicate that more than 80% RCCA
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replacing the natural coarse aggregate can have a negative impact on the abrasion resistance. In
order to meet the standard requirements, the replacement level of RCCA shall be less than 60%.
As a recycled waste used to replace the fine aggregate in the blocks, RCFA has an adverse effect
on the compressive strength and tensile splitting strength of concrete blocks. Plus, a higher
percentage of RCFA also leads to higher water absorption of concrete paving blocks. Nevertheless,
adding RCFA in the blocks do not have a negative effect on the block’s abrasion resistance. To sum
up, in order to meet the standard requirements, the replacement level of RCFA shall be less
than 20%.

Replacing the coarse aggregate with crushed glass (CG) can enhance the strength of concrete
paving blocks. With the replacement level ranging from 10% to 40%, all concrete paving blocks
mixed with crushed glass had higher strength and lower water absorption than the blocks mixed
with natural aggregates. When the replacement level of crushed glass is at 20%, the concrete
paving blocks have the highest compressive strength and lowest water absorption. The tensile
splitting strength of concrete blocks mixed with crushed glass reached the maximum value when
the replacement level was 40%. Furthermore, the highest performance of the block’s abrasion
resistance was observed when the replacement level of CG was 30%.

With an increasing amount of crumb rubber in the concrete paving blocks, there is not only a
sharp decrease of compressive strength and tensile splitting strength, but also a rapid increase
of the water absorption. Adding crumb rubber can also lead a slightly reduction of the block’s
slip resistance. Although the value of groove length keeps decreasing while the content of CR
increasing, the average value of groove length is still very high. To sum up, the crumb rubber is
not recommended to replace the fine aggregates of concrete paving blocks.

Replacing cement with a certain content of GGBS is proved to have a positive effect on the block’s
properties. Considering the variation of compressive strength, tensile splitting strength and water
absorption, 30% and 50% replacement levels of GGBS have an almost equal positive impact on
those properties. The blocks with 30% GGBS that replaced cement have a higher performance of
abrasion resistance than the one with 50% GGBS. Furthermore, using GGBS to replace 70% cement
in the concrete mixture turns out to be harmful to the block’s five properties that were tested in
this experiment. In general, the replacement level of GGBS shall be equal to or less than 50%.
This series of experiments and test results provide a large amount of reference data for the further
investigation about the concrete paving block mixed with multiple recycled materials. In order to
ensure the block mixed with multiple recycled materials could meet the standard requirements,
the replacement levels of each recycled materials can be considered as: RCCA 0% to 60%; RCFA:
0% to 20%; CG: 0% to 40%; GGBS: 0% to 50%.
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