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1.

2.

INTRODUCTION

CIC appointed the research team led by the Principal Investigator Prof.
Chi-sun POON of the Hong Kong Polytechnic University (PolyU) to
conduct the research, namely “Promoting the Use of Recycled Aggregates

Derived from Demolition Waste in Concrete” in July 2019.

The original project period was 24 months after the commencement date
on 24 July 2019. Due to temporary closure of the PolyU in late 2019 and
the COVID-19 outbreak, the Com-ENV approved a 2-month and a 3-
month project extension respectively. The completion date is therefore

extended to 23 December 2021.

In this final report, the main findings of the research are briefly

summarized.

RESEARCH OBJECTIVES

Different novel enhancement techniques for treating recycled aggregates

will be developed;

The fundamental mechanisms of these enhancement techniques for

optimization will be unraveled;

Enhance the properties of precast/cast in-situ concrete prepared with

treated recycled aggregates;

Life cycle cost and quality of recycled aggregates and the new products

will be compared with existing construction materials;

The research end products (structural precast, non-structural precast or
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ready mixed concrete and others) and their market demand and value in

relation to local construction industry will be evaluated;

e The supply chain will be assessed with assistance of local companies and
organizations in government, including production of good quality recycled

aggregates, transportation and storage by manufacturers;

e Suggestions on amendment of the existing specifications will be given for
implementation in public and private works in association with

governmental partners.

3. RESEARCH METHODOLOGY

In the research application, the technical roadmap of the proposed project is

illustrated in Figure 1.

Recycled aggregates

Chemical and physical |
Characterization +

Engineering properties

Relation between physico-chemical changes and
engineering properties

AL
4 N\

Development of 3 novel Understand mechanism of
treatment techniques enhancement

- J
Y

Mechanical, durability and micro-mechanical properties of
recycled aggregate concrete

Figure 1 Technical roadmap of the project
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Part I: Developing accelerated CO2-curing coupled with lime-soaking technique

The aims of this part are to (1) study the
influence of characteristics of recycle €O, flue gas

concrete aggregate (RCA) on carbonation I
efficiency when subjected to accelerated i Egéﬁ
CO> curing coupled with limewater soaking S
process as shown in Figure 2, (2)
investigate the microstructural evolution of
RCA after this treatment for optimization.

CO, curing

Figure 2 CO.-curing coupled with
lime-soaking technique

Part II: Developing modified nano-particle treatment technique

Ca(OH), £

The aims of this part are to (1) Moo

develop a modified nano-

|
particle material for the ——'\/ D g Poreblocking
treatment of RCA as shown in — | & hydrophobic
Figure 3; (2) study the | Modified nano particles ! treatment
microstructure  development : —
of the treated recycled RCA surface Treated RCA surface

aggregates for optimization.
Figure 3 Modified nano-particle materials

for the treatment of RCA

Part Ill: Developing microbiological modification treatment technique

The aims of this part are to (1) optimize the microbial carbonate precipitation (MCP)
method as shown in Figure 4, (2) enhance the properties of RCA by covering the

surface of RCA and filling the pores in terms of efficient MCP.

- Precipitation

(NH,),CO + 2H,0 = CO;* + 2NH,*
22 2 3 4

Bp.cell + Ca™ = Bp.cell - Ca®*

Bp.cell - Ca™™ + COy = Bp.cell - CaCO;

"‘* ITTTTIREITETTIAIT TR RVEAAMAY

4 S 6 7 8 9

Figure 4 Microbial carbonate precipitations in recycled aggregates

Part IV: Performance of recycled aggregate concrete and structural concrete
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elements

Batches of concrete mixtures are e prepared with natural aggregates, RCA and the
treated RCA by using the above techniques. Engineering properties of the concrete

mixtures are determined in terms of mechanical and durability properties.

4. RESEARCH ACTIVITIES FOR DEVELOPMENT OF DIFFERENT TREATMENT

TECHNIQUES

4.1 COLLECTION AND CRUSHING OF CONSTRUCTION AND DEMOLITION

WASTE

The collection of construction and demolition waste for this project was carried out
from a CEDD sorting plant, a local recycler and a real demolition site as shown in
Figure 5. After crushing in Figure 6, recycled aggregates were obtained for

preparing recycled aggregate concrete for this research.

Figure 5 Collection of construction and demolition waste
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Crushing by hand

Ewse g for RCA(I)-CEDD
(a) RCA(I)-CEDD to 20-50mm (b) RCA(Il)=Tiostone
(50-200mm, ~300kg) (20-40mm, ~500kg)

i ./’
@ [ i
— i

4

Crushing RCA by

‘ :/ lab machine

| L o RCA after process (a) RCA-CEDD (b) RCA-Tiostone
L A o (5-20mm)

Figure 6 Crushing of construction and demolition waste to recycled aggregates

4.2 PERFORMANCE OF RCA AND RAC TREATED BY CO2 AND NANO-SILICA

In this section, the major results are listed while more detailed experimental results

can be found in the publications as appendices of this report.

4.2.1 PHYSICAL PROPERTIES OF RCA AFTER TREATMENTS

The physical properties of RCA before and after five different treatment methods are
shown in Table 1. The results showed that after using all these treatment methods,
the water absorption decreased, the dry particle density increased. Moreover, the
change of water absorption was more significant than that of dry particle density.
Among three carbonation treatment method, using the pressurized carbonation
caused the highest decrease in water absorption and increase in dry particle density.
The use of nano-silica (NS) spraying method only gave rise to small decrease in
water absorption. The combined pressurized carbonation with the NS spraying

method brought about larger decrease in water absorption than the single
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pressurized carbonation or NS spraying method.

Table 1 Physical properties of RCA before and after treatments

Size of Water absorption (%) Dry particle density (g/cm?)
Treatment method RCA , )

(mm) Before After Decreasi Before After Increasing

treatment treatment ng rate treatment treatment rate

Flow-through 5-10 7.71 7.02 8.9% 2.190 2.219 1.3%
carbonation 10-20 6.82 6.39 6.3% 2.216 2.233 0.8%
Pressurized 5-10 7.76 6.64 14.4% 2.207 2.257 2.3%
carbonation 10-20 6.40 5.64 11.9% 2.252 2.292 1.8%

5-10 7.83 7.41 5.3% 2.192 2.203 0.5%

Water carbonation 10-20  6.99 6.70 4.1% 2216 2.228 0.5%

5-10 7.83 7.54 3.6% 2.192 2.215 1.0%

NS spraying 10-20  6.99 6.79 28% 2215 2234  0.9%

Microbiological

modification 520  8.22 7.39 10.1%  2.318 2.389 3.0%
treatment
Combined 510 7.76 6.45 16.8%  2.207 2.254 2.1%
pressurized
carbonation with NS 10-20 6.40 5.48 14.4%  2.252 2.293 1.8%
spraying

4.2.2 COMPRESSIVE STRENGTH OF RAC

The 28 days compressive strength of the eight groups of concrete are shown in
Figure 7. It showed that the compressive strength of NAC was 33.2% higher than
that of RAC with non-treated RCA (RAC-non). After using the assessed treatments
methods, the compressive strength of RAC can be increased by different extents.
Among different types of carbonation treatment methods, the pressure carbonation
method was the best one in enhancing the compressive strength. When using the
pressure carbonation on RCA, the compressive strength of RAC was increased by
9.1%, while the increasing rate were 3.9% and 3.3% respectively for the use of flow-
through carbonation and wet carbonation. After using the NS spraying treatment
method, the compressive strength of RAC was enhanced by 10.2%, which was
higher than using carbonation treatment methods. Especially, when using the method
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of combined pressurized carbonation with NS spraying, the increasing rate of the
compressive strength of RAC reached to 20.7%, which was much higher than that

using PC-method or NS-method separately.
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Figure 7 Compressive strength of hardened concretes

4.2.3 ELASTIC MODULUS OF RAC

The elastic modulus of the seven groups of concrete is shown in Figure 8. It can be
found that the elastic modulus of RAC was significantly reduced when compared with
that of NAC. The reduction rate was even higher than that of compressive strength.
Generally, the elastic modulus of RAC was increased after using the assessed
carbonation treatment methods, but the magnitude of the increase was less than 3%.
When using the NS spraying method, the elastic modulus of RAC was increased by
7.6%, which was higher than using the carbonation treatment methods. After using
the method of combined pressurized carbonation with NS spraying, the elastic
modulus of RAC was further increased and the increasing rate reached to 10.0%,
which was higher than that using the pressurized carbonation or NS spraying
separately. In addition, the magnitude of the increase in elastic modulus of RAC was
much lower than that of compressive strength, indicating that the influence of the

carbonation treatments and NS spraying treatments on elastic modulus of RAC was
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less obvious than compressive strength.
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Figure 8 Elastic modulus of hardened concretes

4.2.4 RATE OF WATER ABSORPTION OF HARDENED CONCRETE

The rate of water absorption due to capillary force of the unsaturated concrete is an
important index of concrete durability. Higher absorption rate means inferior durability.
The initial and secondary absorption rates of the seven groups of concrete are shown
in Figure 9. It showed that the initial and secondary absorption rate of NAC was
48.9% and 61.1% lower than that of RAC prepared with the untreated RA (RAC-non).
The rate of water absorption reduced after using the studied treatment methods.
Among three carbonation treatments, the pressurized carbonation method caused
largest reduction, while the water carbonation led to the lowest reduction. After using
the NS spraying, the absorption rate of RAC showed a similar reduction with the
pressurized carbonation, but the magnitude of reduction was still much lower than
that of NAC. Additionally, when adopting the method of combined pressurized
carbonation with NS spraying, the absorption rate of the corresponding RAC (RAC-

PCNC) was significantly reduced, which was even close to that of NAC.
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Figure 9 Rate of water absorption of hardened concretes

4.2.5 CHLORIDE PENETRATION RESISTANCE OF HARDENED CONCRETE

The charge passed of the concrete is a parameter to reflect its chloride penetration
resistance, which is another important index of concrete durability. Higher charge
passed means lower chloride penetration resistance. The chloride penetration
resistance of the seven groups of concrete is shown in Figure 10. It can be found
that the charge passed of RAC with the untreated RCA (RAC-non) was much higher
than that of NAC. After using RCA treatment methods, the charge passed of RAC
can be reduced with different extents. Among the three carbonation treatment
methods, the flow-through carbonation and pressurized carbonation were better in
improving the chloride penetration resistance of RAC. When using the single NS
spraying treatment method, the charge passed of RAC only decreased by 3.8%.
However, when the combined pressurized carbonation with NS spraying method was
used, the charge passed of RAC showed a much significantly reducing, the

decreasing rate was reached to 24.4%.
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Figure 10 Chloride penetration resistance of hardened concretes

4.2.6 CARBONATION RESISTANCE OF HARDENED CONCRETE

The carbonation depth of concrete is an indicator to assess its carbonation
resistance. Lower carbonation depth means better carbonation resistance. The
photos of the seven groups of concrete subjected to 28 days carbonation after
spraying phenolphthalein solution are shown in Figure 11. According to the color, it
can be found that in the inner part of RACs which had not been carbonated, many
carbonated RCA particles were observed when using flow-through carbonation,
pressurized carbonation and combined pressurized carbonation with NS spraying.
However, no obvious carbonated RCA particle was observed after using water

carbonation.
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() RAC-PCNS

Figure 11 Photos of concretes subjected to 28 days carbonation after spraying
phenolphthalein solution.

The 7 days and 28 days carbonation depths of the seven groups of concrete are
shown in Figure 12. The results showed that the 7 days and 28 days carbonation
depths of RAC-non were much higher than that of NAC. After using flow-through
carbonation and pressurized carbonation, the 7 days carbonation depths of RACs
were further increased. That is because the RCAs have been carbonated already,
which increased the average carbonation depth when the carbonation depth was

small. However, the 28 days carbonation depths of these RACs were lower than that
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of RAC-non. That is because the RCAs were densified after carbonation, which
reduced the penetration rate of CO.. In contrast, the 7 days and 28 days carbonation
depths of RAC-WC were both reduced compared to RAC-non. That is because only
the surface layer of the RCA was carbonated after using water carbonation. At the
same time, a lot of nano-CaCO3 particles were formed on the surface of RCA, which
can densify the new ITZ. As a result, the penetration rate of CO2 was reduced. In
factor, it is similar to the NS spraying method, of which the new ITZ can be
significantly enhanced by the NS particles. That is why the 7 days and 28 days
carbonation depths of RAC-NS were similar to that of RAC-WC. For the PCNS-
method, the 7 days carbonation depths of RAC-PCNS were higher than RAC-non
because of the carbonated RCA, but the 28 days carbonation depths of RAC-PCNS

were lower than RAC-non.
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Figure 12 Carbonation resistance of hardened concrete

4.3 PERFORMANCE OF MICROBIOLOGICAL-TREATED RCA AND RAC

Sporosarcina pasteurii (DSM No. 33) was chosen for the microbial induced
carbonate precipitation (MICP) as shown in Figure 13. The culture media was

composed of 20 g/L tryptone, 5 g/L NaCl, and 20 g/L urea. The experimental process
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was conducted as follows: the prepared RCA was modified with different MICP

precipitation methods; RAC was then cast using the modified RCA. The compressive

strength and micro properties of RAC were experimentally tested to reveal the

modification mechanism.

Adding calcium
(7 chloride all at

once

—Top surface

Adding calcium
Vs chloride in four

separated batches

Adding concrete
_b]UCkEi saturated with

bacteria

4 Culture media =
+ calcium
chloride

B Culture media

Culture medium
+ calcium ion

«+  Bacteria

Concrete cube

Figure 13 Schematic diagrams of precipitation methods: (a) Precipitation

method 1, (b) Precipitation method 2, (c) Precipitation method 3.

4.3.1 WATER ABSORPTION BEFORE AND AFTER MICP MODIFICATION

Figure 14 shows the water absorption of RCA by different MICP methods. It was

found that the precipitation method 2 can reach a higher reduction in water

absorption compared to other methods. Static and rotation modifications did not

influence the water absorption obviously.

Water absorption without rotation (%)

9.0

Precipitation

method 1

- Before modification
-Aﬂer modification

Precipitation Precipitation
method 2 method 3
(a)

9.0
8.5
s.n—f
75
m-f

6.5

Water absorption with rotation (%)

6.0

Precipitation
method 1

- Before modification
-After modification

Precipitation Precipitation
method 2 method 3
(b)

Figure 14 Water absorption before and after modification (a) static; (b) Rotation
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4.3.2 COMPRESSIVE STRENGTH OF MRAC

Figure 15 shows the compressive strength of RAC with untreated RCA (CRAC) and
with the treated RCA by MICP (MRAC). It was found that after MICP treatment, the
compressive strength of MRAC was increased from 49.3 MPa to 52.4 MPa. This was
attributed to MICP filling the pores on the surface, which might enhance the

properties of ITZ.

60-
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£ ] 52.4
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CRAC MRAC

Figure 15 Compressive strength of CRAC and MRAC
4.3.3 ITZ PROPERTIES OF MRAC

Two different types of ITZs were measured, including ITZ 1 between the original
natural aggregate and the new mortar, the ITZ 2 between the old mortar and the new
mortar, as shown in Figure 16. Figure 17 shows the mean values of the
microhardness of two types of ITZs. It can be noted that original ITZ 2 was lower than
that of ITZ 1. After the MICP treatment, there was no obvious change, in which most
bacteria were absorbed. These bacteria induced the formation of MICP, enhancing
the properties of ITZ2. While for ITZ 1, little bacteria were absorbed in surface of the

natural aggregate, therefore no obvious improvement was found.
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Figure 17 Mean values of microhardness of two types of ITZs

4.4 APPLICATIONS OF RAC IN FINAL PRODUCTS

4.4.1 Production of U-channels, road Kerbs and drain covers

Based on the above research results, the research team worked with a local
precast company (Jetco Engineering (HK) Limited) to collect concrete debris a
demolition site, produce recycled concrete aggregates and precast concrete
products, including road kerbs and U-channels as shown in Figure 18. It was found
that these products can be successfully produced by using the NS-treated RCA and

they can also attain the required performance for application.
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Figure 18 Application of treated.RCA in RAC prducts of road kerbs, drain

covers and U-channels

4.4.2 Eco-shoreline seawater blocks (CEDD)

In order to further use RCA in real applications, Figure 19 shows the production
process of eco-shoreline seawater concrete blocks using recycled aggregates. It was
found that using 100% of RCA, eco-shoreline seawater concrete can be designed

with good properties and it can be eventually applied in real applications.
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Figure 19 Production process of eco-shoreline seawater blocks
4.4.3 Low-pH sea-sand seawater eco-engineered seawall panels (LCF)
Liaised with SLO, CEDD, a type of low pH concrete has been designed in the
laboratory and it will be used to produce rocky Eco-shoreline seasand block as

shown below in Figure 20.

Figure 20 Example of eco-shoreline concrete panel
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5. MARKET DEMAND IN RELATION TO LOCAL CONSTRUCTION INDUSTRY

Recycled coarse aggregates are categorized based on their properties.
Recommendations are given for the use of different categories of recycled coarse
aggregates in concrete for various concrete products and applications. Consideration
for the use of recycled coarse aggregates in concrete and mortar is taken in two main
streams: structural and non-structural; engineering and architectural.

For structural applications, recycled coarse aggregates with properties meeting the
requirements stipulated in CS3: 2013 can be used for production of concrete for
structural use with the limitations given in Works Bureau Technical Circular 12/2002:
“Specifications Facilitating the Use of Recycled Aggregates” issued on 27 March
2002. In the designed mix proportions for concretes with strength grades C20 or
below, 100% replacement of the coarse aggregates by recycled coarse aggregates is
allowed. Whilst, for concretes with strength grades above C20 but not exceeding C35,
20% replacement is allowed. Although recycled concrete aggregates are allowed in
some European countries for use up to concretes with strength grade C45, their use
in concretes with strength grades over C35 is prohibited in Hong Kong at the moment.
Following the growing trend of adopting medium to high strength concretes (C45 or
above) in structural designs, recycled coarse aggregates are only confined to limited
applications such as blinding or minor structures (e.g., planters) for ready mixed
concretes and non-structural units (e.g., road kerbs, seawall blocks, etc.) for precast
concrete fabrications. Based on the Works Bureau Technical Circular 12/2002 as
mentioned above, recycled fine aggregate is prohibited for use in structural concrete.

To broaden the applications of recycled aggregates, thoughts beyond structural
concrete should be explored. Different nominal sizes of aggregate are used as filler

materials in concretes, mortars, grouts for various structural and non-structural
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applications including ready mixed concretes, precast concrete products, mortars for
architectural use, grouting materials, etc. For products with structural applications,
there may be more stringent requirements for mechanical strength and durability, but
these properties are less important for products only for non-structural and
architectural applications. In this regard, exploration for the use of recycled coarse
and fine aggregates in non-structural and architectural applications, other than
ordinary concrete, may be a way worth-considering to broaden their outlet channels.
Possible applications of recycled coarse and fine aggregates are discussed in the

following.

5.1 STRUCTURAL APPLICATIONS

5.1.1 READY MIXED CONCRETE

Ready mixed concrete is the main supply source for concrete used in building and
construction works. In recent years, concretes of strength class at or below C45
become less and less and are only used for minor works or blinding use. Taking in
account the average annual consumption of ready mixed concrete of around 6.5
million cubic meter and the portion of C20 or below is around 5% of the total
consumption, the annual demand for concrete at strength class of C20 or below will
be around 325,000 cubic meters and the demand for coarse aggregate is around
260,000 tonnes. Considering the fact that there is only about 20% of the ready mixed
concrete batching plants have the storage and batching facilities to accommodate
recycled coarse aggregate, about 52,000 tonnes of recycled coarse aggregate can
be potentially consumed annually in this outlet. Since most of ready mixed concretes
are required to follow the requirements in the General Specification, recycled fine
aggregate cannot be used. Meanwhile, the portion of C35 to C45 is assumed about
10% of the total consumption.
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5.1.2 STRUCTURAL PRECAST UNITS

Structural precast concrete units include facades, staircase, slabs, cubical units, etc.
for building works and bridge segments, tunnel segments, etc. for civil works. These
precast concrete units do not only require medium to high strength class of concrete
(>C45), but also require relatively large piece of land space for production and
storage. In addition, the required labour intensity is also very large. In this regard,
basically all the precast factory manufacturing structural precast concrete units are
set up in the Mainland. On the one hand, due to the relatively high strength class
used in these precast concrete products, the use of recycled concrete aggregates is
basically prohibited in the current specification. On the other hand, the requirements
for large land space and labour intensity also do not allow the setting up of precast
factories for these products in Hong Kong to consume the locally produced recycled

aggregates.

5.2 NON-STRUCTURAL APPLICATIONS

5.2.1 PRECAST CONCRETE UNIT FOR NON-STRUCTURAL USE OR FOR
MINOR WORKS

In building and constructions works, there are demands of various precast concrete
units (e.g., road kerbs, paving blocks, lightweight blocks, dry walls, counterweights,
etc.), with no or little requirements. In precast concrete fabrication, influence of the
higher water absorption rate on workability loss of concrete is not as hazardous as
ready mixed concrete due to relatively short haul distance within precast concrete
fabrication factories. Although there is not any relevant official statistics, it is assumed
that the portion of concretes having strength class of C20 or below is about 10,000
cubic meters. It is also assumed that most of all of the precast units with strength

class of C20 or below are not for structural use, recycled fine aggregate can also be
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used in the concrete mix. In this regard, considering that the total aggregates per
cubic meter of concrete is in the order of 1.7 Tonnes, the potential consumption of
recycled aggregate (100% replacement), both coarse & fine, is about 10,000 x 1.7 =
17,000 tonnes while around 11,000 tonnes is for recycled coarse aggregate and
6,000 tonnes is for recycled fine aggregate. It is also assumed that the precast units
with strength class above C20 is about 10,000 cubic meters, only recycled coarse
aggregate can be used with 100% replacement as proposed. Taking that the average
quantity of coarse aggregate in the concrete mix is in the order of 1.1 tonnes per
cubic meter, the potential demand for recycled coarse aggregate in this portion is
about 10,000 x 1.1 = 11,000 tonnes.

Since most of the precast concrete units are fabricated in the Mainland, there are
practical difficulties and economic concerns for transferring local recycled aggregates
in Hong Kong to precast concrete factories in the Mainland for production.
Nevertheless, for those minor precast units such as road kerbs, paving blocks, dry
walls, etc., the land space required for production and storage of finished products is
not as large as structural precast units (e.g., facades, staircases, etc.). In addition,
automation can be largely introduced into the production process to reduce the
requirement for labour intensity and land space. If this can be done and if the Hong
Kong Government can offer some support to the recycling industry by providing
suitable land space, some production operations of these kinds of small precast
concrete units can be flowed back in Hong Kong and consume the locally produced
recycled aggregates.

5.2.2 DRY MORTAR PRODUCTS

Dry mortar is a collective name for various kinds of mortar products using
cementitious binder, fine aggregates and some functional additives as the main

ingredients developed and manufactured for different applications in building and
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construction works. Since there is less structural and/or durability concern with dry
mortar products, acceptance for incorporating recycled aggregates in lieu of virgin
aggregates is much relaxed. In dry mortar products, render, plaster and screed
materials have the least demand for mechanical strength, except the tensile adhesive
strength for eliminating risk of detachment from substrates. In addition, these
products require thixotropic properties that the viscosity of the mortar is able to
increase within a short period of time in order to achieve anti-sagging properties for
plaster/render materials and low consistency properties for screed materials for
adjustment of fall directions. In this regard, the expected higher water absorption of
recycled fine aggregate becomes a beneficial characteristic although it increases the
water demand of the mortar for achieving the consistency suitable for machine spray,
which is the commonest application method for plaster and render materials
nowadays. Since mechanical strength is not the main concern for plaster, render and
screed materials, higher cementitious content to cover the higher water content is not
always required or at least not as demanding as concrete for structural use. Local
consumption of plaster, render and screed materials for building and construction
projects in Hong Kong, excluding those in the retail market for small renovation works,
is in the order of around 300,000 tonnes (approximately 170,000 m3) per annum. This
accounts for a potential demand for fine aggregate of approximately 210,000 tonnes

per annum.

5.3 SUMMARY OF THE POTENTIAL DEMAND OF RCA

Based on the statistics speculated above, the potential demands of recycled

aggregates are summarized in Table 2 below.
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Table 2 Estimated potential demand of recycled aggregates

Demand for recycled
Market aggregates (Tonnes)
Item | Concrete Product demand ggreg
(m?)
Coarse Fine
1. Ready mixed concrete (< C20) 325,000 52,000 --
5 Ready mixed concrete (C35- 650,000 104,000 _
C45)
Non-structural precast
3. concrete units (< C20) 10,000 11,000 6,000
Non-structural precast
4. concrete units (> C20) 10,000 11,000 -
5. Dry Mortar (plasters & renders) 170,000 - 210,000
Total: 178,000 216,000

6. COST ANALYSIS AND QUALITY CONTROL OF RECYCLED AGGREGATE

The manufacturing process for virgin aggregates is rather conventional and the

processes involved is listed below in Figure 21.

Drilling & Blasting

< Quarry trucks

Primary Crushing

Conveyor belt

v

Secondary Crushing

Conveyor belt

Tertiary Crushing

< Conveyor belt

A 4

Sieving & Separate Stockpiling

Figure 21 Workflow in quarries for manufacturing virgin aggregates
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e Cost of locally produced natural aggregate by considering quarrying,

screening, crushing and sieving.

After collection of relevant market information both in Hong Kong and the Zhujiang

Delta, the main components and their cost in the production operations, including

labour, equipment maintenance, power consumption, fuel, stockpiling, etc., of

concrete aggregates are tabulated in Table 3 below. The costs stated here include

only the direct costs of the production operations and the costs for initial quarry

formation, equipment set up and rock resources are not included.

Table 3 Typical cost composition for production of aggregates from virgin

rock in a quarry

Process Approximate Cost Remark
market cost | converted
to HKS$/T
Drilling, blasting and HK$25/m?3 HK$10/T | Based on the price of explosives at
breaking large explored ~HK$40,000/T. Costs for formation
boulders to < 0.8m in of platforms & accesses are not
diameter included.
Chiseling large boulder HK$10/m3 HK$4/T -
after blasing to < 0.8m
and loading to quarry
truck by wheel
loader/backhoe
Transportation of HK$10/T HK$10/T | Assuming the distance between the
boulders from quarry quarry face is about 2 km away from
face to primary crusher the primary crusher.
by quarry trucks
Primary, secondary & HK$15/T HK$15/T | Power consumption cost in HK is
tertiary crushing taken into account. The
maintenance cost for equipment is
based on equipment set associated
with the Primary Crusher Model:
AVJ 912 manufactured by
Guangzhou Municipality Hua Qian
Quarry Heavy Machineries Co., Ltd.
Sieving HK$4/T HK$4/T --
Total: HK$43/T

Note: Source of information: Lotti Construction Materials Co., Ltd. (HK) & Hui Jin

Quarry Products Co., Ltd. (Mainland)
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e Cost of the imported natural aggregate from mainland China.

As a result of numerous factors, both economical and policy related, the price of
aggregates in Guangdong Province and those exported to the Hong Kong market
has risen by 80 — 100% in year 2021 up to the current price in the range of
HKD180 — 200 per ton delivered to Hong Kong ports.

e Cost of production of coarse recycled aggregate (different types
proposed in specification) using the traditional processing method and
cost of the treated recycled aggregate by spraying micro-silica
suspension.

A typical workflow for the production process of recycled concrete aggregate is

exhibited in Figure 22. The workflow and the associated production cost are

expected to be similar for Type I, Il & lll recycled coarse aggregates in the

proposed specification.

Mixed C&D Waste
after pre-sorting

,,,,,,,,,,,,,,,,, | Sorting: Hand

roTTTTT P e | —’ Puete

} I blowers
I
|
I
| !
I . -
| Vibrating Fine waste > :
I I | ‘ screen ‘ ‘ (<5mm) ‘ Pubrc fil
im:nmdroboﬂc | ! | O ___] ____
| sorting platform } | | ﬁ,,,,}, ,,,,,, I }
} | ! Jaw crusher } | Advance | = ———--——- |
”””” R | @5 mm) | | sorting system | ——»| Sorted ||
! | | | (eg9.ADR) | | waste |
| 1 el LT |
} | I v !
w | | Sorting: Hand DT T ! ‘
L » | Plcking and air | | Fineinert | |
! blowers “ aggregates ! |
,,,,,,,,,,,,,,,,,, | TTTTTTmmo |
| e |
Cone Crusher
M
l —_— ‘ SM ‘—» Ferrous metals
Screen unites
<5mm ‘ ‘ 510 mm ‘ ‘ 10-20 mm ‘

Figure 22 Typical workflow for production of recycled aggregate

27|Page



Typical cost composition of turning the inert C & D materials to concrete aggregates
is listed in Table 4.

Table 4 Typical cost composition for production of recycled aggregates from C

& D wastes
Process Estimated Cost Remark
cost converted

to HKS$/T
Sorting of hard HK$10/T HK$10/T | C & D materials containing
cores from incoming more than 50% by weight of
inert C&D inert construction waste
materials
Secondary & tertiary | HK$10/T HK$10/T | Primary crushing is not
crushing required.
Sieving HK$4/T HK$4/T | --
Total: HK$24/T | Untreated recycled aggregate

HK$34- | Treated recycled aggregate

44/T

Note: There is an estimated additional cost of HK$10-20/T for treatment of recycled
coarse aggregates for reducing its water absorption rate by using nano-silica
suspension.

Source of information: Lotti Construction Materials Co., Ltd. (HK) & Hui Jin Quarry
Products Co., Ltd. (Mainland)

¢ Quality of Recycled Aggregates

It is the conception of many engineers that recycled aggregates have poorer quality
than virgin aggregates and will affect the durability of the resulted concrete, although
the required strength is achieved. Most engineers are also lack of confidence
whether the concretes using recycled aggregates can achieve the quality
requirements including the prime parameter of compressive strength in a consistent
manner. Albeit there had been a number of construction works in early 2000’s
completed with concretes using recycled aggregates including some schools and the
prestigious Wetland Park project, most engineers are still not able to grasp the
experience with concretes using recycled aggregates. By borrowing the experience

in early 2000’s, specifying in government contracts is the fastest way to promote and

encourage the use recycled aggregates in concretes, at least in the initial stage.
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The performance of concretes using recycled aggregates in more pilot projects will
surely inspire confidence of engineers for more intensive use.

Recycled aggregates obtained from construction projects such as tunnel boring, site
formation, etc. in which the raw material (rocks) is just similar to that of an ordinary
quarry site have similar properties as virgin aggregates. However, recycled
aggregates obtained from construction and demolition (C & D) wastes may contain
hardened cement paste, broken bricks, tiles, etc., which may have higher absorption
rate causing higher water demand than virgin aggregates for achieving the required
workability or incurring faster workability loss after mixing but before casting. To
combat this possible shortcoming of recycled aggregated obtained from C & D
wastes, the conventional method is to increase mixing water in the concrete mix
proportion, while the total quantity of binder materials is also increased to maintain
the same or similar water/binder ratio, or to employ higher dosage of water reducing
agent with better workability retention ability. The Hong Kong Polytechnic University
has categorized recycled coarse aggregates into three types based on their
properties and has also developed a treatment method (HKPU Method) for reducing
the water absorptivity of recycled aggregates such that their increased water demand
in the concrete mix and more rapid workability loss can be suppressed to a minimum
without altering other mechanical and physical properties.

Conclusively, the quality of recycled aggregates depends on the origins from which
the raw materials, mainly hard cores or hardened concrete and other contaminated
building materials, are recycled. For hard cores obtained from sound rock
excavation in some civil projects (e.g., tunnel boring operation through sound rock
stratum), quality of the aggregates produced in the recycling process may not differ
from that produced from quarries with virgin rocks. In contrast, for the C & D wastes

obtained from building demolition works, there may complex combinations of the inert
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materials for recycling leading to wider range of quality performance for being used
as aggregates for concrete or mortar production. In this regard, it may be beneficial
to separate and categorized collected waste materials from different sources with
different congenital quality levels for the production of aggregates to be used in

concretes/mortars for different applications.

7. _CARBON EMISSION FACTOR OF RECYCLED PRODUCT BY CAT

The system boundary for recycled aggregates (both treated and untreated) was A1-
A4 in accordance with the Carbon Assessment Tool (CAT) method. For recycled
products (e.g. concretes), the system boundary was A1-A3 (which includes raw
materials production and supply, transportation to Hong Kong and then to the
batching plants, and the production of concrete at batching plants) according to the
CAT method.

The functional unit of recycled aggregates (both treated and untreated) was
considered as 1 tonne, whereas it was 1 m? for recycled product (e.g. concrete)

production. Table 5 and Table 6 list the mixture proportions of C40 and C20

concretes.
Table 5 Mixture proportions of C40 concrete
Materials Materials (kg/ m3)
C40(RCA-T) | C40(RCA-U) | C40(Nor)
OPC 364 364 364
Recycled coarse aggregates 1176 1176 1176
(RCA) (5-20 mm)
Natural fine aggregates (<5 mm) 661 661 661
Water 200 200 200
SP 4.93 4.93 2.00
Nano-silica 10.58 -- --
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Table 6 Mixture proportions of C20 concrete

Materials Materials (kg/ m3)
C20(RCA-T) | C20(RCA-U) C20(Nor)
OPC 297 297 297
Recycled coarse aggregates 1139 1139 1139
(RCA) (5-20 mm)
Natural fine aggregates (<5 mm) | 759 759 759
Water 205 205 205
Nano-silica 10.25 -- --

Table 7 therefore lists the carbon emission factor of recycled aggregate and recycled
aggregate concrete by CAT. Some main findings are given below:

e The calculation found that the carbon emission factor of untreated and treated
RCA was 0.011 kg CO2 eq/kg and 0.013 kg CO2 eq /kg, respectively.

e The LCA results show that about 439 kg CO. eq greenhouse gas emissions
was associated with C40 normal concrete, which is about 5% higher than that
of concrete produced with recycled concrete aggregates (RCA), for both
C40(RCA-T) and C40 (RCA-U) production regardless of the use of treated or
untreated RCA.

e The saving for C20 concrete produced with RCA is even higher (about 7%)
compared to that of normal concrete. Both C20 (RCA-T) and C20 (RCA-U)
saves about 20 kg CO2 eq emission than the normal C20 concrete.

e The CO: eq emission saving was not that high as the aggregates only
contribute to about 14% of the total emission, whereas about 84% by OPC (for
normal C40 concrete). For C20 concrete, aggregates only contribute to about

17% of the total emission.
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¢ |n addition to CO2 eq emission saving, both C40 and C20 concretes save
huge amount of natural aggregates (e.g. resource saving) due to the use of
high-volume RCA.
The results indicate that RCA treatment with nano-silica does not affect the carbon
emission significantly, as only 2 kg CO eq emission is induced by the RCA treatment
process (with nano-silica) for producing per m? of concrete (for both C40 and C20).

Table 7 Carbon emission factor of recycled product by CAT

Materials Unit CO2 eq

Recycled coarse aggregates 0.011 kg CO2 eq/kg
Treated recycled coarse aggregates by nano-silica 0.013 kg CO2 eq /kg
C40 prepared with natural aggregates 439 kg CO2 eq /m?®
C40 prepared with recycled coarse aggregates 416 kg CO2 eq /m?3

C40 prepared with treated recycled coarse aggregates 418 kg CO2 eq /m?3

C20 prepared with natural aggregates 369 kg CO2 eq /m3

C20 prepared with recycled coarse aggregates 343 kg CO2 eq /m3

C20 prepared with treated recycled coarse aggregates 345 kg COz eq /m3

8. SPECIFICATION RECOMMENDATION ON THE USE OF COARSE

RECYCLED AGGREGATE IN CONCRETE

A meeting has been arranged with the Standing Committee on Concrete Technology
of CEDD, with membership from all major government departments which uses
aggregates and concrete on 30" Dec 2021 to discuss the findings of this research.

The project team was actively preparing materials for this meeting so that the use of
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recycled aggregates was explained to the government stakeholders. Table 8 shows
recommendations on coarse recycled aggregates for use in concrete and concrete

products.

Table 8 Specification Recommendation on the Use of Coarse Recycled

Aggregate in Concrete

NAin RAin RA Testing
CS$3:2013 C53:2013°%> Type I Type O Type I method
Rc+Ru na. na =05% =00% =70%
Rb na. na 5% =10% <30%
BS EN
Ra na. na =1% 1% =1% 933-
11:2000
FL na =0.5%* < 2em/kg =2em¥kg < 2em’/kg
X+Rg na. <19** =1% 1% =1%
311 e
Grading Tabgéjl 1 Table3.1inCS3 Table 3.1 in CS3 Table 3.1 in CS3 Table31incss | %2 ?gm‘m
Max.
content of 4% 4% 29, 3% 4% C53 Section
Fines 10
(=0.075mm)
) Max.
2 content of na 50 5% 55 5% C53 Section
b sand 10
S | (4mm)
2 = -
S | Flakiness 30% 40% 40% 40% 40% €53 Section
s index 11
= Min. Oven- CS3 Sect
£ | doy Density 2000 2000 2300 2000 2000 - ;c ton
E (kg/m3)
= Max. W ater 0.8% 10% 50, 10% CS3 Section
3 absorption 17
Max 0.01%7 0.01%" 0.01%* 0.01%®
Chlogide 0.03%P 0.03%" 0.03%" 0.03%® CS3 Section
m;'t‘;m 0.05%¢ 0.05%F 0.05%¢ 0.05%F 21
No limit? No limit? No limit? No limit? No timit?
Max
Sulphate 1% 1% 1% 1% 1% cs3 f‘l’c“m
content -
Max. RA
= | Replacemen na 20% 100% 0% 100% 20% 100% 20% 100%
= t Ratio
= Not for Not for Not for N
= . - on-
= Use No limit water Non- water Non- water structur
2 condition - refaining | structure | retaining structure | retaining e
% structure stucture structure
- r =
Max. No limit 35MPa | 20MPa | 45MPa No 45MPa Mo 35MP3 No
strength Limit Limit Limit
Note:

Re- Concrete, concrete products, mortar, concrete masonry units.

Ru- Unbound aggregate, natural stone, Hydraulically bound aggregate.
Rb- Clay masonry units (i.e. bricks and tiles), Calcium silicate masonry units, Aerated non-floating concrete.
Ra- Bituminous materials.
FL-Floating material (less dense than water).

Rg- Glass.

X-  Other: Cohesive (i.e. clay and soil), Miscellaneous: metals (ferrous and nonferrous), non-floating wood, plastic and rubber,

Gypsum plaster.

* It consists of wood and materials less dense than water.

** Bituminous materials are included.

a: when used in prestressed concrete and heat-cured concrete containing embedded metal.

b: when used in concrete containing embedded metal and made with cement complying with BS 4027.

c: when used in concrete containing embedded metal and made with cement complying with BS EN 197-1 or combinations with ground
granulated blast furnace slag (GGBS) or pulverized-fuel ash (PFA).
d: when used in other concrete.

33|Page




9.

CONCLUSIONS AND WAY FORWARD

9.1 CONCLUSIONS AND RECOMMENDATIONS

Quality of recycled aggregates can be improved by the techniques developed
in this study;

Consideration for the use of recycled coarse aggregates in concrete and
mortar is taken in two main streams: structural and non-structural. Estimated
potential demand of recycled aggregates in the HK market is about 400,000
tonnesl/year;

The cost of locally produced and treated recycled aggregate is around HK$34-
44/T (excluding land, management and transport cost) which is lower than
that of the imported natural aggregate (HK$180 — 200/Tonnes);

Concrete products such as road kerbs, drain covers and U-channels have
been produced successfully by using the recycled aggregates in a small scale
local precast concrete company;

Carbon emission factors of recycled products based on the assessment
method of CAT have been calculated;

Proposals have been developed to revise current specifications on the Use of
Coarse Recycled Aggregate in Concrete ;

Specifying in government contracts is the fastest way to promote and
encourage the use recycled aggregates in concretes, at least in the initial
stage;

The performance of concrete using recycled aggregates in more pilot projects
will surely inspire confidence of engineers for more wider use;

To broaden the applications of recycled aggregates, thoughts beyond
structural concrete should be explored. For example, dry mortar products
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cover a wide range of pre-packaged building products for various non-
structural or mainly architectural applications such as render, plaster, patch-up

mortar, floor screed and other higher caliber materials.

9.2 WAY FORWARD

Figure 23 shows potential beneficiaries and potential benefits of the proposed
project. The research had been conducted closely with collaboration with local
recyclers (i.e. Tiostone Environmental Ltd., Government — Construction Ltd,
CEDD’s Waste Sorting Facilities) and users of RCA (i.e.: precast concrete
manufactures) for implementing the developed treatment techniques and reusing the
treated RCA in precast concrete components. Meanwhile, compared with the existing
specifications developed by Government, revision of the specifications on the Use of

Coarse Recycled Aggregate in Concrete has been proposed.

e [_ocal construction industries;
e Mainland construction industries;
e Other countries.

e Users of RCA;

e Government;

e HK community.

Long-term . {over10'years)
e Local C&DW recyclers; T
e Government;
o Construction companies; Mid-term . (4-10Years)
e Precast concrete manufactures.
l e Sustainable construction;

T . e Knowledge transfer to China;
e Saving natural resources;

Short-term @ (1-3 Years) Developing new policy;
e Saving landfill space.

e Green society.

e Enhancement of RCA’s properties;

e Maximising recycling rate ;

e Reducing disposal cost;

e Developing green construction technology.

Figure 23 Potential beneficiaries and potential benefits of the proposed project
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Other site trials can be further conducted after the completion of the project in
collaboration with relevant Government Departments to demonstrate the feasibility of

the developed techniques in real applications.
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The reuse of recycled aggregates (RA) for producing recycled aggregate concrete (RAC) is a promising way to
alleviate the environmental impacts and improve construction sustainability. Because of the inferior properties of
RA than natural aggregate, pre-treatments of RA are commonly considered to improve the performance of RAC.
In this study, three nano-silica (NS) treatment methods, i.e., pre-spraying plus air-drying, pre-spraying without

D
In?c:fg:ce air-drying and pre-soaking plus air-drying, were adopted and evaluated systematically by varying the dosage and
Microhardness the particle size of NS suspension. The mechanical properties and durability of RAC such as compressive strength,

elastic modulus, rate of water absorption and chloride penetration resistance were evaluated. For the micro-
structural assessment, the micro-hardness test was conducted to investigate the influence of these NS treatment
methods on the old mortar and the new mortar near the interface. The experimental results showed that the NS
pre-spraying treatments were superior to the NS pre-soaking method and the pre-spraying without air-drying was
the best in terms of the enhancement in mechanical properties and durability. The optimum dosage of NS sus-
pension for pre-spraying was 3% of RA by mass and a larger particle size of NS would be more effective. In
addition, the microhardness of both the old mortar and the new mortar near the interface were enhanced after
using the three NS treatment methods, and the microstructure enhancement of the latter played a more
important role for the enhancement of the performance of RAC.

1. Introduction

In recent decades, the construction industry has developed rapidly
especially in developing countries, resulting in the depletion of natural
resources and the generation of large amounts of construction and de-
molition waste. The production of recycled aggregate concrete (RAC)
that uses recycled aggregate (RA) to replace natural aggregate (NA) has
been promoted as an effective way to utilize construction and demoli-
tion waste and conserve natural resources. But there are still drawbacks
related to RAC when compared with natural aggregate concrete (NAC)
such as poorer mechanical properties and durability. Thus, RAC has
been mainly limited to non-structural uses at present [1]. In general,
compared with NA, RA has a lower density, higher water absorption,
higher porosity and more cracks [2-5]. As a result, RAC has relatively
inferior properties to that of NAC [6-10].

In order to facilitate the large-scale application of RAC, many tech-
niques have been developed to try to improve the properties of RA and
RAC. According to the classification and the proposed treatment method
in our previous study [11], these techniques can be classified into four

* Corresponding author.
E-mail address: cecspoon@polyu.edu.hk (C.S. Poon).

https://doi.org/10.1016/j.cemconcomp.2021.103963

categories: (1) Removal of the adhered old mortar in RA; (2) Strength-
ening the adhered old mortar in RA; (3) Enhancement of the interface
zone between RA and the new mortar of RAC; (4) Enhancement of the
new mortar of RAC.

The removal of old adhered mortar can improve the quality of RA
such as lower water absorption and higher density, leading to an
improvement in performance of RA as well as RAC. A variety of tech-
niques have been adopted to remove the adhered old mortar in RA, e.g.,
mechanical grinding [12,13], heat grinding [14,15], ultrasonic cleaning
[16] and pre-soaking in acid solutions such as HCI, H,SO4 and H3PO4
[17]. However, the associated disadvantages are increased energy con-
sumption, higher CO5 emission, higher amount of waste fines produced,
and the increased chloride and sulfate contents in RA due to acidic so-
lutions [4].

For strengthening of the adhered old mortar in RA, the physical
properties of RA can be improved. Currently, calcium carbonate pre-
cipitation in the old mortar of RA by acceleration carbonation method
[18-21] is one of most promising old mortar strengthening techniques.
By this method, calcium carbonate is precipitated in the pores where
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CO5 reacts with main cement hydration products, i.e., Ca(OH)y and
hydrated calcium silicate hydrate (C-S-H). Such calcium carbonate
filling effect may be also realized through the microbial carbonate
precipitation method [22]. Another method to strengthen the adhered
old mortar in RA is by immersing RA in a sodium silicate solution which
can significantly reduce the water absorption of RA [23], but this
method might increase the risk of alkali silica reaction because of the
introduced alkali.

The enhancement of the new interface zone between RA and the new
cement mortar is another way to improve the properties of RAC. This
can be realized by coating RA with a layer of polymer emulsion like
polyvinyl alcohol [24,25], cement slurry, pozzolan slurries like fly ash
and silica fume [26], and nano materials like nano-silica (NS) [27,28] by
pre-mixing or pre-soaking. Polyvinyl alcohol strengthens the RA by
filling the pores of RA and seals the surface of RA after solidified, and
also reduces water-to-cement ratio of the new interface zone [29].
Cement slurry and pozzolan slurries could fill the pores and voids of the
old adhered mortar and also react with Ca(OH), to form C-S-H gel [29,
30], leading to the enhancement of the adhered old mortar and the new
interface zone. Similarly, nano materials also have a filling effect in RA
and promote cement hydration process due to their high reactivity and
small size [31].

Rather than pre-treatment of RA, another treatment method aims to
improve the properties of new cement mortar with addition of a certain
amount of supplementary cementitious materials [32,33] or nano ma-
terials like NS [31,34] in RAC. That is because the supplementary
cementitious materials and nano materials could improve the pore
structures of the new cement paste due to the filling effect and pozzolan
reaction. It was reported the long-term mechanical properties and
durability of RAC could be improved by incorporating fly ash [32], the
compressive strength of RAC can be improved to equal or exceed that of
NAC by adding fly ash or silica fume as a fine aggregate replacement
[33], and the mechanical properties and durability of RAC could be
improved by incorporating a certain amount of nano-materials [35].

As stated above, NS has been adopted as a surface treatment material
or supplementary cementitious material to improve the properties of
RAC. It was reported that these NS treatment methods can improve the
mechanical properties and durability of RAC [31,34-38]. In some
studies, the compressive strength of RAC after NS treatment can be
similar to or even higher than that of NAC [31,34]. However, the
addition of NS as a supplementary cementitious material in RAC will
reduce the workability of the fresh concrete [34], and requires the
addition of admixtures such as superplasticizer to improve concrete
workability. Regarding the NS surface treatment of RA by pre-soaking, it
needs a large amount of NS suspension for complete immersion of RA
and the porous RA would also absorb a certain amount of NS suspension.
This would be not an economic method. Comparing with the pre-soaking
method, pre-spraying a layer of NS suspension on the surface of RA
would consume a much smaller amount of NS suspension, and it is quite
easy to build a pre-spraying treatment facility together with the crushing
line. Therefore, the aim of this study is to explore the effect of
pre-spraying NS suspension on the surface of RA on the mechanical
properties and durability of RAC.

2. Materials and experimental program
2.1. Materials

The cement used in this study was an ordinary Portland cement CEM
152.5 N. Its chemical composition is listed in Table 1. The fine aggregate

Table 1

Chemical composition of the ordinary Portland cement determined by XRF.
Composition MgO Al,O3 SiO4 SO3 K>0 CaO Fe,03
Content (%) 1.28 4.11 19.06 4.96 0.96 66.87 2.76
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used was a river sand, of which the fineness modulus was 2.6. The RA
was collected from a local construction waste recycling company. The
RA mainly consisted of old concrete and crush stone and their mass
proportions were 87.5% and 12.5%, respectively. Almost no other im-
purities were found in RA. Crushed granite was used as the natural
aggregate (NA). Both the RA and NA were sieved into two fractions:
10-20 mm and 5-10 mm. The physical properties of NA and RA are
shown in Table 2. Two types of water base commercial NS suspensions
from a chemical company in Zhejiang province of China were used,
which were named as NS-1 and NS-2. The average particle sizes of the
NS-1 and NS-2 were 12.2 nm and 106.0 nm, respectively as provided by
the manufacturer. The particle size distributions of these two types of NS
suspensions were determined by a Particle Size and Zeta Potential
Analyzer (Zetasizer Nano ZS90) as shown in Fig. 1. According to the X-
ray fluorescence (XRF) test results, the contents of SiO5 in NS-1 and NS-2
were 31.2% and 34.3%, respectively.

2.2. Treatments of RA by NS suspensions

The air-dried RA was treated with NS suspensions according to the
methods as shown in Table 3. The untreated RA was marked as RA-1. To
study the effect of the NS dosage, the NS-1 was sprayed on the surface of
RA with different NS suspension to aggregate (N/A) ratios by mass and
then the treated RA was stored in an outdoor environment (T ~ 20 °C,
RH = 75%) for 1 month for air-drying before casting concrete. Here, to
achieve an evenly spraying, a batch of RA (5 kg per batch) was
continuously rotated in an inclined mixer with a size of ®500mmx170
mm (as shown in Fig. 2) at a rotating speed of 10 rev/min. The NS
suspension was sprayed on the rotating RA by a handheld liquid
spraying device. The air-drying process was to simulate the real treat-
ment condition for RA, which may be stored for a period in an air-drying
state before use. This NS treatment methods was labeled as “pre-
spraying plus air-drying”. When N/A ratio was 1%, 3% and 5%, the
corresponding treated RA was marked as RA-2, RA-3 and RA-4,
respectively. The amount of NS suspension sprayed on the RA was
controlled based on the N/A ratio. For example, when the N/A ratio was
3%, 150 g of NS suspension was sprayed on 5 kg RA. To study the effect
of NS particle size, a batch of RA (RA-5) was treated with a larger size of
NS suspension (NS-2) using the same method of pre-spraying plus air-
drying, and the N/A ratio was 3%.

Except for the pre-spraying plus air-drying method, other two NS
treatment methods were used as well, including pre-soaking RA in NS
suspension for 3 h and then storing the RA in outdoor environment for 1
month for air-drying before casting (hereinafter called “pre-soaking plus
air-drying”), and pre-spraying NS on the surface of RA and casting
concrete immediately (hereinafter called “pre-spraying without air-
drying”). The corresponding two types of RA were marked as RA-6 and
RA-7, respectively. For the pre-soaking plus air-drying method, the NS-1
suspension was diluted before RA pre-soaking by mixing the NS-1 sus-
pension with twice extra water by mass.

The physical properties of RA before and after NS treatments are
given in Table 4. It shows that after spraying NS with different sizes on
the surface of RA or pre-soaking RA in NS suspension, the water ab-
sorption of RA only decreased slightly. It might be because the filling of
NS particles into the porous RA and the reaction between the NS and the
Ca(OH); were only beneficial to densify the surface layer of RA. The
inner part of the RA was not affected.

2.3. Mix proportions of new concrete

Eight concrete mixtures were casted, including the concrete pre-
pared with NA, RA-1, RA-2, RA-3, RA-4, RA-5, RA-6 and RA-7. The
corresponding concrete mixture was labeled as NAC, RAC-1, RAC-2,
RAC-3, RAC-4, RAC-5, RAC-6 and RAC-7, respectively. The mix pro-
portions are given in Table 5. Due to high water absorption of RA,
additional amounts of water (additional water) were added to maintain
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Table 2
Physical properties of coarse aggregate.
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Aggregate Size (mm) Water absorption (%) Dry particle density (kg/m®) Apparent density (kg/m>) Crushing value 10% fine value (kN)
RA5-10 5-10 5.99% 2263 2619 - -
RA10-20 10-20 4.85% 2312 2604 30.0% 107.2
NA5-10 5-10 0.69% 2634 2683 - -
NA10-20 10-20 0.57% 2602 2641 24.1% 163.4
20
15 A
<
X
SN
£ 10 A
=3
it
o
>
5 4
0 1 1
1 0 100 1000
Size (nm)
Fig. 1. Particle size distributions of NS suspensions.
Table 3

NS suspension treatment program of RA.

No. Treatment methods N/A Size of NS SiO, content in NS
ratio particles (nm) suspension
RA- Untreated 0 0 0
1
RA- Pre-spraying plus 1% 12.2 31.2%
2 air-drying
RA-  Pre-spraying plus 3% 12.2 31.2% Fig. 2. Inclined mixer with handheld liquid spraying device.
3 air-drying
RA- Pre-spraying plus 5% 12.2 31.2%
4 air-drying Table 4
- . i 0/ 0,
RA P.re spraying plus 3% 106.0 34.3% Physical properties of RA before and after NS treatment.
5 air-drying
RA- Pre-soaking plus air- - 12.2 10.4% Treatment method State of RA Water absorption Dry particle
6 drying of RA (10-20 mm) density of RA
RA- Pre-spraying 3% 12.2 31.2% (%) (10-20 mm) (kg/
7  without air-drying m®)
Pre-spraying NS-1 plus ~ Before 5.2 2288
. . . air-drying (N/A treatment
a cor¥s1stent effective water to cement (W/C) ratio. A.s the wate¥ ab- ratio was 5%) After 51 2286
sorption of RA before and after treatment showed no significant differ- treatment
ences, the same values were used for all types of RA. As the moisture Pre-spraying NS-2 plus  Before 5.4 2269
content of all untreated and untreated RA were about 2.2%, and the air-drying (N/A treatment
. 1 {1
same value was used for all of them. For RAC-7, as the NS-1 suspension ratio was 5%) it;rmem 53 2266
was pre-sprayed on the surface of RA, the additional water was deter- Pre-soaking in the Before 5.2 2284
mined after the deduction of the water in the NS suspension involved. diluted NS-1 plus treatment
For each mixture, the prepared concrete specimen included five air-drying After 4.9 2293
treatment

cylinders with the dimension of ®100 x 200 mm and three cubes with
the dimension of 100 x 100 x 100 mm. After casting, the specimens
were cured in the lab environment (T ~ 20 °C, RH ~ 60%) for 24 h
before demoulding and then cured in a water tank for 28 days in the
laboratory environment.

2.4. Testing methods

2.4.1. Measurement of physical properties of aggregates

The physical properties of coarse aggregate including water ab-
sorption and density, aggregate crushing value and 10% fine value were
determined in accordance with BS 812-2, BS 812-110 and BS812-111.

The RA samples after testing the water absorption and density were
treated with the NS suspensions and then the NS treated RA samples
were used for testing the water absorption and density again to reduce
variation due to sampling.

2.4.2. Measurement of slump

After mixing in a laboratory mixer, the slump of the fresh concrete
was measured using the standard slump test apparatus according to
ASTM C143.
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Table 5
Mix proportions of concrete (kg/m3).
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Mixture number Aggregate used W/C ratio Water Additional water Cement Sand Coarse aggregate (5-10 mm) Coarse aggregate (10-20 mm)
NAC NA 0.56 185 4.5 330 754 377 754
RAC-1 RA-1 0.56 185 39.7 330 754 377 754
RAC-2 RA-2 0.56 185 39.7 330 754 377 754
RAC-3 RA-3 0.56 185 39.7 330 754 377 754
RAC-4 RA-4 0.56 185 39.7 330 754 377 754
RAC-5 RA-5 0.56 185 39.7 330 754 377 754
RAC-6 RA-6 0.56 185 39.7 330 754 377 754
RAC-7 RA-7 0.56 185 16.3 330 754 377 754

2.4.3. Measurement of compressive strength

The 28-day compressive strength of concrete specimens with the size
of 100mmx100mm x 100 mm was tested according to BS EN 12390-3.
Three concrete specimens of each mixture were prepared for the mea-
surement of compressive strength. The loading rate was fixed at 0.6
MPa/s.

2.4.4. Measurement of elastic modulus

The stress-strain curve of concrete was determined using a stiff-
framed servo-hydraulic testing machine MTS 815. Four concrete cylin-
ders with the dimension of ®100mm x200 mm were tested. In this test,
the loading speed was 2 x 10~% mm/s, which was corresponded to the
strain rates of 10~°/s. The loading was terminated when the force was
decreased to around 20% of the peak force after failure. The applied
compressive force was measured by an internal force transducer in the
testing machine. The displacement of each concrete specimen was
measured by two linear variable differential transformers. The average
value was used to calculate the strain of the specimen. The elastic
modulus E was determined from the stress-strain curve using the
following equation:

E:(Gl—ﬂz)/(sl—gz) (l)

Where, 6; and o, are the stresses corresponding to 5% and 20% of the
peak stress, respectively; €; and ¢, are the strain values at the stress level
o1 and o3 , respectively. According to a previous study [39], the lower
limit of this range was selected to remove the initial seating errors as a
specimen was loaded, while the upper limit was selected at a value
where the response was virtually linear.

2.4.5. Measurement of rate of water absorption

The rate of water absorption of the prepared concrete was deter-
mined according to ASTM C1585-13. For each group of concrete, three
cylinders with the dimension of ®100 x 50 mm, which were cut from
concrete cylinders with the dimension of ®100 x 200 mm, were pre-
pared. Before testing, the specimens were water saturated with the
vacuum-saturation procedure in ASTM C1202-19 and then placed in an
environmental chamber at a temperature of 50 °C and relative humidity
of 80% for 3 days. After that, each specimen was placed inside a sealable
container at 23 £ 2 °C for 15 days. After conditioning, the side surface of
each specimen was sealed with an epoxy resin adhesive, while one end
of specimen which was not exposed to water was sealed with a loosely
attached plastic sheet. Finally, the other end of each specimen was
immersed in water with a water level of around 2 mm and the mass of
the specimen at each specified testing time was recorded. According to
the relationship between the time and the absorption (I), which is the
change in mass divided by the product of the cross-sectional area of the
specimen and the density of water, the rate of water absorption can be
determined. The initial and secondary rate of water absorption are
defined as the slope of the line that is the best fit to I against the square
root of time (s?) using all the points from 1 min to 6 h and 1 day to 7
days, respectively.

2.4.6. Measurement of chloride penetration resistance

The chloride penetration resistance of concrete was determined ac-
cording to the standard ASTM C1202-19 by using the same samples that
used in the measurement of rate of water absorption. First, the epoxy
side-sealed samples were water saturated with the vacuum-saturation
procedure. They were then placed in applied voltage cells as described
in the standard. One side of the test cell was filled with a 3% NacCl so-
lution while another side was filled with 0.3 N NaOH solution. Next, the
cells were connected to a data logger and a 60-volt potential difference
was applied for 6 h. The charge passed was recorded every minute. The
total charge passed in coulombs during 6 h was used to reflect the
chloride penetration resistance. The test was carried out on three con-
crete specimens for each mixture at the age of 4 months.

2.4.7. Measurement of microhardness

For the micro-hardness testing, two samples with dimension of
around 20 x 20 x 15 mm were cut from a ®100 x 200 mm cylinder at
the age of 28 days from each group of concrete. Then, the samples were
immersed in absolute ethyl alcohol for 24 h to stop the hydration of
cement. Next, these samples were oven dried at 60 °C for 24 h and then
impregnated in an epoxy resin in a ®30 x 30 mm cylindrical rubber
mould. After that, one surface of each sample was ground and polished
by a polishing equipment (Buehler AutoMet 250) with grits of P180,
P400, P1200 and MetaDi supreme diamond of 9 pm, 3 pm, 0.5 pm
successively. Finally, these samples were cleaned, dried and stored in a
vacuum chamber before further testing.

A digital Vickers micro-hardness tester (HVX-1000A, China) was
used to measure the microhardness of the old mortar of RA and the new
mortar near the interface. The testing loading was controlled as 10g. A
typical indentation area near the interface is shown in Fig. 3. For each
type of concrete mixture, the microhardness of at least four zones near
the interface within the two samples was tested randomly. The method
for selecting the indentation points are presented in Fig. 4. For the old
mortar, the microhardness test was conducted at the distance of 20 pm
from the exterior surface of RA. For the new mortar, the measured

Fig. 3. A typical indentation area near the interface.
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Fig. 4. Method for selecting the indentation points.

distance was from 20 pm to 200 pm from the interface. Five measure-
ments were conducted at each distance with an interval of 40 pm.

3. Testing results and discussion
3.1. Slump values of fresh concrete

The slump values of the eight groups of concrete are shown in Fig. 5.
It can be seen that the slump values of different types of RACs had no
significant difference except that RAC-2 and RAC-3 showed slightly
higher slumps. It may be because after using the NS pre-spraying plus
air-drying method, a silica gel layer was formed on the surface of RA,
which decreases the rate of water absorption of RA, resulting in higher
water contents in the new mortar when measuring slump. However,
with further increasing the dosage of NS suspension, the increased
number of NS particles would adsorb part of water in the new mortar,
which might offset the effect of the silica gel layer. It indicates that the
surface treatment of RA with NS by pre-spraying or pre-soaking has no
obvious influence on the workability of concrete. Compared with the
common method of pre-mixing NS with water and then the dry concrete
mixture, which caused reduction of workability of concrete [34] due to
the large surface area of nano-particles, the NS pre-spraying and
pre-soaking treatments of RA had less influence on workability. In
addition, it was observed that the slump values of RACs were slightly
lower than that of NAC, which might be due to the higher water ab-
sorption value of the RA.

50

40-

N0 . 7

= | g %
10 % é /’%
1 7
é?’o Cf\ Oﬁ' Q:\

Fig. 5. Slump values of the fresh NAC and RACs.
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3.2. Compressive strength of hardened concrete

The compressive strength of the eight groups of concrete at age of 28
days are shown in Fig. 6. The compressive strength of NAC was 14.8%
higher than that of RAC prepared with untreated RA (RAC-1). For the
RAC-2, RAC-3 and RAC-4, which were treated by pre-spraying plus air-
drying with N/A ratios of 1%, 3% and 5%, the compressive strengths
were increased about 9.5%, 11.2%, 6.1%, respectively. It indicates that
the compressive strength of RAC first increased and then decreased with
the increase of the NS suspension dosage. Luo et al. [35] reported that
there was an optimum NS dosage contributing to highest improvement
in the compressive strength of RAC.

The compressive strength of RAC-5, which was treated by pre-
spraying NS-2 with N/A ratio of 3%, increased by 13.9% when
compared with RAC-1, and the increased magnitude was higher than
that of RAC-3. This implies that the improvement could be more sig-
nificant when the larger size of NS was used for pre-spraying. It may be
because most of the pores in RA are below 100 nm in size [2], more NS
particles were able to penetrate into the RA after spraying the smaller
NS-1 on the surface of RA. In contrast, more NS particles remained on
the surface of RA for the larger NS-2, leading to more obvious
improvement of the interfacial zone.

Comparing the results of different NS treatment methods in Fig. 6, it
can be found that the method of pre-spraying without air-drying
attained the highest improvement of compressive strength, followed
by the method of pre-spraying plus air-drying and the lowest was the
method of pre-soaking plus air-drying.

3.3. Elastic modulus of hardened concrete

The elastic modulus values of the eight groups of concrete are shown
in Fig. 7. The elastic modulus of NAC was 21.2% higher than that of RAC
without treatment. The difference in elastic modulus was larger than
that of compressive strength. That means the elastic modulus of concrete
was more sensitive to the porous old mortar adhered on RA than that of
the compressive strength. When compared with RAC-1, the increasing
rates of the elastic modulus of RAC-2, RAC-3, RAC-4, RAC-5, RAC-6 and
RAC-7 were —5.1%, 1.2%, —0.1%, 6.2%, 3.9% and 3.9%, respectively. It
indicates that the studied three NS treatment methods had no obvious
influence on the elastic modulus of RAC. This phenomenon is similar to
the treatment method of pre-mixing NS in concrete as reported by
Mukharjee and Barai [36].

3.4. Rate of water absorption

The rate of water absorption due to capillary force of the unsaturated
concrete is an important index of concrete durability. The initial and
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Fig. 6. Compressive strength of NAC and RACs.



L. Liet al

40

30 A

20

10 A

Elastic modulus (GPa)

R

AER————_
SR
SRER——

f MMM E
¢ M

¢

‘\

O
‘/
‘7
‘6

R B U R R

Fig. 7. Elastic modulus of NAC and RACs.

secondary rates of water absorption of the 8 groups of concrete are
shown in Fig. 8. It is found that the initial and secondary rates of water
absorption of NAC were 37.0% and 31.3% respectively lower than that
of RAC prepared with the untreated RA (RAC-1). However, the initial
and secondary rates of water absorption of RAC could be reduced
significantly by using the three NS treatments methods. With the dosage
of the pre-sprayed NS increasing, the initial and secondary rates of water
absorption of RAC did not show a clear increasing or decreasing ten-
dency. When incorporating RA treated by pre-spraying larger size of NS,
the initial and secondary water absorption rates of the correspond RAC
(RAC-5) were reduced by 35.9% and 38.4% respectively, which were
even comparable to that of NAC. When compared with different NS
treatment methods, using the method of pre-spraying without air-drying
had a lower water absorption rate than using the methods of pre-soaking
plus air-drying and pre-spraying plus air-drying.

3.5. Chloride penetration resistance

The charge passed is a parameter to reflect the chloride penetration
resistance of concrete, which is another important index of concrete
durability. Higher charge passed means lower chloride penetration
resistance. The charge passed values of the 8 groups of concrete are
shown in Fig. 9. The charge passed value of RAC-1 which was prepared
with the untreated RA was higher than that of NAC, while the charge
passed values of RACs using the NS-treated RAs were reduced signifi-
cantly. When using RA treated by pre-spraying different dosages of NS
suspension, the charge passed values of the corresponding RACs did not
show a significant change. When RA was treated by pre-spraying the
larger size of NS, the charge passed value of the corresponding RAC
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Fig. 8. Rate of water absorption of NAC and RACs.
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(RAC-5) showed a reduction of 16.2%, which was even lower than that
of NAC. In addition, the method of pre-spraying without air-drying
caused a larger reduction in charge passed compared to the other two
methods.

3.6. Microhardness

The microhardness of the old mortar and the new mortar near the
interface in the 8 groups of concrete are shown in Fig. 10. It could be
found the microhardness of the new mortar near the interface in RAC-1
prepared with the untreated RA was lower than that of NAC. However,
after RA was treated by NS suspension, the microhardness of the new
mortar near the interface was generally improved although some vari-
ations were found. Both the heterogeneity of the material and NS
treatment might be responsible for the large variation of the micro-
hardness results. On one hand, both the RA and the new mortar which
were consisted of cement paste and sand/aggregates were inhomoge-
neous materials. Especially for the surface layer of RA, part of them was
carbonated while some others were not, which can be verified by
spraying Phenolphthalein solution on RA, as shown in Fig. 11. The pink
color means it was not carbonated. The varying material characteristics
probably affected the microhardness results of the old mortar and new
mortar at different zones. On the other hand, from Fig. 10, the variation
of microhardness at four different areas seemed to be larger after NS
treatments. It may be because the number of NS particles on the surface
of RA varied at different zones although the spraying process was
controlled as uniformly as possible, leading to different enhancement
levels. In addition, Fig. 10 shows that the microhardness of the old
mortar was higher than that of the new mortar near the interface for all
types of RACs.

The average microhardness values of the old mortar at the surface
layer of RA in different types of RACs are shown in Fig. 12. It shows that
the average microhardness of the old mortar at the surface layer of RA
was enhanced after using the NS treatments. Moreover, the enhance-
ment was higher with the larger dosage of NS, using the smaller size NS
and by using the method of pre-spraying plus air-drying. That is because
the NS particles penetrated into the near-surface layer of RA [28], filled
the pores and reacted with the Ca(OH); to form additional C-S-H.
Comparatively, it was more difficult for the larger size (100 nm) of NS to
penetrate into RA, leading to a lower enhancement in microhardness of
old mortar. With the use of the method of pre-spraying plus air-drying,
more NS particles were reacted, leading to a higher enhancement of the
RA.

The average microhardness values of the new mortar near the
interface in NAC and different types of RACs are shown in Fig. 13. It
shows that the average microhardness of the new mortar near the
interface in RAC with the untreated RA (RAC-1) was significantly lower
than that of NAC because the RA absorbed more water and caused a
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Fig. 10. Microhardness of the old and new mortar near the interface.
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Fig. 11. Image of RA after spraying Phenolphthalein solution.
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Fig. 12. Microhardness of the old mortar at the surface layer of RA.

higher localized W/C ratio of near the interface [2]. In contrast, the
average microhardness of the new mortar near the interface was
enhanced after using the NS treatments because NS particles on the
surface of RA promoted the hydration of cement near the interface.
Referring to the use of different dosages of NS suspension, it had the
highest improvement when the N/A ratio was 3%. When using the larger
size (100 nm) NS, the average microhardness of the new mortar near the
interface was further improved and it was even close to that of NAC.
That is because more NS particles with larger size left on the surface of
RA and was incorporated into the new mortar. When comparing the
three NS treatment methods, the method of pre-spraying without
air-drying caused a higher improvement in the microhardness of the
new mortar near the interface.
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Fig. 13. Microhardness of the new mortar near the interface.
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4. Discussion

The microstructures of the untreated RA and the RA treated by NS
pre-spraying plus air-drying method by scanning electron microscopy
(SEM) are shown in Fig. 14. It shows that the surface of untreated RA
was porous and the main phase composition was C-S-H, as shown in
Fig. 14(a). After using the NS pre-spraying plus air-drying treatment
method, the surface of RA was covered by a layer of silica gel of which
the thickness was about 10 pm, and there were a lot of agglomerated NS
particles attached on the surface of silica gel layer, as shown in Fig. 14(b)
and (c).

Based on the microstructures of RAs and the microhardness results of
RACs, the improvement mechanism of the NS pre-spraying plus air-
drying method is discussed below. The schematics of RACs before and
after using the NS pre-spraying plus air-drying method are shown in
Fig. 15. After spraying NS suspension on the surface of RA, part of the NS
suspension penetrated into the porous surface layer of RA, of which the
thickness was about 200 pm [28]. These NS particles densified the
microstructure of the surface layer of RA because of the pozzolanic re-
action between NS particles and Ca(OH), in RA and the filling effect of
NS particles [28,40]. At the same time, a layer of silica gel was produced
on the surface of RA by dehydration of the attached NS suspension,
while some agglomerated NS particles remained on the surface of the
silica gel layer. These NS particles was able to react with the cement in
the new mortar, promoting the hydration of the cement because of
pozzolanic and nucleation effects to produce additional C-S-H [41].
Moreover, the silica gel layer was able to absorb water from the new
mortar, leading to a lower w/c of new mortar near the interface. As a
result, the new mortar near the interface could be also enhanced. These
microscale effects could cause the increase in microhardness of the
surface layer of RA and the new mortar near the interface.

It was also observed that the microstructure enhancement effects of
the new mortar near the interface using the different treatment methods
and NS dosages correlated well with those on compressive strength and
durability properties. But the enhancement effects on the old mortar at
the surface layer of RA were varied. This demonstrates that the
enhancement of the new mortar near the interface played a more
important role in improving the compressive strength and durability of
RAC when using the NS treatment methods.

In addition, the elastic modulus of RAC showed no significant
changes after using the NS treatments. That is because the NS particles
only penetrated into the near-surface layer of RA and enhanced the
properties of the near-surface layer, while the NS particles that remained
on the surface of RA only improved the properties of the new mortar
near the interface. This implies that the volume of the enhanced old and
new mortar was only a small percentage of the total volume of new and
old mortar in RAC. It was reported that the elastic modulus of concrete
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Fig. 15. Schematics of RACs before (a) and after (b) using the NS pre-spraying plus air-drying method.

could be predicted with a series model or a parallel model [42], which is

shown as follows.

Series

n
ANV
model: ;= 2

i=

Parallel

n 3
model:E= Y E;-V;
i=
2

Where E; and V; represent the Young’s modulus and the volume fraction

of concrete constituents (e.g., mortar, coarse aggregate, etc.), n is the
number of constituents. The elastic modulus of concrete is governed by
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the elastic modulus of the constitutes and their volume fractions. When
using the three NS treatment methods, although the surface layer of RA
and the new mortar near the interface were enhanced, their volume
fractions were quite small. As a result, the elastic modulus of RAC did
not show a significant change.

5. Conclusions

In this study, three types of nano-silica (NS) treatment methods of
recycled aggregates (RA) namely pre-spraying plus air-drying, pre-
spraying without air-drying and pre-soaking plus air-drying were
adopted to evaluate their impacts on the mechanical properties and
durability of recycled aggregate concrete (RAC). Based on the tests re-
sults and discussion, the main findings can be summarized:

(1) No obvious slump reduction was observed in RAC after using the
three NS treatment methods, which was different from the
traditional method of pre-mixing the NS particles with the mixing
water that triggers a reduction in workability.

The compressive strength, rate of water absorption and chloride
penetration resistance of RAC were improved for all three NS
treatment methods assessed. However, these NS treatment
methods had no significant influence on the elastic modulus of
RAC.

An optimum dosage of 3% NS suspension by mass of RA is rec-
ommended for the NS pre-spraying plus air-drying treatment
method. Pre-spraying NS suspension with a larger particle size on
RA yielded a higher effectiveness in improving the mechanical
and durability of RAC. The method of pre-spraying without air-
drying was demonstrated to be superior to the other two
methods.

Both the microhardness of the old mortar at the surface layer of
RA, and the new mortar near the interface of RAC were improved
after using the three NS treatment methods. The microstructure
enhancement of the new mortar near the interface played a more
important role for the enhancement of the performance of RAC.
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Recycled aggregate (RA) could be re-utilized in concrete paving blocks. However, the use of RA in con-
crete might lead to inferior performance, which constitutes a major barrier in the wider application of
recycled aggregate concrete (RAC). To tackle this issue, one promising solution might be the tailoring
of aggregate packing without increasing the cement content, carbon footprint and cost. In this study,
an experimental program was carried out to systematically investigate the effect of packing density on
the properties of concrete blocks. Tests results showed that appropriate proportioning of RA increased
the packing density and thus the compressive strength to approach that of natural aggregate (NA) mix-
tures. Such increased packing density was conducive to the performance of concrete blocks. After packing
optimization, RAC exhibited comparable strength to that of NA concrete. Lastly, prediction equations
were derived for various performance attributes of concrete paving blocks based on particle packing.
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1. Introduction

A huge amount of construction and demolition (C&D) waste is
being generated in the process of the rapid urbanization world-
wide [1,2]. In China, a total of approximately 2 billion tons of
C&D waste is produced annually and largely disposed of in land-
fills, causing serious environmental problems [3,4]. Meanwhile,
the excessive exploitation of resources during urbanization process
has exacerbated the shortage of materials, such as sand and aggre-
gate. As such, the key to tackle the above problems might lie in the
reuse of C&D waste, particularly the portion that could be pro-
cessed into recycled aggregate (RA) for concrete production
[5-8]. In fact, abundant pioneering works exist in the literature
that explored the feasibility of producing recycled aggregate
concrete (RCA) [9-13]. Quite often, the use of RA as partial or full
replacement of natural aggregate (NA) might bring about the prob-
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lems of lower strength and lower dimensional stability compared
to the use of NA in concrete [14,15].

Various attempts have been made to alleviate such negative
influences of RA on concrete strength performance, such as
decreasing the aggregate to cement (A/C) ratio and increasing the
cement content [10,16]. Unfortunately, these attempts are prone
to elevate the production cost and decrease the sustainability. A
better method might be the tailoring of aggregate from the per-
spective of particle packing [17-20]. After decades of research, a
consensus has been reached that the aggregate packing would
exert significant influences on concrete performance [21-23]. In
other words, a better aggregate packing allows the minimization
of the volume of voids to be filled by paste [23]. Subsequently, a
large amount of cement could be saved with the workability and
strength properties little sacrificed or even improved [24,25]. Such
design philosophy is believed to be also applicable to concrete pav-
ing blocks made with RA.

Pioneering works on the investigation of beneficial effects of
aggregate packing on concrete properties have been abundant in
the literature [26-29]. For instance, Fuller and Thompson [26]
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studied the influences of graded particles on concrete strength and
density and proposed an empirical equation for calculating the
optimum grading curve of a batch of aggregates exhibiting the
highest packing density: p = (ﬁ)q, in which p denotes the per-
centage of aggregate passing each sieve, d denotes the sieve size
(aggregate size), d,,.x denotes the maximum aggregate size, and q
is an empirical parameter.

Lee [27] studied the factors affecting the packing density of
aggregate and proposed a method for designing dense asphaltic
compositions based on aggregate grading. Kronlof [28] investi-
gated the role of very fine aggregate in improving the particle
packing of the concrete mixture incorporating silica fume and con-
cluded that the strength of concrete can be increased by improving
the packing, with the explanation that the water/binder ratio could
be decreased and the strength of the interfacial transition zone
(ITZ) increased. However, Lee et al. [29] pointed out that the pack-
ing density decreased sharply when the amount of particles finer
than 0.6 mm exceeded 50% and recommended a higher water to
cement (W/C) ratio for concrete made with high fine contents to
achieve desirable cohesiveness. Despite the valuable efforts, these
studies failed to present a comprehensive design philosophy for
RAC based on particle packing.

Recently, the evolvement of the advanced computer technology
has boosted the development of various models such as Aim’s
model, Toufar’s model and compressive packing model (CPM) for
estimating the packing density of aggregates [30,31]. For instance,
Fu and Dekelbab [30] used a computer program to simulate a ran-
dom aggregate packing with the assumption that the aggregates
were spherical in shape and due consideration has been given to
the kinematics and dynamic conditions. Concrete mixes were
designed utilizing the packing results generated from the com-
puter and it was demonstrated that computational simulation
results agreed well with experimental tests. Kwan and Fung [31]
developed a new wet packing method and applied it to measure
the packing densities of blended fine aggregates and mortars under
the wet condition, with or without superplasticizer added, and
with or without compaction applied. Based on the test results, a
packing model was proposed and good agreement was achieved
between the measured packing densities and the predicted pack-
ing densities based on two existing packing models [32,33], for
both blended fine aggregates and mortars. These previous works
laid a solid foundation for the use of particle packing theory in con-
crete production.

Nonetheless, few studies can be found in the literature that deal
with the performance improvement of concrete paving blocks
made with RA based on the optimization of particle packing sys-
tematically and the adoption of packing optimization as a tool to
increase the performance of concrete paving blocks made with
RA has been even rarer. To fill such research gap, the concept of
particle packing was introduced into RAC with the aim of improv-
ing the performance of concrete paving blocks made with RAC to a
higher level. Overall, in the present work, the key innovations lie
in: (a) introducing the progressive packing optimization method
into RAC for enhanced performance without increasing the cost
and carbon footprint; (b) identifying the key influencing factor of
particle packing in concrete paving blocks made with both RA
and NA; and (c) establishing quantitative relations between the
packing density and various performance attributes.

2. Method to determine the optimum packing
2.1. Packing determination

The experimental packing density of the blended aggregates
was determined using an improved method based on previous
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studies [30]. Details are presented below: first, the aggregates
were oven dried for 24 h and cooled down to room temperature
before the packing measurement and sieve analysis; second, 3 kg
of blended aggregates were prepared and poured into a steel
cylinder mold with an internal diameter of 150 mm and a height
of 260 mm; third, the cylinder was placed horizontally and agi-
tated by a rolling action for 30 s to ensure a uniform particle dis-
tribution; fourth, the steel cylinder was fixed on a shaking table
and a 10 kPa load was applied onto the mixture for a 2-minute
vibration, during which the volume reduction of the aggregate
mixture was recorded by the settlement in height; fifth, the
above procedure was repeated until the differences between
the three maximum settlements were less than 0.5 mm (at least
3 times). For clearer illustration, the elevation and top views of
the setup are presented in Fig. 1. After the measurement, the
experimental packing density, denoted as ¢max, could be deter-
mined as per Eq. (1),

M
Xy

d’max = (H _ T)TC(%)Z

(1)

where H is the total internal height of the cylinder (260 mm), T
is the height from the top of the aggregate mixture to the top of
the cylinder (mm), D is the internal diameter of the cylinder
(150 mm), p, is the particle density of each aggregate (kg/m?),
and M; is the mass of each aggregate mixture (kg). It should be
noted that the packing density ¢max is dimensionless.

2.2. Packing optimization

In order to optimize the packing density of the mixture, the
aggregates were sieved and classified into six classes (labelled as
A, B, C, D, E and F) according to their size ranges (5-10 mm, 2.36-
5 mm, 1.18-2.36 mm, 0.6-1.18 mm, 0.3-0.6 mm and 0-0.3 mm).
The aggregates of size class from the coarsest to the finest were
sequentially introduced into the mix. The detailed procedure for
progressive packing optimization is illustrated in Fig. 2: first, aggre-
gates A and B were incorporated into the concrete mix and the pro-
portions of aggregates A and B were varied by increasing the
aggregate B contents to until the highest packing density was deter-
mined; second, the immediate next finer class of aggregate, aggre-
gate C, was incorporated to the dry mixture, followed by the
determination of the optimum proportions of each aggregate class;
third, such process was repeated until the aggregate F was
incorporated.

The above packing optimization process of introducing finer
particles to a given particle system is based on the assumption
that the finer particles could fill the voids that could not be filled
by the coarse aggregate particle. It also implies that the coarse
particles are dominant in content for the given particle system.
In fact, there might be a second scenario: when the fine particles
are dominant in content in the particle system, the incorporation
of coarse particles might would also increase the packing density,
though the increase in packing density is less obvious compared to
first scenario of the coarse particles are dominant in content
[33,34]. Among the above two scenarios, the first one was selected
for the packing optimization process. This is because that the total
surface area of the particles in a particle system dominated by fine
particles would be dramatically increased even though the overall
packing density is high. Then, it would increase the water demand
or superplasticizer dosage for acquiring a certain workability or
decrease the workability at a certain water content and superplas-
ticizer dosage.
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Fig. 1. Elevation and top views of the setup for packing density measurement.
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3. Experimental program
3.1. Materials

Type CEM I 52.5N ordinary Portland cement (OPC) complying
with ASTM-C150 [35] was adopted in this study. The cement is
commercially available in Hong Kong. Table 1 reports the proper-
ties of the cement. River sand aggregate (RSA) was used as the fine
aggregate. The properties of RSA were tabulated in the second row
of Table 2. Regarding the NA, crushed granite aggregates with max-
imum sizes of 5 mm and 10 mm were adopted and referred to as
natural fine aggregate (NFA) and natural coarse aggregate (NCA),
respectively. The physical properties of NA are shown in the third
and fourth rows of the Table 2, respectively.

Regarding the RA, crushed concrete rubbles were obtained from
a C&D waste recycling plant in Hong Kong. To be consistent, RA
with maximum sizes of 5 mm and 10 mm were used and referred
to as recycled fine aggregate (RFA) and recycled coarse aggregate
(RCA), respectively. The physical properties of the recycled aggre-
gates are reported in the last two rows of the Table 2, respectively.
To determine the particle size distribution (PSD) curves of the RSA,
NFA, NCA, RFA and FCA, sieve analysis was performed according to
ASTM-C136. The measured PSD curves of RSA, NFA, NCA, RFA and
FCA are presented in Fig. 3. As shown in the figure, the RSA has a
median particle size of around 1.5 mm. The NFA and RFA have sim-
ilar PSD curves with median particle sizes of around 1.8 mm and
1.6 mm, respectively. Likewise, the NCA and RCA have similar
PSD curves with median particle sizes of around 7.5 mm and
8.0 mm, respectively.

3.2. Experimental design

An experimental program, consisting of two phases, was carried
out to evaluate the effect of aggregate packing and aggregate type
on the properties of concrete paving blocks. More specifically, the
optimization of aggregate packing and its influence on the proper-
ties of concrete paving blocks were investigated in Phase I. The
influence of various combinations of coarse aggregate and fine

Table 1

Properties of cement.
Composition/properties Result
SiO; (%) 19.61
Fe,03 (%) 332
Aly05 (%) 7.33
Cao (%) 63.15
MgO (%) 2.54
SOs (%) 213
Loss on ignition (%) 2.97
Specific gravity 3.16

Specific surface area (cm?/g) 3520

Table 2
Properties of aggregate.
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Fig. 3. PSD curves of RSA and aggregates.

aggregate on properties of concrete paving blocks were investi-
gated in Phase II.

In Phase I, a total of 16 dry mixtures made with various sizes of
RA were prepared. According to the procedure prescribed in Sec-
tion 2.1, the packing densities of the aggregate mixtures were
determined. As a comparison, the packing density of the quasi
mono-sized aggregates, which were the aggregates A (5.0-
10.0 mm), aggregate B (2.36-5.0 mm), aggregate C (1.18-
2.36 mm), aggregate D (0.6-1.18 mm), aggregate E (0.3-0.6 mm)
and aggregate F (0-0.3 mm) were also measured. The proportions
of various sizes of RA are reported in Table 3. Then, the dry aggre-
gate mixtures were utilized for producing concrete paving blocks
at a fixed aggregate to cement (A/C) ratio of 5.00. A dry mix cast-
ing method was adopted which utilized concrete mixes with zero
slump value and compaction was done by a compaction force
immediately after casting [9]. This was to simulate the real pro-
duction method in industry to allow immediate demoulding after
casting and compaction to improve production efficiency. For easy
identification, each mix was assigned a labelled in the form of i-j-
X, where i-j denotes the mixture with blended aggregates from
classes i to class j as mentioned in Section 2.2 and the X denotes
the sample number (each number represents different aggregate
proportioning) during the successive packing optimization process
of adding the next class finer aggregate particles into the dry
aggregate mixtures. For instance, A-F-1 denotes the mixture made
with aggregate A (5.0-10.0 mm), aggregate B (2.36-5.0 mm),
aggregate C (1.18-2.36 mm), aggregate D (0.6-1.18 mm), aggre-
gate E (0.3-0.6 mm) and aggregate F (0-0.3 mm). A-F-2 denotes
the mixture made with aggregate types same as A-F-1, but at dif-
ferent proportions of each type of aggregate (more amount of
aggregate F).

In Phase II, concrete paving blocks were prepared with different
types of aggregates, such as NFA, NCA, RCA and RSA. The volumet-

Materials Size range (mm) Particle density (kg/m?) Water absorption (%) 10% Fines value (crushing strength) (kN)
RSA 0-2.36 2620 1.0 -

NFA 0-5.0 2630 3.0 150

NCA 5.0-10.0 2650 1.2 157

RFA 0-5.0 2530 10.3 120

RCA 5.0-10.0 2550 3.0 120
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Table 3
Optimization of aggregate packing.
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Cumulative passing (%)

Mix no. 0.3 mm 0.6 mm 1.18 mm 2.36 mm 5.0 mm 10.0 mm
A-B-1 0.0 0.0 0.0 0.0 0.0 100.0
A-B-2 0.0 0.0 0.0 0.0 40.0 100.0
A-B-3 0.0 0.0 0.0 0.0 60.0 100.0
A-B-4 0.0 0.0 0.0 0.0 80.0 100.0
A-C-1 0.0 0.0 0.0 20.0 52.0 100.0
A-C-2 0.0 0.0 0.0 40.0 64.0 100.0
A-C-3 0.0 0.0 0.0 50.0 70.0 100.0
A-C-4 0.0 0.0 0.0 62.5 77.5 100.0
A-D-1 0.0 0.0 20.0 52.0 71.2 100.0
A-D-2 0.0 0.0 40.0 64.0 78.4 100.0
A-D-3 0.0 0.0 60.0 80.0 88.0 100.0
A-E-1 0.0 20.0 52.0 71.0 83.0 100.0
A-E-2 0.0 40.0 64.0 78.0 87.0 100.0
A-E-3 0.0 10.0 46.0 67.6 80.6 100.0
A-F-1 10.0 19.0 51.4 70.8 82.5 100.0
A-F-2 19.9 27.9 56.7 74.0 84.4 100.0
Table 4
Volumetric mix proportions of concrete paving blocks made with NA and RA.
Mix no. Cement (kg/m?) Water (kg/m?) NCA (kg/m?) RCA (kg/m?) NFA (kg/m?) RSA (kg/m?) A/C ratio
NCAONFA100 380 165 0 0 1898 0 5.00
NCA20NFA80 383 158 385 0 1530 0 5.00
NCA35NFA65 380 165 763 0 1138 0 5.00
NCA50NFA50 380 165 1144 0 758 0 5.00
NCASONFA20 390 144 1564 0 389 0 5.00
NCA100NFAO 394 137 1971 0 0 0 5.00
NCAORSA100 390 153 0 0 0 1949 5.00
NCA20RSA80 389 152 387 0 0 1560 5.00
NCA35RSA65 392 145 780 0 0 1180 5.00
NCA50RSA50 389 152 1161 0 0 780 5.00
NCA60RSA40 391 145 1562 0 0 394 5.00
NCA100RSAO 391 144 1954 0 0 0 5.00
RCAORSA100 397 138 0 0 0 1983 5.00
RCA20RSA80 388 152 0 380 0 1562 5.00
RCA35RSA65 384 159 0 754 0 1163 5.00
RCA50RSA50 393 137 0 1162 0 796 5.00
RCA80RSA20 390 136 0 1553 0 399 5.00
RCA100RSAO 392 128 0 1960 1] 0 5.00

ric mix proportions in Phase II are reported in Table 4. For easy
identification, each mix was assigned a label. For instance, the
NCAONFA100 denotes the mixture made with 0% NCA and 100%
NFA, and NCASONFA20 denotes the mixture made with 80% NCA
and 20% NFA. To be consistent, the aggregate to cement (A/C) ratio
was fixed at 5.00, leaving the air voids to be filled by varying
amounts of water. In actual mixing, 4.6 kg of cement and 23.0 kg
of aggregate (all types) were consistently weighted for each con-
crete paving block mix. Note that the water content of the fresh
mixture was adjusted with visual inspection to achieve a suitable
workability for producing concrete paving blocks.

3.3. Block fabrication

Steel moulds were adopted for the fabrication of concrete pav-
ing blocks. The steel moulds had internal dimensions of
200 x 100 x 60 mm (length x width x depth) [36]. The concrete
materials were cast into each mould in three layers and manual
compaction was applied to each layer. Then, a machine-driven
compaction was applied on each of the concrete paving blocks with
a loading rate of 10 kN/s until the load of 500 kN for all the sam-
ples. After compaction, the samples were covered by a thin layer
of plastic sheet to avoid water evaporation. One day after that,

the concrete paving blocks were demoulded and cured in water
for 28 days at a temperature of 27 £ 3 °C.

3.4. Block testing

Compressive strength tests on the paving blocks were con-
ducted in accordance with BS EN 1338 [37]. The equipment for
skid resistance (SR) and abrasion resistance (AR) test are shown
in Fig. 4. The skid resistance was determined using a British Pen-
dulum Skid Resistance Tester and expressed as the measured Bri-
tish Pendulum Number (BPN) as per BS EN 1338 [37]. In the SR
test, the mechanism is based on the energy dissipation from the
rubber piece while sliding over the sample upon the free fall of
the pendulum arm. The SR is an important consideration during
pavement design as an inadequate SR would lead to higher risk
of accidents both for moving vehicles and pedestrians. The AR test
simulated the wearing and rutting characteristics and was deter-
mined by abrading the surface of the block specimen with an abra-
sive material under controlled conditions as specified by BS EN
1338 [37]. The density of hardened concrete block was determined
according to BS EN 12390-7 [38]. The water absorption (WA) of
concrete paving blocks was measured in accordance with AS/NZS
4456 [39].
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Fig. 4. Apparatus for (a) SR; (b) AR test.

4. Results and discussion

A summary of the test results in Phase I and Phase II is pre-
sented in Table 5, with the results on packing density, strength,
density, water absorption, SR and AR tabulated in the third to the
last column sequentially. Detailed illustrations and discussions will
be presented in the following parts.

4.1. Phase 1

The aggregate proportioning for higher packing density and the
influence of packing density are discussed in this section. First, the
sieve analysis results of 16 dry RA mixtures are reported in Table 3.
In the table, RA of finer class were sequentially added from the first
to the last row. For vivid illustration, the PSD curves of each mix-
ture are depicted in Fig. 5(a). For each mixture, the packing density
has been determined. The packing densities so determined were
reported in the third column of the Table 5. From the table, it
was found that the mixture A-F-1 exhibited the highest packing
density of 0.738. The PSD curve corresponding to the mixture with
the highest packing density was highlighted in Fig. 5(a) with a
thicker dark grey line. To further evaluate the PSD curve of the
mixture exhibiting the highest packing density, a comparison
was made, as shown in Fig. 5(b), between the optimum PSD curve
identified in the present study and the PSD curves generated from
the formula by Fuller & Thompson [26]. Apparently, the optimum
PSD curve identified in the present study largely lies between the
PSD curves by Fuller & Thompson, demonstrating that good agree-

ment and a reliable PSD curve for the optimum packing have been
achieved.

To demonstrate the effectiveness of the aggregate proportion-
ing in improving the packing density, the packing densities of the
mono-sized particle systems, A, B, C, D, E and F, are plotted in
Fig. 6 as black square data points. Meanwhile, the maximum pack-
ing density results of the multi-sized particle systems after aggre-
gate proportioning, consisting of aggregates from A to B,
aggregates from A to C, aggregates from A to D, aggregates from
A to E and aggregates from A to F, are plotted in Fig. 6 as red circle
points sequentially from left to right. Apparently, as shown in the
figure, the packing densities of multi-sized particle system are
much higher than that of the quasi mono-sized particle systems,
demonstrating that the proportioning of particles of various sizes
could give rise to a much-improved packing density [40-43]. It
should be noted that the percentage increase in the packing den-
sity could be up to 31% from 0.564 to 0.738 after the aggregate
proportioning.

Apart from the packing density, the compressive strengths of
the concrete paving blocks made with such aggregate mixtures
are tabulated in the fourth column of the Table 5. To evaluate
the progressive process of the packing optimization and its effect
of the compressive strength of the concrete paving blocks, the
compressive strengths at the maximum packing density of each
scenario in Phase I are plotted against the six aggregate combina-
tions, which are aggregates blended with A and B, aggregate
blended with A, B and C, aggregate blended with A, B, C and D,
aggregates blended with A, B, C, D and E, and aggregates blended
with A, B, C, D, E and F, in Fig. 7(a). From the figure, it could be
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Table 5
Tests results of concrete paving blocks.

Phase Mix no. Packing density Strength (MPa) Density (kg/m?) WA (%) SR (BPN") AR (mm)

1 A-B-1 0.580 30.5 2200 121 109 25
A-B-2 0.634 44.6 2225 8.9 102 24
A-B-3 0.622 40.9 2206 9.8 105 24
A-B-4 0.600 32.2 2176 12.7 103 25
A-C-1 0.668 45.2 2222 9.2 100 24
A-C-2 0.665 47.3 2219 8.2 102 23
A-C-3 0.650 60.3 2220 8.3 103 25
A-C-4 0.627 449 2223 9.1 102 25
A-D-1 0.688 59.2 2268 8.4 98 23
A-D-2 0.672 67.3 2270 7.2 100 24
A-D-3 0.629 56.8 2189 8.2 99 25
A-E-1 0.691 67.2 2282 7.3 95 24
A-E-2 0.674 54.8 2237 6.8 96 24
A-E-3 0.684 54.1 2216 7.1 97 23
A-F-1 0.738 79.2 2305 6.4 95 22
A-F-2 0.700 55.8 2235 6.6 96 23

1l NCAONFA100 0.751 72.8 1943 3.16 90 25
NCA20NFAS80 0.764 77.5 2180 3.17 96 22
NCA35NFA65 0.770 79.4 2145 3.16 95 22
NCA50NFA50 0.764 84.8 2268 3.95 95 20
NCASONFA20 0.713 62.5 2032 4.06 102 22
NCA100NFAO 0.633 31.1 317 10.05 110 24
NCAORSA100 0.659 21.2 655 3.45 92 24
NCA20RSA80 0.699 44.4 1295 342 95 21
NCA35RSA65 0.727 80.8 1985 3.40 94 20
NCA50RSAS50 0.755 944 2280 3.79 95 20
NCAG0RSA40 0.736 84.6 2340 3.40 98 20
NCA100RSAO 0.633 31.1 317 10.05 110 24
RCAORSA100 0.659 21.2 655 3.45 92 24
RCA20RSA80 0.690 47.8 1215 391 90 20
RCA35RSA65 0.712 62.8 1845 4.05 94 21
RCA50RSA50 0.722 69.5 1885 4.11 95 20
RCA80ORSA20 0.645 19.9 650 6.11 110 26
RCA100RSAO 0.633 71 365 7.85 115 25

"British pendulum number.

observed that the compressive increased as the mixture changed
from A-B to A-F. In addition, the concrete paving blocks made with
aggregate with the highest packing density were demonstrated to
exhibit the maximum compressive strengths. The compressive
strength was increased by about 156% from 30.9 MPa to
79.2 MPa after appropriate aggregate proportioning, during which
the cement content, aggregate content and A/C ratio remained the
same.

To quantitively evaluate the influence of packing density on the
compressive strength of the concrete paving blocks, correlations
were made between the strength and the packing density, as
shown in Fig. 7(b). Regression analysis was carried out to find
out the best-fit curve for the data points and a reasonably high
R? value of 0.720 has been achieved, indicating that the packing
density is a governing factor for the strength of concrete paving
blocks [44-46]. The prediction equation is presented in the figure
to show the goodness of fit. Overall, an important implication from
the above observation and quantitative analysis is that the packing
density of an aggregate mixture could be increased by introducing
finer particles into the mixture. Subsequently, the improved pack-
ing density of the mixture would contribute to the compressive
strength of the concrete paving blocks. Concrete paving blocks
made with the optimized aggregate mixtures exhibited the maxi-
mum compressive strength, indicating that the mixture made with
aggregates with a wider size range is likely to yield a better pack-
ing density of the dry mixture and a higher compressive strength of
the concrete than the mixture with less-graded aggregates. This is
due to the decreased volume of voids between the aggregate par-
ticles [47].

Apart from the strength, a better aggregate packing would also
exert significant influence on the density and WA of the concrete

paving blocks. For vivid illustration, test results on the density,
WA, SR and AR of the concrete paving blocks made with aggregates
at the optimal packing are shown in Fig. 8(a-d), respectively. The
figures revealed that the density of the concrete paving blocks
increased with the packing density, while the WA, the SR and the
AR of the concrete paving blocks decreased slightly with the
increasing content of fine aggregate. The reason is that finer aggre-
gates could successfully fill into the voids between the coarser par-
ticles [33,48], thus increasing the compressive strength and block
density while decreasing the WA. Meanwhile, a higher packing
density, which generally implies an appropriately higher content
of fine particles, could enable a smoother surface which affected
the SR and AR [42].

4.2. Phase 1l

The influence of aggregate packing on the properties of concrete
paving blocks made with various types of aggregates is discussed
in this section. In Phase II, the compressive strength, density and
WA of the concrete paving blocks are plotted against the aggregate
combinations and the packing density in Figs. 9-11, respectively.
As shown in Fig. 9, the compressive strength increased with the
packing density, regardless of the aggregate type, echoing that a
higher packing density could give rise to a higher compressive
strength of the concrete paving blocks. From the Fig. 10, it can be
observed that the block density also increased with the packing
density. In other words, the optimization of packing density could
lead to the maximum compressive strength and block density
could be obtained. From Fig. 11, a general trend could be observed
that, in general, the WA decreased with the packing density. The
above phenomena revealed that the optimal packing could be
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attained by appropriate aggregate proportioning. In additional to
that, the test results in the present study revealed that, at certain
packing density, there exist no distinct differences in the properties
of concrete paving blocks among the use of different types of
aggregates. In other words, the packing density is the key factor
that governs the properties of concrete paving blocks, which pro-
vides a new perspective to develop RAC exhibiting comparable per-
formance to that of NAC.

To quantitatively evaluate the influences of packing density on
the compressive strength, density and WA, correlations between
the packing density and the various attributes of the concrete pav-
ing blocks were performed and the trend equations are indicated in
Figs. 9-11, respectively. From Fig. 9, it could be found that a rea-
sonably high R? value of 0.879 has been achieved for the compres-
sive strength and the packing density, indicating that the packing
density did exert significant influence on the strength of the con-
crete paving blocks. Likewise, from Fig. 10, it was found that a very
high R? value of 0.928 has been reached for the linear prediction
equation between the block density and the packing density, echo-
ing the above findings. Lastly, a quite high R? value of 0.917 has
also been achieved for the prediction equation delineating the rela-
tion between WA and packing density, as shown in Fig. 11. The
coefficients a and b were determined as 1.44 x 10%? and
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1.57 x 10734, respectively, which are dependent on the other mix
parameters.

5. Further discussion

Theoretically, the packing density, i.e., the maximum solid con-
centration, of a particle system consisting of mono-sized spherical
particles is a constant. Due to variations in particle shape and par-
ticle size, the particle density of a dry aggregate mixture may be
diverted from the above constant packing density. In the present
work, the same type of aggregate with different sizes are classified
into six classes and the aggregate of each size class was regarded as
quasi mono sized. The packing density of such quasi-mono-sized
particle system varied between 0.564 and 0.625. However, when
appropriate proportioning was applied to such quasi mono-sized
particle system by broadening the size range, the packing density
could be elevated to up to 0.738. The percentage increase due to
aggregate proportioning could be up to 31%.

However, when various types of aggregate were incorporated
into the particle system, the packing density varied. For instance,
the packing density of a particle system consisting only of NA
was ranged between 0.633 and 0.770, the packing density of a par-
ticle system consisting only of NA and RSA was ranged between

0.633 and 0.755, and the packing density of a particle system con-
sisting only of RA and RSA was ranged between 0.633 and 722. The
above values indicated that the packing density of NA was gener-
ally larger than of RA and this was probably due to the fact some
porous old paste or mortar might be inevitably adhered to the
RA and adversely affected the packing. Overall, the packing density
of a dry aggregate mixture could be significantly elevated by aggre-
gate proportioning, although the packing density of RA was intrin-
sically lower than that of NA due to the presence of adhered old
paste or mortar. It has been demonstrated that by appropriate
aggregate proportioning, the packing density of a particle system
consisting only of RA could approach the packing density of a par-
ticle system consisting only of NA, as evidenced by the relatively
small difference in the maximum packing density of 0.738 for RA
and 0.770 for NA [49].

In practical production, the findings from the present research
could serve as important guidelines. For instance, it provides a
new perspective that, by appropriate packing optimization, the
performance of RAC could approach that of NAC, thus resolving
the major hurdles in the wider application of RA. More specifically,
the use of packing optimization could liberate the need of various
RA treatment methods in the absence of the demanding conditions.
Apart from it, the cement consumption has not been increased dur-
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ing the packing optimization process, while a possible decrease in
cement consumption could even provide a higher sustainability.
Second, it enables the prediction of the properties of RAC based
on the key factor of packing density during the production of con-
crete paving blocks. Nevertheless, further studies on investigating
the role of particle packing in properties and durability of general
concrete production are recommended [50].

6. Conclusions

In this paper, an experimental program, consisting of two
phases, was conducted with the aim of investigating the effects
of aggregates packing on the properties of concrete paving blocks
systematically. Based on the tests results and discussion, the fol-
lowing conclusions could be drawn,

1. The packing density of the RA particle system could be signifi-
cantly increased by up to 31% after appropriate aggregate pro-
portioning. In addition, the packing density of an RA particle
system could be optimized to approach that of an NA particle
system, despite the presence of adhered old paste or mortar
for RA.

2. With appropriate packing optimization, the compressive
strength of concrete paving blocks made with only RA could
be increased by 156% from 30.9 MPa to 79.2 MPa, approaching
the maximum compressive strength of 84.8 MPa obtained for
concrete paving blocks made with only NA. Meanwhile, the
cement content (converted to volumetric mix design) was
below 400 kg/m> for all mixtures, without incorporating any
supplementary cementitious materials.
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3. The packing density was found to be a key factor that governs
the properties of concrete paving blocks, regardless of the
aggregate type, which provides a new perspective to under-
stand and enhance the properties of RAC. In addition, the com-
pressive strength and density increased with the packing
density, while the WA decreased with the packing density.

4. Empirical equations for the prediction of the compressive
strength and other properties have been derived with reason-
ably high R? values ranging between 0.720 and 0.928 based
on the key factor of packing density. The quantitative relations
between the compressive strength and packing density of con-
crete paving blocks made with both NA and RA have been
revealed. Though empirical, these formulas do provide guideli-
nes for future mixture design of concrete paving blocks.
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ARTICLE INFO ABSTRACT

Keywords:
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Optimization of pretreatment and various gas-solid interaction conditions is necessary for effective carbonation of
recycled coarse aggregates derived from concrete wastes (RCA). This study demonstrated the use of linear
weighted sum method to simultaneously optimize the pretreatment and carbonation test conditions. The opti-

?;t:;:r?j:et mization of the test conditions produced simplified, and eco-friendly pretreatments and drastically reduced the
Optimization carbonation duration of RCA from 72 h to 3 weeks in previous studies to 18 h in this study. In addition, the
Wastewater optimum experimental conditions were validated by casting concrete using the carbonated RCAs. The optimized
Durability pretreatment and carbonation conditions were spraying Ca®*-rich wastewater at a level of 60% of the 24 h water

absorption of RCA, 12 h air drying and 6 h carbonation at 60 °C. This study also demonstrated that wastewater
derived from ready-mix concrete batching plants can be utilized for spraying the RCAs to improve carbonation
efficiency. Also, the mechanical and durability properties of concrete prepared with RCAs produced from the
optimized conventional carbonation and pressurized carbonation were similar. Therefore, optimized conventional
carbonation can be utilized as an alternative to pressurized carbonation. The improved mechanical and durability
properties of concrete prepared with carbonated RCAs were attributed to the improved physical properties of
carbonated RCAs and improved microhardness of the interfacial transition zone of the new mortar. The simpli-
fied, faster, ecofriendly, optimized pretreatment and carbonation conditions opens a new vista for industrial
carbonation applications and optimization of gas-solid interactions.

1. Introduction

Much interests are now being paid on recycling recycled aggregates
derived from construction and demolition wastes (CDW) due to sus-
tainability concerns (Bao et al., 2020a; Silva et al., 2019; Xuan and Shui,
2011). Environmental sustainability concerns with respect to CDW in-
cludes leaching of hazardous chemicals from CDW, rapid natural

resource depletion, land depletion due to landfill-based waste manage-
ment, greenhouse gas emission and risk of landslides of landfilled CDW
by rainfall (Bao et al., 2020b; Behera et al., 2014; Bonoli et al., 2021; Lu
et al.,, 2017). The economic sustainability concerns includes increased
production costs and time, creation of new jobs and industries, increased
landfilling operation and maintenance costs as well as increased gov-
ernment expenditure on new landfills (Alsheyab, 2021; Zhang et al.,

Abbreviations: RCA, Recycled coarse aggregates; RAC, Concrete prepared with recycled coarse aggregates; CDW, Construction and demolition wastes; NA, Natural
aggregates; NAC, Concrete prepared with natural aggregates; RMA, Regular mortar aggregates; CS, Compressive strength; PC, Pressurized carbonation; FCSE, Opti-
mized conventional carbonation; FC, Conventional carbonation; RAC-FC, Concrete prepared with 24-h carbonated recycled coarse aggregates (RCA); RAC-PC, Con-
crete prepared with pressurized carbonated RCA; RAC-FCSE, Concrete prepared with optimized carbonated RCA; NSC24-25, Regular mortar aggregates non-sprayed
and carbonated for 24 h @ 25 °C; SC24-40, Regular mortar aggregates wastewater-sprayed, non-dried and carbonated for 24 h @ 40 °C; SC12-60, Regular mortar
aggregates wastewater-sprayed, non-dried and carbonated for 12 h @ 60 °C; SA12C6-60, Regular mortar aggregates wastewater sprayed 12-h air dried and carbonated
for 6 h @ 60 °C; SE6C6-60, Regular mortar aggregates wastewater sprayed, 6 h dried in environmental chamber and carbonated for 6 h @ 60 °C; MHyew mortars
Microhardness of new mortar surrounding the regular mortar aggregate; MHgya, Microhardness of the carbonated and uncarbonated regular mortar aggregate; BD,
Bulk density; WA, Water absorption; BEC, Bulk electrical conductivity.
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Table 1
Pre-treatment and carbonation conditions of RCA in previous researches.

References Pre-treatment Carbonation Benefits and drawbacks
conditions
Li et al. e Dryingina e 20% CO, e Drying to enhance
(2019) chamber to obtain e 70£5% RH carbonation.
appropriate e 23+2°C e Long carbonation
moisture content e 3days time.
Kazmi et al. e C Lime-treated, e 100% CO, e Lime-treatment
(2020) acid-treated and e +0.8 bar before carbonation
direct carbonation. e 24 h resulted in lowest WA
e Drying at 25 °C and porosity of RCA.
and 50% RH for 3
days.
Wang et al. o Air-dried before e 20+3% CO2 e RAC exhibited good
(2020a) direct carbonation. e 20+2°C properties.
o Impregnation with e 70 + 5% RH
hydrated lime for e No pressure.
1h
e Dried at 50 °C.
Zhan et al. e Presoaking in a e 100% CO, o Lower WA, higher
(2018) saturated e +0.1 bar CO;, uptake.
limewater for 3 e 24h e Increased

days. e Room microhardness

e Pre-drying for 3 temperature recorded by lime-
days at 26 °C & soaked RCA.

50% RH. e High carbonation
pressure and long
time

Zhan et al. e Soaking in e 100% CO, e Improvement in
(2020) limewater for 56 e +1 bar microhardness of RCA
days. e 25°C e Improvement of their
e Drying at 25 °C & e 7 days interfacial bonding

50+2% RH for 14
days.

(ITZ) of RAC
High carbonation
pressure and long
time.

2019a, 2019b). Beside these, the other major issues of COW management
are attributed to rapid urbanization, low recovery and recycling rates,
ineffective government policies, management deficiencies and inade-
quate capacity to manage the wastes (Zhang et al., 2019b; Aslam et al.,
2020; Bao and Lu, 2020; Kabirifar et al., 2020; Ruiz et al., 2020). Recy-
cled concrete aggregates from CDW (RCA) has thus been identified as an
alternative source of aggregates to mitigate the negative impact of nat-
ural aggregate (NA) exploitation, as well as the waste management and
environmental issues arising from CDW disposal (Muduli and Mukharjee,
2020).

Recycling of CDW offers potential opportunities for waste reduction,
resource efficiency and resource conservation, aversion of environmental
pollution and risks, reduction of government expenditure on landfill
operations and management and creation of new jobs and industries
(Silva et al., 2019; Zhang et al., 2019b; Bao and Lu, 2020; Agrela et al.,
2021; Liu et al., 2021; Yazdani et al., 2021). To reap the benefits of
environmental and economic benefits of CDW recycling, governments of
various countries have increased landfilling costs and set up environ-
mental programmes and policies to encourage recycling (Ghaffar et al.,
2020; Jain et al., 2015; Kurniawan et al., 2021; Li et al., 2020a; Tur-
kyilmaz et al., 2019; Wang et al., 2021). In addition, several companies
have embraced in-house recycling/upcycling to achieve project effi-
ciency, sustainable construction and improve their profits (Wang et al.,
2021).

Despite numerous studies confirming the feasibility of using RCA in
concrete for applications (Ceia et al., 2016; Majhi et al., 2018; Pereir-
a-De-Oliveira et al., 2014; Rao et al., 2011), its use is largely limited
owing to its inferior properties compared to NA, leading to reduction in
mechanical and durability properties of recycled aggregate concrete
(RAC) compared to natural aggregate concrete (NAC). Even though some
studies reported that RCA application rate can reach up to 100%
depending on the quality (Le and Bui, 2020; Rockson et al., 2020; Xuan
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et al., 2012), most standards limit RCA utilization in different civil en-
gineering works.

In recent years, carbonation treatment has attracted much interest to
enhance the properties of RCA as shown in Table 1. It generally involves
two steps, namely pre-treatment by using other foreign admixtures (i.e.
Ca-rich foreign admixture, Ca(OH), solution) and adjustment of proper
carbonation conditions (i.e. temperature, pressure, duration, drying
condition) to enhance carbonation. Recent studies have revealed that
pre-treatment prior to carbonation had beneficial effects such as reduc-
tion of water absorption of the carbonated RCA, improved their strength
and CO» uptake (Ouyang et al., 2020; Zhan et al., 2018). The significant
improvement of RAC was attributed to the enhancement of the interfacial
transition zone (ITZ) between the new and old mortar (Zhan et al., 2018;
Shaban et al., 2019). This is due to the formation of a dense and com-
pacted ITZ (Zhan et al., 2018; Hanif et al., 2020; Kim et al., 2018). Since
the total aggregates occupy 55-80% of concrete by volume (Mindess
et al., 2002; Saxena and Pofale, 2017; Tufail et al., 2017; Wang et al.,
2018) and coarse aggregates occupy between 40 and 50% of concrete by
volume (Saxena and Pofale, 2017; Li et al., 2016), therefore, utilization of
the optimized carbonated RCA is a low-cost and eco-friendly alternative
to improve the mechanical performance and durability of recycled con-
crete products.

Previous studies reported that the efficiency of the gas-solid carbon-
ation of RCA is influenced by various experimental conditions, including
pre-treatment (spraying/soaking) methods, temperature, carbonation
duration, and type of pre-drying conditions (Fang et al., 2020),. In most
of the studies, the pressurized carbonation of RCA resulted in effective
carbonation and improved strength development of RAC (Xuan et al.,
2016). Several processing variables including carbonation pressure,
moisture contents of samples, CO5 concentrations were also reported to
affect carbonation efficiency (Bao et al., 2017; Huijgen et al., 2005; Zhan
et al., 2016; Zhao et al., 2015). In addition, porosity and permeability
reduction alongside strength development of concrete have been linked
to pressurized carbonation (Bao et al., 2017; Hay et al., 2021; Hyvert
et al., 2010). However, the industrial operations of pressurized carbon-
ation is more challenging compared to conventional carbonation by
applying a CO, gas stream flowing through the recycled aggregates
continuously under ambient pressure conditions.

Furthermore, recent studies have also identified moderate elevated
temperature carbonation as an effective means to accelerate the rate of
carbonation reaction, increase CO; uptake and promote the formation of
carbonation products both on the surface and interior layers of RCA
(Wang et al., 2019, 2020b). Moderate elevated temperature carbonation
promotes the formation of CaCO3 (calcite), enhances CO5 molecular
mobility and prevents pore blockage by a dense protective carbonated
layer (Liang et al., 2020; Liu et al., 2018). In contrast, excessive elevated
temperature carbonation promotes leaching of Ca2* ions, reduces CO,
solubility leading to high pH of the water and lowers dissolution rate of
ca?t (Liang et al., 2020). In addition, there is lack of consensus on the
optimum elevated temperature to be utilized to carbonate recycled ag-
gregates (Azdarpour et al., 2017; Qian et al., 2016).

Therefore, this study aims to optimize the conventional carbonation
process as stated above for effective carbonation of RCA using regular
mortar aggregates (RMA) prepared in the laboratory and validated the
optimal conditions by casting concrete using RCA collected from a local
recycling plant concrete. The objectives of this study are:

To investigate the influence of carbonation conditions on the physical
properties of regular mortar aggregates

To optimize the carbonation conditions including pretreatment by
using wastewater sourced from concrete batching plants as a calcium-
rich additive (Fang et al., 2020) and carbonation conditions using a
linear weighted sum method

To investigate the mechanical and durability properties of RAC con-
taining the optimally treated RCA collected from a local recycling
plant.
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Table 2
Chemical compositions of conventional and white OPC (% by mass).
Type CaO SiO, Al,03 Fe,03 MgO Na,O K,O SO3
Conventional OPC 63.15 19.61 7.52 3.32 2.14 0.13 0.32 2.03
White OPC 67.60 20.20 4.78 0.21 1.48 - 0.73 4.90
— —
Pretreatment and variables Properties
e Wastewater spraying content; e Water absorption;
Regular mortar e Temperature; e Density;
aggregates . . . — .
(MAs) e Carbonation duration; * Microhardness
X e Type of drying;
Steam curing ) )
e Drying duration.
_—

-

Fig. 1. Conventional gas-solid carbonation conditions of RMAs and properties tested.

This study is significant by revealing the optimum carbonation con-
ditions for improving the properties of RCA using the linear weighted
sum method. The optimized pretreatment and carbonation time were
reduced significantly which makes it attractive to the construction in-
dustry. This study also demonstrated the usefulness of Ca-rich waste-
water from ready-mixed concrete batching plant for improving the
properties of RCA. This study also revealed the correlations between the
mechanical and durability properties of concrete prepared with carbon-
ated RCA and conventional coarse aggregates.

2. Materials and methodology
2.1. Materials and preparation of specimens

Regular mortar aggregates (RMAs) prepared in the laboratory were
used in this study to investigate the influence of various pretreatment
conditions and gas-solid carbonation test conditions in order to overcome
inherent variability of recycled concrete aggregates (RCA) collected from
recycling plants (Ouyang et al., 2020). White Ordinary Portland cements
(OPC) provided by Green Island Cement Limited complying with ASTM
Type 1 were used for preparing RMAs in combination with a siliceous
river sand and water, while conventional OPC was used for preparing the
new mortar. The white cement helped to easily delineate/differentiate
the interface between the old mortar (RMAs) and the new mortar in RAC.
The chemical compositions of the conventional and white cements are
listed in Table 2. The mix proportion for producing RMAs was 0.5:1:2
(water: cement: sand). After homogeneously mixing the proportioned
constituents in a mixer, casting of RMA was done in 20 x 20 x 20 mm
steel moulds. The fresh RMAs were demoulded after 24 h and then steam
cured for 7 days at 60 °C using a steam bath. White OPC was used in
casting the regular mortar aggregates while conventional OPC was used
in casting the mortar surrounding the regular mortar aggregates to easily
delineate the regular mortar aggregate (representing the old mortar)
from the surrounding new mortar. The OPC is called white because of its
white colour and it is white because of its negligible ferric oxide content.
In addition, conventional OPC was used in the concrete mix designs. The
chemical compositions of both conventional OPC and white OPC were
presented to show their similarity/differences, calcium oxide (CaO)
content and the potential major ions contributing to carbonation. As
shown in Table 2, the main difference is that conventional OPC has ferric
oxide (FeyO3) while white OPC has negligible ferric oxide. The similarity
is that both conventional OPC and white OPC have similar CaO and SiO,
contents, both of which enhance carbonation and also have similar
pozzolanic content. Likewise, the major oxide in both conventional OPC
and white OPC is CaO. Therefore, white OPC can be utilized to replace

Table 3

Chemical compositions of wastewater (ppm).
Items Ca%t K" pH
Wastewater 1211.8 £ 69.3 606 + 59.6 12.8 £ 0.1

conventional OPC to simulate carbonation experiments similar to con-
ventional OPC.

Meanwhile, the specimens for testing the microhardness of the
carbonated RMAs and the new mortar were prepared by casting the
mortars into 40 x 40 x 40 mm plastic moulds in two layers. First, the
fresh new mortar prepared with the conventional OPC was cast into the
moulds to reach approximately one-quarter of the height and vibrated for
10 s. Afterwards, respective RMAs (simulating the old mortars) were
placed into the middle part of the moulds. Then, the fresh new mortar
was further cast to fully cover the RMAs and vibrated again for 10-20 s.
These specimens were demoulded after 24 h and steam cured at 60 °C for
7 days in a steam bath as shown in Fig. 1.

The chemical compositions of wastewater collected from a local
ready-mixed concrete plant for pretreating the RMA and RCA are shown
in Table 3. It was an alkaline wastewater with a rich Ca>* content. The
precondition and carbonation treatments optimized for the regular
mortar aggregates were: (i) amount of wastewater sprayed on the mortar
aggregates, (ii) the temperature of carbonation, (iii) drying duration and
drying type as shown in Fig. 1. The properties of the regular mortar ag-
gregates investigated were water absorption, density and microhardness
as shown in Fig. 1.

2.2. Conventional gas-solid carbonation conditions of RMAs and
preparation of recycled aggregate concrete (RAC)

2.2.1. Conventional gas-solid carbonation conditions of RMAs

The RMAs were placed in one layer inside a flat container as shown in
Fig. 2 (a) and sprayed with wastewater with an inclined hand-held
spraying device similar to previous studies (Fang et al., 2020, 2021).
Before commencement of spraying, the container with the RMAs was
placed on the weighing balance and the balance was zeroed. The RMAs
were manually sprayed from the top and to ensure even spraying, the
RMAs were turned manually after spraying a quarter of wastewater mass
required for spraying. The wastewater quantities sprayed were 20%,
40%, 60% and 80% of total water absorption of RMAs while another
RMA was soaked for 5s for comparison. The wastewater used was ob-
tained from a local ready-mixed batching plant in Hong Kong, which was
used to wash the returned concrete or concrete trucks (Xuan et al., 2018).
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Fig. 2. (a) Spraying of regular mortar aggregates (b) Placement of regular mortar aggregates in layered autoclave chamber (c) Autoclave chamber for conventional
and pressurized carbonation (d) RCA from pure demolished waste (e) Spraying of RCA with wastewater in inclined mixer using hand-held spraying device.

The wastewater is alkaline with a rich Ca®* content. An industrial grade
COq source (>99% purity CO, gas) was used for carbonation of RMAs
and RCA in this study. Before placement of RMAs and RCAs into the
autoclave chamber, the manual release valve was opened to make sure
there is zero pressure in the autoclave. Thereafter, the cover of the
autoclave was opened first by loosening the nuts with the torque wrench
followed by lifting the autoclave cover with the chain block in combi-
nation with the cover holder. To ensure uniform carbonation, the sprayed
RMAs were placed in three wire baskets and each basket was placed in
each of the three layers of the autoclave as displayed in Fig. 2(b).

With the aid of the chain block and cover holder, the specimens were
lowered into the autoclave chamber as shown in Fig. 2 (c). The cover
holder was removed and the nuts were tightened with the torque wrench.
For conventional carbonation, the manual release valve was opened and
there was no need to set pressure while for pressurized carbonation the

valve was closed and the pressure of 1 bar was utilized for pressurized
carbonation which is below the 14 bar pressurized capacity of the
autoclave equipment. The main power was switched on and with the aid
of the temperature and pressure regulators on the control panel, the
experimental condition was set and CO, gas was injected into the
chamber at a flow rate of 1+0.5 lit/min. The specimen for air drying
conditions were air dried at ambient temperature of 25 °C before
carbonation inside the laboratory while the specimen for environmental
chamber drying were dried at ambient temperature of 25 °C and 50%
relative humidity in the environmental chamber and the specimen for
direct carbonation were immediately placed in the autoclave after
wastewater spraying. The experimental carbonation conditions of RMAs
as well as study framework are shown in Fig. 1. The temperature inves-
tigated were 25 °C, 40 °C, 60 °C and 80 °C while the carbonation
duration investigated were 3 h, 6 h, 12 h, and 24 h. In addition, the type
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Table 4
Water absorption and bulk density of RCAs after subjection to different
carbonation conditions.

Test conditions Water absorption (%) Bulk density (kg/m3)

5-10 mm 10-20 mm 5-10 mm 10-20 mm
Uncarbonated 7.73 6.66 2193 2223
FC 7.02 6.39 2220 2330
PC 6.64 5.64 2260 2290
FCSE 6.53 5.90 2250 2270

of drying investigated were air drying before carbonation, environmental
chamber drying before carbonation and direct carbonation (no drying).
In addition, the effects of drying durations of 3 h, 6 h, 12 h and 24 h for
both air drying and environmental chamber drying were investigated.

2.2.2. Preparation of recycled aggregate concrete (RAC)

Construction waste materials were collected from a local construction
waste recycling company in Hong Kong. The pure concrete waste mate-
rials, without stone, were crushed in the laboratory with the aid of
automated crusher to produce the RCAs utilized in this study, displayed
in Fig. 2 (d). After crushing, the RCAs were sieved into two size ranges
namely 5-10 mm and 10-20 mm in line with the mix design. To achieve
an even spraying, the RCAs were sprayed in an inclined mixer at a
rotating speed of 10 rev/min for every 5 kg batch as shown in Fig. 2 (e).
The RCAs were stored in plastic bags and sealed prior to carbonation.
After carbonation, they were stored again in plastic bags prior to concrete
casting. The RCAs were carbonated using the optimized conditions ob-
tained in RMA experiments. For comparison, the same batch of RCAs
were carbonated at different conditions, namely: conventional carbon-
ation at ambient temperature for 24 h (FC), pressurized carbonation at
ambient temperature for 24 h (PC) and the optimized elevated temper-
ature carbonation (FCSE) shown in Table 5. Table 4 lists the water ab-
sorption and bulk density values of RCAs after subjecting to different
carbonation conditions.

Based on dry bulk densities for uncarbonated and carbonated RCAs
displayed in Table 4, the RCAs can be described as normal weight ag-
gregates (NWA) since the apparent bulk density range of 2193-2260 kg/
m® for 5-10 mm RCA and 2223-2330 kg/m® for 10-20 mm RCA were
within 2100-3000 kg/m3 required for NWA (BS-EN-206-1, 2000). In
addition, it was observed that similar bulk densities were obtained by
both optimized conventional carbonation and pressurized carbonation.

Also, it was observed that RAC prepared at optimized conventional
carbonation conditions (RAC-FCSE) recorded lower water absorption
compared to conventional carbonation (RAC-FC) and achieved compa-
rable water absorption with RCA subjected to pressurized carbonation
(RAC-PC). The water absorption obtained in our study was comparable to
results from a previous study (Xuan et al., 2017). This implies improve-
ment in RCA properties by conventional carbonation was limited due to
the rapid densification of the surface (Fang et al., 2021) and limited
supply of moisture. Therefore, optimized carbonation is preferable owing
to reduced water absorption of carbonated RCAs and slightly improved

Table 5
Mix proportions for natural/recycled aggregate concrete (kg/m>).
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bulk densities. Recent studies also reported similar improvements in RCA
properties due to carbonation and wastewater pretreatment (Li et al.,
2019; Fang et al., 2020, 2021). However, pre-treatment with wastewater
prior to optimized conventional and pressurized carbonations supplied
extra Ca®* jons in the pore solution which provided extra carbonation
products resulting in improved and comparable bulk density and lower
water absorption of RC (Fang et al., 2021). Therefore, optimized con-
ventional carbonation and pressurized carbonation have similar
carbonation efficiency.

For validation purposes, NAC and four types of RACs prepared with
real RCAs from a local recycling plant were cast and the mix proportions
are shown in Table 5. The four types of RACs were prepared using 100%
replacement of NAs with the carbonated RCAs. Based on their respective
water absorptions, water adjustments were made for each batch to ensure
the same effective water to cement ratio of 0.6. For each mix, four con-
crete cylinders with dimensions of ®100 x 200 mm and four cubes with
the dimensions of 100 x 100 x 100 mm were prepared. After casting, the
specimens were covered with a plastic sheet and cured in the laboratory
environment for 24 h before demoulding and then cured by full im-
mersion in a water tank at ambient temperature for 7 day and 28 days in
the laboratory. The mechanical and durability properties of NAC and
RAGs, including compressive strength, elastic modulus, sorptivity and
bulk electricity conductivity, were tested on specific days and evaluated
for comparison.

2.2.3. Linear weighted sum method to optimize testing conditions

Optimization studies have attracted a lot of interest in diverse disci-
plines to reduce production cost, improve production process efficiency
and product quality and thereby reduce maintenance expenses. Two
commonly utilized optimization techniques in concrete design are
Taguchi and Response Surface Methodology. Recent Taguchi optimiza-
tion studies have shown that processing of concrete materials/concrete at
optimized conditions is crucial to achieve best mechanical and durability
properties (Chen et al., 2017; Mubina et al., 2019; Onoue et al., 2019).
Taguchi design of experiment utilizes fractional factorial design
approach to accomplish single, dual and multi-objective optimization of
concrete composition and processing conditions in an efficient and sys-
tematic manner. Though Taguchi has the potential to reduce experi-
mental runs with L° orthogonal arrays, the time and cost-effectiveness of
Taguchi approach depends on the array type selected which can range
between L9 to L36. Taguchi optimization method utilizes the control
factors to eliminate the noise caused by the uncontrollable factors to
achieve desired target performance while minimizing the associated loss.
Based on desired response, optimum control factors are identified and
selected from consideration of the interactive effects of the
signal-to-noise ratios.

Taguchi optimization applications are diverse and has been utilized in
composition optimization of alternative binders, tertiary blended ce-
ments, artificial fly ash aggregates, fly-ash based geopolymer mortar,
sandcrete block and lightweight aggregates to mention a few (Chen et al.,
2017; Onoue et al., 2019; Ikeagwuani et al., 2020; Peyronnaard and
Benzaazoua, 2012; Shivaprasad and Das, 2018; Teirmotashlu et al.,

Items Treatment methods of RCAs Cement Sand Agg. Agg. Effective W/C
5-10 mm 10-20 mm

Control Natural aggregates 325 752 282 846 0.6

RAC No carbonation treatment

RAC-FC Conventional carbonation for 24 h*

RAC-PC Pressurized carbonation for 24 h at 1 bar

RAC-FCSE eSpray wastewater (60% of water absorption)

eConventional carbonation
eTemperature: 60 °C
eDuration: 6 h

a

carbonation by applying a CO,, gas stream flowing through the recycled aggregates continuously under ambient pressure conditions.
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2018). Specifically, Taguchi optimization method has been utilized in
reduction of production duration of concrete pavement, reduction of
production temperature of asphalt mix, eco-friendly and economic
design of self-compacting cement composite through 64% cement
replacement with supplementary cementitious materials (SCM), improve
corrosion durability of RC structures, composition optimization of
pervious concrete pavement, permeable asphalt concrete, lightweight
concrete, alkali-activated fly ash binders and identify the optimum pro-
cessing temperature for binders (Cabrera-Luna et al., 2018; Ghanei et al.,
; Hinislioglu and Bayrak, 2004; Hoseinpour-Lonbar et al., 2020; Jalal
et al., 2019; Joshaghani et al., 2015; Panagiotopoulou et al., 2015; Sle-
bi-Acevedo et al., 2020; Suttaphakdee et al., 2016). The major disad-
vantages of Taguchi optimization approach are limited visualization of
multiple interactive effects of input factors on desired product properties,
pre-screening requirement of variables to select the most important
factors and their suitable ranges as well as accurate interpretation of
results to select optimum conditions.

RSM (response surface methodology) is a mathematical and statistical
technique for experimental design, which utilizes desirability optimiza-
tion approach to select the optimum process conditions or composition
(Chelladurai et al., 2020). Most RSM optimization studies focused mainly
on material composition optimization and was applied to plastic
fibre-reinforced recycled concrete with improved cracking properties
and strength, hybrid fibre-reinforced concrete, clay-based self--
compacting rigid concrete pavement, mortar, steel fibre reinforced
ultra-high performance concrete, rapid-repair cement mortar, blended
concrete, design eco-efficient UHPC and pervious recycled concrete
(Ahmed et al.,, 2020; Bankir and Sevim, 2020; Busari et al., 2019;
Delarami et al., 2021; Dinggiang et al., 2020; Hassan et al., 2020; Rivera
et al., 2019; Zhang et al., 2020). By specifying the desirable minimum
and maximum ranges of output properties (quality ranges), the compo-
sition or process conditions that gives the highest desirability value is
selected as the optimum (Chelladurai et al., 2020; Bankir and Sevim,
2020; Dinggiang et al., 2020). With the aid of in-built ANOVA, input
parameters that have significant effect on specified product qualities are
found while regression model equations are generated for the responses
(Zhao et al., 2015; Bankir and Sevim, 2020). With the aid of the 2D and
3D visualization graphs it generates, RSM aids understanding of the ef-
fects of the input parameters on the output responses (product quality)
(Delarami et al., 2021; Hassan et al., 2020; Aydemir and Ozkul, 2020;
Carrion et al., 2020; Usman et al., 2020).

RSM has enormous capabilities and has been applied to identify sig-
nificant parameters to optimize both fresh and hardened properties of
concrete and varied composition of concrete mixtures to achieve
different target slumps and different target strengths (Fardin and dos
Santos, 2021; Li et al., 2020b; Mohammed et al., 2018). In addition, RSM
can assess the suitability of alternative fine aggregates, SCMs and fibres
in concrete, and rank their effectiveness for different construction ap-
plications (Rivera et al., 2019; Mohammed et al., 2019a, 2019b; Noroozi
et al., 2019; Pinheiro et al., 2020; Qi et al., 2020). RSM has also been
applied to study the effect of porous aggregate properties on autogenous
shrinkage reduction (Sun et al., 2019) and Los Angeles value of aggre-
gates on concrete strength (Tunc and Alyamac, 2020). In summary, RSM
can be utilized in both material selection and process configuration to
replace conventional construction materials with new eco-friendly ma-
terials without sacrificing desired product qualities. Based on literature
review, multi-stage optimization using RSM is scarce as well as its
application to concrete durability. The major disadvantage of RSM is
large experimental runs requirements which is time-consuming and
expensive. To minimize the drawbacks of both optimization methods, a
recent study advocated coupling both RSM and Taguchi optimization
methods to maximize their benefits (Zhang et al., 2019b).

In this study, linear weighted sum optimization method was applied
because it is suitable for one-factor at a time (OFAT) experiments utilized
in this research. Linear weighted sum is a simplified optimization method
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recommended by some researchers (Sojobi, 2019; Sojobi and Liew,
2020) and has several advantages such as simplified computation and
elimination of bias, allows consideration of several properties concur-
rently and facilitates ranking of the outcome of experimental conditions
to determine the optimized experimental condition. In addition, it can
also be utilized to rank the effectiveness of the various pretreatment
conditions on the physical properties of the aggregates. Optimizing the
pretreatment conditions of RCA before usage has the potential to effec-
tively carbonate RCA, shorten the accelerated carbonation process and
improve durability of recycled concrete (Xuan et al., 2018; Lin et al.,
2015; Zhan et al., 2019). The testing condition with the highest rank is
selected as the optimum testing condition which can be utilized in RAC
production.

2.3. Determination of physical properties of RMAs

The water absorption and bulk density of RMAs before and after
carbonation treatments were determined in accordance to BS-EN-1097-6
(BS-EN-1097-6, 2013) as well as the microhardness. The water absorp-
tion and bulk density were determined using the wire basket method
because it gave more consistent results compared to the pycnometer
method, it is less prone to experimental errors, faster and more conve-
nient. Based on previous study (Fang et al., 2020), improvements from
carbonation and spraying with wastewater are reflected in reduction of
water absorption, increase in bulk density and improvement in micro-
hardness of the RMAs. The variables tested for RMAs were wastewater
spraying content, temperature, carbonation duration, type of drying and
drying duration.

2.4. Determination of mechanical and durability properties of RACs

2.4.1. Compressive strength and elastic modulus

The compressive strength test of RAC was conducted using
100 x 100 x 100 mm cubes at a loading rate of 0.6 MPa/s at 7 and 28
days. The elastic modulus was determined in accordance with BS-EN-
12390 (BS-EN-12390, 2013). The stress-strain curve of concrete was
firstly determined at the loading speed of 0.6 MPa/s. The displacement of
each concrete specimen was measured by two linear variable differential
transformers (LVDTs). The average value was used to calculate the strain
of the specimen. The elastic modulus E was then determined as the secant
modulus of the stress-strain curve at the range of 5% to 1/3 peak stress.

2.4.2. Sorptivity (Capillary water absorption)

The sorptivity test of RAC was carried out by using three concrete
discs (@ 100 x 50 mm) in accordance with ASTM-C1585 (ASTM-C1585,
2013). The sorptivity was calculated by using the increase in mass due to
water uptake, divided by the cross-sectional area of the specimen
exposed to the water. The weight variations of the specimens were
measured at 0, 1, 5, 10, 20, 30 min and 1, 2, 3, 4 5, 6 h for the first stage
and 1, 2, 3, 4, 5, 6 and 7 days for the second stage. A recent study re-
ported reduction in sorptivity of carbonated and wastewater-sprayed
RCA compared to carbonated and uncarbonated RCA (Fang et al., 2021).

2.4.3. Bulk electrical conductivity

Measurement of bulk electrical conductivity of RAC was performed
on three concrete discs (@ 100 x 50 mm) according to the procedures
described in ASTM-C1760 (ASTM-C1760, 2012). This test measured the
electrical current through a saturated specimen with a potential (U) of
60 V DC across the ends of the specimen. The current (I) was measured at
1 min after the voltage was first applied. The electrical conductivity (o,
S/m) was then calculated by an equation described in a publication
(Xuan et al., 2017). A recent study reported 15.1% reduction in bulk
electrical conductivity of concrete with carbonated RCAs (Xuan et al.,
2017).
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(1) Old mortar
(2) New mortar

(3) Epoxy

1)

Fig. 3. Test protocol of microhardness indentation around the interface between carbonated RCA (old mortar) and new mortar. Green diamonds represent the

testing points.

Table 6
Experimental conditions and physical properties of RMA.

Items Conditions Bulk density Water

(kg/m>) absorption (%)
2108 + 5.00

NSC 24- -Non-sprayed

25 -Carbonation: Conventional
-Carbonation duration: 24 h
-Temperature: 25 °C
-Wastewater-sprayed
-No drying (Direct
carbonation)
-Carbonation: Conventional
-Carbonation duration: 24 h
- Temperature: 40 °C
-Wastewater-sprayed
-No drying (Direct
carbonation)
-Carbonation: Conventional
-Carbonation duration: 12 h
- Temperature: 60 °C
SA12C6- -Wastewater-sprayed

60 -Drying type: Air drying at
25°C
-Drying duration: 12 h
-Carbonation: Conventional
-Carbonation duration: 6 h
- Temperature: 60 °C
-Wastewater sprayed
-Drying duration: 6 h
-Drying type: Environmental
chamber at RH: 50%
-Carbonation duration: 6 h
- Temperature: 60 °C

6.86+0.15

SC24-40 2089 +5.95 6.27+0.02

SC12-60 22204+21.92 5.124+0.50

2167 +14.13 4.89+0.68

SE6C6-60 2199+14.00 5.06+0.72

2.4.4. Microhardness measurement of ITZ between carbonated aggregates
and new mortar

The carbonated RMA and the new mortar were polished by a grinding
and polishing equipment (Buehler AutoMet 250) after fixing in an epoxy
resin according to the previous established procedures (Zhan et al.,
2018). The samples were stored in a vacuum chamber for 24 h before
testing the microhardness. The microhardness measurements were per-
formed by using a digital optical Vickers microhardness tester
(HVX-1000A, China) equipped with 40 x measurement lens and 10 x
objective lens. For the new mortar, the microhardness was conducted up
to 160 pm away from the surface of RMA at an interval of 40 pm. For the
carbonated RMA, microhardness test was conducted up to 6.5 mm inside
the surface of RMA at an interval of 0.5 mm. The microhardness test

protocol is shown in Fig. 3. The number of microhardness measurements
at one point is between 6 and 8 and the standard deviation was deter-
mined using excel spreadsheet. A recent study reported increase in ITZ of
RCA by carbonation treatment (Zhan et al., 2020).

RCA is covered by old mortar and during carbonation of RCA, it is the
old mortar that is carbonated. When RCA is used in production of new
concrete, a new interfacial zone is formed between the old mortar and the
new mortar. Our experiment simulates the old mortar and the new
mortar using the carbonated regular mortar aggregates that was sur-
rounded with new mortar. Therefore, the microhardness results of RMA
and the surrounding new mortar represents the microhardness of the real
RCAs and the new mortar. The advantage of this method is that it avoids
the variability of attached mortar of RCAs (Jayasuriya et al., 2018).

3. Results and discussion
3.1. Influence of test conditions on properties of RMAs

3.1.1. Bulk density and water absorption

Table 6 shows the experimental conditions and physical properties of
the carbonated RMAs. The 12-h direct carbonation of the wastewater-
sprayed RMAs at 60 °C (SC 12-60) exhibited the highest bulk density,
followed by the wastewater-sprayed RMAs dried in an environmental
chamber for 6 h, and carbonated for 6 h at 60 °C (SE6C6-60). The
wastewater-sprayed RMA air-dried for 12 h and carbonated for 6 h at
60 °C (SA12C6-60) had the third highest bulk density. All the three RMAs
mentioned above recorded higher bulk densities than that of the non-
sprayed RMAs prepared using the conventional carbonation at the
ambient temperature (control) (NSC24-25). However, the wastewater-
sprayed RMAs carbonated at 40 °C (SC24-40) recorded the lowest bulk
density compared to the control (NSC24-25). This implies the wastewater
spraying combined with an appropriate elevated temperature and drying
condition is beneficial and crucial to improve the density of RMA and
carbonation efficiency.

It was also found that the wastewater-sprayed RMAs air-dried for 12 h
prior to carbonation (SA12C6-60) recorded the lowest water absorption
of 4.89%, which represented a reduction of 28.7% in the water absorp-
tion when compared to the control (NSC24-25). This implies that the pre-
drying process of the wastewater-sprayed RMAs prior to carbonation is
essential to reduce the water absorption of the carbonated RMAs. A low
water absorption is desirable for RCA to achieve significant improvement
in the mechanical and durability properties of RAC.
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Table 7
Optimization of wastewater spraying quantity for the carbonated RMA.
Spray quantity Final sum Ranking
20% 1.08 2
40% 0.77 4
60% 1.39 1
80% 1.00 3
Soaking 0.75 5
Table 8
Optimization of temperature for the carbonated RMA.
Temperature (°C) Final sum Ranking
40 0.57 2
60 1.94 1
80 0.49 3
Table 9
Optimization of drying condition for the carbonated RMA.
Test conditions Normalized Final Ranking
sum
3 h direct carbonation 0.81 11
6 h direct carbonation 0.86 10
12 h direct carbonation 0.87 9
24 h direct carbonation 0.89 8
3 h air drying before carbonation 1.08 4
6 h air drying before carbonation 1.07 5
12 h air drying before carbonation 1.11 3
24 h air drying before carbonation 1.05 6
3 h environmental chamber drying before 0.97 7
carbonation
6 h environmental chamber drying before 1.14 2
carbonation
24 h environmental chamber drying before 1.15 1
carbonation

3.2. Optimization of test conditions to enhance the properties of RMA

3.2.1. Optimization of test variables using the linear weighted sum method

The test variables (amount of wastewater spraying; temperature;
carbonation durations; pre-drying method) were optimized using the
linear weighted sum method to optimize the testing conditions. The
amount of wastewater sprayed on the surface ranged from 20% to 80% of
the water absorption value of the RMA while a soaking treatment in
wastewater for 5 s was also used for comparison. The elevated temper-
ature investigated ranged from 40 °C to 80 °C. The optimization results
are shown in Table 7. Similarly, for the optimization of the temperature,
the results are displayed in Table 8. Subsequently, based on the results,
the optimum wastewater spraying amount of 60% and the optimum
temperature of 60 °C were recommended to improve the quality of the
recycled aggregates.
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12 h air drying before carbonation. Since the difference between the 24 h
and 6 h pre-environmental-chamber drying (228.25 and 227.81) is
insignificant, the 6 h pre-environmental-chamber drying process was
preferable to save time and energy costs. Furthermore, to improve the
efficiency of the carbonation process, the air-drying processes can also be
utilized. Therefore, in this study, a 12-h air drying period, and the 6 h
elevated temperature carbonation was selected for treatment of
wastewater-sprayed recycled aggregates.

3.2.2. Ranking of various test conditions

The relative importance of all the tested conditions listed in Table 6
was also investigated using the linear weighted sum method and the
normalized results are displayed in Table 10. The pre-drying process
recorded the highest impact on the bulk density, followed by carbonation
duration. In addition, wastewater spraying recorded the highest influ-
ence on the water absorption, followed by carbonation duration alone. In
terms of the overall physical properties of RCA, a combination of pre-
drying and carbonation duration recorded the highest influence, fol-
lowed by carbonation duration alone and wastewater spraying.

In summary, the optimized carbonation conditions are: (i) spraying
with wastewater containing additional Ca?* at the level of 60% of the 24-
h water absorption of recycled aggregates, (ii) followed by a 12-h air
drying period and (iii) 6-h elevated temperature carbonation at 60 °C.

4. Mechanical properties and durability of RAC prepared with
the optimized carbonated RCA

4.1. Mechanical properties of NAC and RACs

After finding the optimized carbonation conditions, and by using the
carbonated RCAs listed in Table 4, different types of RACs were prepared
as shown in mixture proportions displayed in Table 5. Table 11 lists the
mechanical properties of RACs. The optimized RAC-FCSE recorded the
highest 7-day compressive strength (CS;) of 29.1 MPa, while RAC-PC
(pressurized carbonation) recorded the highest 28-day compressive
strength (CSyg), followed by RAC-FCSE with CSyg of 35.6 MPa. The in-
crease in 28-th day compressive strength (CSpg) was 9.1%, 5.8% and
3.9% for RAC-PC, RAC-FCSE and RAC-FC, respectively, compared with
the uncarbonated counterpart (RAC). Also, utilization of 100% RCA in
concrete resulted in 23.4% reduction in elastic modulus. However, a
slight improvement in elastic modulus of concrete with carbonated RCA
was observed. The elastic modulus was higher than elastic modulus of
19.9-21.9 GPa obtained in another study with 0% and 3% steel fibre at
100% RCA (Kachouh et al., 2019). Although the mechanical properties in
terms of compressive strength and E values did not differ much, higher
improvements were noticed in the durability properties.

Table 11
Mechanical properties of RAC prepared with different carbonated RCAs.

Label CS; (MPa) CS,g (MPa) Elastic modulus (GPa)
Table 9 shows the optimization of carbonation durations and drying
thods (namely direct carbonation, pre-air drying before carbonation. NAC (control) 36.91.1 468 0.9 295207
metho mely » P Tying ) g RAC 27.7 407 33.641.6 22,6+ 0.4
and pre-environmental-chamber drying before carbonation). It was RAC-FC 279403 349 + 0.1 231+ 0.8
found that the 24-h pre-environmental-chamber drying attained the best RAC-PC 28.6+ 0.4 36.7+0.1 23.1+ 0.8
results, followed by the 6 h pre-environmental-chamber drying and the RAC-FCSE 29.1+ 04 35.6:0.6 23.2+£ 04
Table 10
Ranking of influence of test conditions on the physical properties and overall physical properties.
Test conditions Bulk density Ranking WA Ranking Overall properties Ranking
Wastewater spraying 0.95 3 1.07 1 2.82 3
Carbonation temperature 0.64 4 0.97 3 2.90 4
Carbonation duration 1.18 2 1.03 2 3.04 2
Drying process 1.23 1 0.93 4 3.24 1
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4.2. Sorptivity and bulk electrical conductivity of RAC

Sorptivity is the ability of concrete to absorb and transmit water and
other liquids by capillary suction and provides an engineering measure of
microstructure, total porosity and pore diameter which affect the dura-
bility properties of concrete (Bao et al., 2020a; Alexandridou et al., 2018;
Bravo et al., 2015; Uzoegbo et al., 2016). Sorptivity is a function of the
permeability of the pore system of concrete and is a useful durability
indicator (Shaikh et al., 2018). On the other hand, bulk electrical con-
ductivity (BEC) provides rapid indication of resistance of concrete to
chloride ion penetration and indirectly measures the interconnected
porosity of concrete (Habibi et al., 2021; Kurda et al., 2019). Increasing
RCA beyond 30% content in concrete tend to accelerate steel corrosion
due to the porous nature of RCA (Arredondo-Rea et al., 2019). This sit-
uation makes measuring bulk electrical conductivity very important
especially where 100% RCA applications is used. Therefore, to avert the
accelerated corrosion problem, strengthening the RCA prior to usage in
concrete is important.

The durability of concrete was investigated using sorptivity and bulk
electrical conductivity and the results are displayed in Fig. 4 (a) and (b).
Sorptivity was divided into two types namely initial water absorption
(IWA) and secondary water absorption (SWA). As shown in Fig. 4 (a),
initial water absorption is higher than secondary water absorption because
it measures capillary water absorption within the first 6 h of the experi-
ment and the pores are not yet filled up. But as the experiment progresses,
the pores get filled up and the capillary water absorption reduced drasti-
cally. Compared to uncarbonated RAC, concrete prepared with optimized
carbonation (RAC-FCSE) exhibited 20.5% reduction and 25.3% reduction
in initial and secondary water absorption respectively. In addition, con-
crete prepared with optimized carbonated RCAs and pressurized carbon-
ated RCAs (RAC-PC) recorded similar initial and secondary water
absorption. These results demonstrated that the optimized conventional
carbonation was as effective as the pressurized carbonation to enhance the
properties of RAC. In addition, similar reduction trend was observed in
both the initial and secondary capillary water absorption. Surface pre-
treatment of RCA increases surface homogeneity, improves ITZ micro-
structure, and reduces porosity (Al-Bayati et al., 2016). Another study also
reported that both capillary water absorption and chloride diffusion were
sensitive to the quality of RCA and water-binder ratio and were closely
related to the ITZ microstructure (Bao et al., 2020a).

Furthermore, the bulk electrical conductivities of RAC-FC, RAC-PC
and RAC-FCSE were similar as shown in Fig. 4 (b), indicating that RAC-
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Fig. 5. Microhardness comparison of (a) conventionally carbonated (FC) and optimized wastewater-sprayed and carbonated RMA (FCSE) (b) interfacial zone of the
new mortar surrounding the RMAs produced by conventional carbonation (FC) and optimized wastewater-sprayed and carbonated RMA (FCSE).
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FCSE achieved similar bulk electrical conductivity compared with RAC-
PC. Bulk electrical conductivity of concrete tended to increase with in-
crease in both initial and secondary water absorption. Conversely,
compressive strength tended to decrease with increase in bulk electrical
conductivity. Therefore, bulk electrical conductivity is related to the
compressive strength and sorptivity of concrete prepared with natural
and carbonated RCAs.

4.3. Microhardness of carbonated RMA and new mortar

Microhardness testing is the hardness of a material surface at the
microscopic level. Microhardness of aggregate is important because it
gives a measure of the strength of the aggregate and the quality
improvement derived from different pretreatment methods. Knowledge
of the microhardness gives valuable information on the optimum pre-
treatment conditions in production of high-quality RCA. Microhardness
can also reveal the mechanism governing the durability and mechanical
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properties of the aggregates. RMAs were utilized because their properties
were more consistent compared to RCA (Jayasuriya et al., 2018).

Fig. 5 showed the microhardness of the interfacial area of the spec-
imen prepared with the carbonated RMA and new mortar. As shown in
Fig. 5 (a), it was observed that adopting the optimized conventional
carbonation (FCSE) can enhance the microhardness of RMA itself.
Fig. 5(b) showed the improvement of the interface can be up to 160 ym
away from the carbonated RMA into the new mortar. A recent study
corroborated the microhardness findings reported in (Fang et al., 2020),
where the authors attributed the improved microhardness at the ITZ to
both porosity reduction and the growth of C-S-H gel due to calcite grains
serving as nucleation sites (Zhan et al., 2020).

4.4. Correlation between properties of carbonated RCAs and the
mechanical and durability properties of resulting concrete

As shown in Fig. 6 (a), linear decreasing relationship was observed
between water absorption of carbonated and uncarbonated RCAs and
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Table 12
Correlation coefficients between RCA properties and resulting concrete.
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Properties of concrete prepared with carbonated and uncarbonated RCAs

Properties of RCA Compressive strength Elastic modulus

Initial water absorption

Secondary water absorption Bulk electrical conductivity

WA —0.96 -0.88 0.96 0.85 0.88
BD 0.82 0.92 —0.89 -0.9 —0.97
Table 13
Comparison of pretreatment and carbonation effects on RCA in previous research and current study.
Treatment method RCA type Water absorption (%) Reference
Untreated After treatment Reduction (%)
Direct carbonation 5-20 mm 6.85 5.65 17.5 Kazmi et al. (2020)
Acid-treated & carbonated 5-20 mm 6.43 6.1
Lime-treated & carbonated 5-20 mm 5.47 20.1
Direct carbonation 2.25-6.25 mm 4.93 4.25 13.8 Wang et al. (2020a)
Air-dried, lime-treated and carbonated 2.25-6.25 mm 3.91 20.7
Environmental-chamber dried & carbonated for 3 days 20-30 mm 4.62 3.14 32.0 Li et al. (2019)
Optimized ww spray & carbonation 5-10 mm 7.73 6.53 15.5 Current study
10-20 mm 6.66 5.90 11.4

compressive strength and elastic modulus of concrete prepared with
carbonated and uncarbonated RCAs. This implies reduction of water
absorption of carbonated RCAs leads to improvement in compressive
strength and elastic modulus of resulting concrete. However, much better
relationship was observed between water absorption of RCAs and
compressive strength than elastic modulus (EM). In contrast, a positive
polynomial relationship was observed between water absorption of RCAs
and concrete prepared with carbonated and uncarbonated RCAs and both
initial and secondary water absorption as shown in Fig. 6 (b). This im-
plies reduction in water absorption of carbonated RCAs results in
reduction of both initial and secondary water absorption of resulting
concrete as well. However, slightly better relationship was observed
between water absorption of RCAs and initial water absorption than
secondary water absorption of resulting concrete. Likewise, a positive
polynomial relationship was observed between WA of carbonated and
uncarbonated RCAs and bulk electrical conductivity of concrete prepared
with carbonated and uncarbonated RCAs as shown in Fig. 6 (c). This
implies reduction in water absorption of carbonated RCAs results in
reduction in bulk electrical conductivity of concrete prepared with
carbonated and RCAs. Positive polynomial relationship was also
observed between bulk electrical conductivity and water absorption of
concrete prepared with carbonated and uncarbonated RCAs by another
study (Xuan et al., 2017).

With respect to the bulk density of RCAs, a positive linear relationship
was observed with both compressive strength and elastic modulus of
concrete prepared with carbonated and uncarbonated RCAs as shown in
Fig. 7 (a). However, a better relationship was observed between bulk
density of RCAs and elastic modulus than compressive strength.
Furthermore, a negative polynomial relationship was observed between
bulk density of RCAs and both initial and secondary water absorption of
concrete prepared with carbonated and uncarbonated RCAs as depicted
in Fig. 7 (b). A slightly better relationship was observed with secondary
water absorption compared to initial water absorption. Also, a negative
polynomial relation was observed between bulk density of RCAs and
concrete prepared with carbonated RCAs as shown in Fig. 7 (c). This
implies carbonation of RCAs results in increased bulk density of RCAs
and reduction in bulk electrical conductivity of concrete prepared with
carbonated RCAs. The result of the regression coefficients was also
corroborated by the correlation efficients shown in Table 12. While
negative correlation was recorded between water absorption of RCAs and
both compressive strength and elastic modulus of concrete, a positive
correlation was obtained with initail and secondary water absorption and
bulk electrical conductivity of concrete prepared with carbonated RCAs
as shown in Table 12. Futhermore, a positive correlation was observed
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between bulk density of RCAs and both compressive strength and elastic
modulus of concrete prepared with carbonated and uncarbonated RCAs
while a negative correlation was observed with initial and secondary
water absorption and bulk electrical conductivity. These results imply
water absorption and bulk density of carbonated and uncarbonated RCAs
have opposite effects on mechanical and durability properties of
concrete.

Table 13 shows the comparison of water absorption reductions of
RCAs from previous studies which utilized different pretreatment
methods. It was observed that water absorption reductions from current
study is better than acid-treated, carbonated RCAs. However, it seems
less effective comparable to air dried, lime-treated carbonation and those
carbonated for longer h and treated with highly concentrated lime.
Compared to current study, those methods are more energy demanding
and utilizes chemical agents which is not required in wastewater spray-
ing. Therefore, optimized wastewater spraying is an environmentally
friendly method for enhancing the carbonation of RACs and improving
the mechanical and durability properties of concrete prepared with
carbonated RACs.

5. Conclusions

Optimization of conventional gas-solid carbonation conditions is
important for effective carbonation of RCA. A linear weighted sum
method was used to optimize the carbonation conditions of recycled
aggregates in this study. The following conclusions can be drawn:

e The adopted linear weighted average sum method was helpful in

simultaneously optimizing both the pretreatment and carbonation

test conditions involving several input factors and corresponding
output responses.

The optimized pretreatment and gas-solid carbonation conditions:

spraying Ca®*-rich wastewater at a level of 60% of the 24-h water

absorption of the recycled aggregates, followed by a 12-h air drying
and 6-h carbonation at 60 °C.

Concrete prepared by using the optimized conventional carbonated

RCAs exhibited improved mechanical and durability properties

similar to concrete prepared with pressurized carbonated RCAs.

e The improvement in the mechanical and durability properties of
concrete prepared with carbonated RCAs is attributed to the
improvement in the microhardness of both the wastewater-sprayed
RCAs and the interfacial zones (ITZ) of the new mortar facilitated
by optimized pretreatment and carbonation conditions. The
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improvement in the microhardness of the new mortar was observed
up to 160 pm in the new mortar.

Although the mechanical properties in terms of compressive strength
and E values did not differ much, higher improvements were noticed
in the durability properties compared to mechanical properties. For
instance with the use of the optimized carbonation conditions, 20.5%
reduction in initial water absorption, 25.3% reduction in secondary
water absorption and 28.9% reduction in bulk electrical conductivity
were recorded for the concrete prepared with the carbonated RCAs
compared to uncarbonated RCAs.

Novelty of this study

This study demonstrated the use of a linear weighted sum method to
simultaneously optimize the pretreatment and carbonation test condi-
tions. The optimization of the test conditions produced simplified, and
eco-friendly pretreatments and drastically reduced the carbonation
duration of RCA from 72 h in previous study (Zhan et al., 2020) to 18 hin
this study. In addition, the optimum experimental conditions were vali-
dated by casting new concrete using the carbonated RCAs. This study also
demonstrated that wastewater derived from ready-mix concrete batching
plants can be utilized for spraying the RCAs to improve the carbonation
efficiency. Also, the mechanical and durability properties of concrete
prepared with RCAs produced from the optimized conventional
carbonation and pressurized carbonation were similar. Therefore, opti-
mized conventional carbonation can be utilized as an alternative to
pressurized carbonation.
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