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ABSTRACT

The use of recycled concrete aggregates (RCAs) and recycled concrete powder
(RCP), produced by processing waste concrete, is a promising strategy to
mitigate the depletion of natural aggregates and the environmental burden
associated with disposing of construction and demolition wastes. However, the
use of recycled aggregates generally has negative impacts on the properties of
concrete, particularly for those with a high RCA amount. To mitigate the adverse
impacts of using recycled materials, one of the effective methods is to improve

concrete mix design through particle packing optimisation.

This study first focuses on understanding the role of aggregate packing
enhancement in the properties of natural aggregate concrete (NAC) and recycled
aggregate concrete (RAC). The results indicate that increasing the aggregate
packing density can help to densify the granular skeleton of aggregates in
concrete by reducing the voids around the aggregates and the cement paste film
thickness, which subsequently enhances the mechanical properties of the
concrete, including the compressive strength, flexural strength, and Young's
modulus. This enhancement is higher for RAC than NAC, particularly for
Young's modulus. Optimising the aggregate packing status can decrease the
number of macropores in RAC, contributing to the enhancement in the

mechanical properties of RAC.

This study subsequently investigates the effects of cement paste volume (CPV)
and sand-to-aggregate volume ratio (Bs) on the properties of packing-optimised
RAC, followed by a microstructure study to reveal their influencing mechanisms.
The results indicate that the slump of RAC increases with the CPV at a growing
rate, which is mainly attributed to the increased lubrication effect of fresh paste
on the aggregates. However, increasing the Bs decreases the slump of RAC due
to the reduced cement paste film thickness. Increasing the CPV decreases the

macroporosity of RAC, as it reduces the amount of RCAs, thereby enhancing its



compressive strength and Young's modulus. However, excessive CPV increases
the porosity and thickness of interfacial transition zones, which subsequently
weakens the mechanical properties of RAC. The increase of Bs first enhances
the granular skeleton by optimising the particle packing status, which is
beneficial to RAC properties. However, excessive Bs can lead to an increase in
macroporosity and mean pore size inside RAC, degrading its mechanical
properties. Nonetheless, the flexural strength of the RAC is marginally
influenced by the CPV or Bs.

This study further explores the use of RCP as a potential sand alternative by
understanding its role in affecting the properties, particle packing density,
hydration reaction, and microstructures of cement mortar. The results indicate
that increasing the RCP content increases the water demand and decreases the
dry bulk density of mortars due to the inferior characteristics of RCP. Replacing
sand by 10-20% RCP has a negligible or slightly positive impact on the
mechanical properties of mortars. This is mainly attributed to a decreased
volume fraction of large capillary pores, air voids, and total porosity, which
overcomes the negative effects induced by RCP. Specifically, incorporating RCP
can reduce the fraction of large voids through its filling effect and slightly
promote hydration in mortars. Besides, the drying shrinkage of mortars increases
with the RCP replacement ratio due to the increased volume fraction of
mesopores in the RCP mortars. However, an excessive amount of RCP increases
the volume fraction of capillary pores and the total porosity of mortars due to the
combined action of the decreased packing density and the high porousness of
RCP particles, which subsequently decreases the mechanical properties of

mortars and further increases the drying shrinkage of RCP mortars.

The environmental benefits of adopting packing-optimised RAC and using RCP
as sand replacement are quantified via life cycle assessment (LCA). The
environmental impacts of global warming, stratospheric ozone depletion,

terrestrial acidification, freshwater eutrophication, land use, and non-renewable



energy consumption are evaluated. The results indicate that the adoption of
packing-optimised RAC can decrease most environmental impacts, except for
land use. However, using RCP as sand replacement can further decrease all the
considered environmental impacts of packing-optimised RAC, particularly for
land use. Replacing 20% river sand with RCP can decrease the land use of
packing-optimised RAC by 12%. Overall, the findings of the LCA study can
offer valuable guidance for optimising the mix design of RAC with respect to

environmental protection.
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CHAPTER 1
INTRODUCTION

1.1 Background and Problem Statement

With the rapid urbanisation and industrialisation in China, a large amount of
construction and demolition (C&D) wastes have been produced in the past
decades, as shown in Fig. 1.1. However, the recycling rate of C&D wastes is
only around 5% (Bao & Lu, 2020). The unrecycled C&D wastes are required to
be disposed in licensed dumping sites. Due to the shortage of dumping spaces,
some of the C&D wastes are disposed in unauthorised landfill sites, leading to a
negative impact on the environment. Moreover, increasing demand for natural
aggregates for new concrete production has also brought a tremendous pressure
on the environment. In China, around 15 billion tons of aggregates, including
coarse aggregates and sand, are consumed every year, which accounts for around
40% of'the total demand worldwide (Ding et al., 2016). For the sake of a balance
between social development and the environment, recycling C&D wastes has
attracted increasing attention in the past decades (Galvez-Martos et al., 2018).
One of the commonly used methods is to recycle the aggregates from the C&D
wastes (termed as recycled concrete aggregates, i.e., RCAs)as the raw material

for recycled aggregate concrete (RAC).

Fig. 1.1 Construction & demolition wastes

Different from natural aggregates, RCA can be regarded as a two-phase
composite consisting of natural aggregate and adhered old mortar, as presented

in Fig. 1.2. It has been found that the workability and mechanical properties of



RAC are not as good as those of natural aggregate concrete (NAC). For instance,
Topgu and Sengel (2004) reported that the slump of fresh concrete decreased by
around 20% when the natural concrete aggregates (NCAs) were fully replaced
by RCAs. This could be caused by the porosity of the attached old mortar, which
makes the RCA possess a higher water absorption, and therefore decreases the
slump of fresh concrete (Duan & Poon, 2014). In terms of mechanical properties,
most existing studies reported that the optimum replacement ratio of NCAs with
RCAscan be up to 30% in RAC without compromising its mechanical properties
(Tam et al., 2005). A higher RCA replacement ratio generally decreases the
mechanical properties of RAC. For example, Xiao et al. (2005) reported that
using RCAs to fully replace NCAs decreases the compressive strength and
Young's modulus of concrete by 26% and 45%, respectively. This can be
attributed to that the old mortar attached on the aggregate weakens the interfacial
transition zone (ITZ) between the RCA and the cement paste (Tam et al., 2005).
The existence of micro cracks in the old mortar could also weaken the

mechanical properties of RAC (Kisku et al., 2017).

Adhered old mortar

Natural aggregate

Fig. 1.2 Recycled concrete aggregate

During the recycling process of RCAs, a large portion of waste concrete fines
are produced. Liao and Yao (2022) reported that recycled concrete powder (RCP)
with a particle size below 150 um accounts for 1020 wt.% of total concrete
wastes. Thus, the rational utilisation of RCP is of great interest for sustainable
construction and environmental protection. Many studies have explored the
feasibility of using RCP as supplementary cementitious materials (SCM) to
minimise the high carbon dioxide emissions and intensive energy consumption

for cement production (Kim & Choi, 2012; Li ef al., 2021). These studies have



demonstrated that the use of RCP as SCM has a negative impact on the
mechanical properties and microstructures of cementitious materials due to its
low reactivity (Oksri-Nelfia et al, 2016). Kaliyavaradhan et al (2020)
performed a statistical analysis of cement-based materials with RCP as cement
replacement, and found that the compressive strength generally decreases with
the RCP content. Liu ef al. (2022), Sun et al. (2022), and Wu et al. (2022) also
reported that the use of RCP as SCM degrades the compressive strength of
cement mortar due to the reduced amount of hydration products and the

increased porosity.

In general, the negative influence of incorporating high-volume recycled
concrete aggregate or powder on the concrete properties involves a degradation
in workability, mechanical properties (particularly compressive strength and
Young's modulus), and microstructures. To mitigate these adverse impacts,
extensive studies have been conducted to develop enhancement methods for
reducing the RCA’s porosity and increasing the RCP’s reactivity. For example,
Xuan et al. (2016) investigated the properties of RAC incorporated with
carbonated RCAs, and found that the microhardness of cement paste in the old
mortar and the new ITZs around the carbonated RCAs can be enhanced after the
carbonation treatment. This in turn increases the compressive and flexural
strengths of RAC by up to 23%. Moreover, Qian et al. (2020) investigated the
effect of using high-temperature reactivated RCP as SCM on the properties of
ultra-high performance concrete (UHPC), and found that the use of treated RCP
has a negligible effect on the compressive strength of UHPC. Nevertheless, using
treated RCP up to 25% can improve the durability and pore structure of UHPC.
However, these treatments inevitably increase labour costs and environmental
burdens, which are barriers for the large-scale manufacture of the concrete
prepared with the treated materials. The improvement of the concrete mix design
method is another effective strategy to tackle the problems of using RCA and
RCPin concrete. This can be achieved by properly proportioning the constituents
of concrete to compensate for the negative impacts brought by using RCA and
RCP. This can also promote the wide application of high-performance

sustainable concrete in the construction industry.

The concrete mix design method based on particle packing optimisation has



attracted increasing attention. It can be used to increase the particle packing
density of granular materials to improve the properties of concrete.
Nanthagopalan & Santhanam (2012) found that the optimisation of aggregate
gradation can improve the packing density of aggregates, and thereby enhance
the mechanical properties of concrete. Moini et al. (2015) also found that
increasing the packing density by optimising aggregate gradation can enhance
the compressive strength of concrete. Amario et al (2017) adopted the
compressible packing model to optimise the mix proportion of normal and high-
strength RAC with an RCA replacement ratio of up to 60%, and the results
showed that the optimised RAC mixtures can achieve the desired mechanical
properties. Thus, particle packing optimisation is one of the most effective
methods for improving RAC properties. However, the role of aggregate packing
enhancement in affecting the properties and microstructure of RAC still requires

a more in-depth study.

In addition to aggregate packing optimisation, cement paste volume (CPV) and
sand-to-aggregate volume ratio (Bs) are important design parameters for
developing high-performance packing-optimised RAC. For example, Chu (2019)
reported that increasing the CPV by 6% could increase the slump of concrete by
150 mm but decrease the compressive strength by up to 7.2%. Similarly, Kolias
& Georgiou (2005) and Piasta & Zarzycki (2017) reported that increasing the
CPV can slightly decrease the compressive strength of concrete. However,
Yurdakul et al. (2013) and Wang et al. (2015) stated that there exists an optimum
CPV for concrete to achieve the maximum compressive strength. On the other
hand, Lin (2020) pointed out that increasing the Bs negatively affects the
compressive strength and microstructure of self-compacting concrete (SCC).
Mohammed and Rahman (2016) found that increasing the Bs can improve the
compressive strength and Young's modulus of concrete regardless of the
aggregate type. Su et al. (2002) found that increasing the Bs can improve the
flowability of SCC, but has a negligible influence on the elastic modulus when
the total aggregate volume is kept constant. Therefore, there is still no consensus
about the influence of CPV or Bs on the concrete properties. Moreover, there is
lack of studies investigating the effect of CPV or Bs on the microstructure of

RAC, particularly its pore structure and interfacial transition zone.



The RCP, as a by-product from C&D waste recycling, has also been used to
replace sand in mortar or concrete. For example, Zhao et al. (2015) investigated
the properties of mortars with RCP as a replacement of natural sand, and found
that incorporating RCP decreases the slump and compressive strength of mortars
by 55% and 29%, respectively. It has been recognised that the inferior properties
of RCP mortar are mainly attributed to the high porosity and water absorption of
RCP particles. Meanwhile, the incorporation of RCP as sand replacement can
further broaden the particle size distribution and alter the packing density of
aggregates under a dry packing condition (Mostofinejad & Reisi, 2012; Yu et al.,
1997). Therefore, the properties of RCP mortar might be improved through
optimising the packing status of aggregates with the incorporation of RCP. This
can be attributed to the refinement of pore structure with increased particle
packing density. However, few investigations have been conducted to
understand the role of RCP in affecting the particle packing density and the pore
structure of RCP mortar.

In addition, it is crucial to evaluate the broader environmental impact of these
materials. This requires a perspective that goes beyond the tangible properties of
the construction materials and further considers the environmental implications
associated with their production, use, and end-of-life management. This holistic

perspective is facilitated by Life Cycle Assessment (LCA).

LCA is one of the environmental assessment techniques that can be used to
effectively evaluate materials’ sustainability. Numerous LCA studies have
demonstrated that using recycled concrete aggregate has merit in reducing
environmental burdens. For example, Blengini and Garbarino (2010) and
Hossain et al. (2016) reported that the greenhouse gas emissions and energy
consumption of recycled aggregate production are lower than those of the
production of the same amount of natural aggregates. Weil et al. (2006) found
that the use of RCAs in concrete can reduce the consumption of primary mineral
resources. Zhao et al. (2020) found that replacing NCAs with RCAs in the
production of concrete blocks can save the land use but gain limited refinement
in global warming, acidification, and freshwater eutrophication. However, the
environmental benefits of adopting packing-optimised RAC and using RCP as

sand replacement have not been clearly demonstrated yet in the literature, which



necessitates an in-depth LCA study.

1.2 Research Questions

Although significant progress has been made on utilising C&D wastes for new

concrete production, there are still several research questions that need to be
tackled:

e Impact of aggregate packing enhancement on the properties of RAC:
Incorporating a high volume of recycled aggregates generally has negative
impacts on the concrete properties. One of the strategies to enhance the
RAC's properties can be achieved via the improvement of concrete mix
design based on aggregate packing enhancement. However, the role of
aggregate packing enhancement in affecting the properties and

microstructure of RAC remains unclear.

e Influence of design parameters CPV and Bs on the properties of RAC:
Determining the optimal aggregate gradation and cement paste volume is
important for developing high-performance packing-optimised RAC. There
is still no consensus on effects of varying CPV and Bs on concrete properties
in the literature. Furthermore, there is a lack of studies investigating the
effect of CPV or Bs on the microstructure of RAC, particularly its pore

structure and interfacial transition zone.

o Effect of using RCP as sand replacement on the properties of RAC: It has
been recognised that the inferior properties of RCP mortar are mainly due
to the high porosity and water absorption of RCP particles. Few
investigations have been conducted to understand the role of RCP in
affecting the particle packing density and pore structure of RCP mortar.
Therefore, the potential improvement of RCP mortar properties through

optimising the packing status of aggregates with the incorporation of RCP

remains largely unexplored.

e Sustainability assessment: LCA has been increasingly used to evaluate the
sustainability of construction materials. There is a lack of comprehensive

LCA studies that fully account for the environmental benefits of adopting



packing-optimised RAC and using RCP as sand replacement.

These identified questions underline the need for further research and form the

basis of this study's objectives in the subsequent section.

1.3 Research Objectives

The main aim of this study is to investigate the properties and sustainability of
packing-enhanced concrete incorporating recycled concrete materials,
specifically RCAsand RCP. In order to achieve this aim, the specific objectives

of this research are as follows:

e To investigate the impact of aggregate packing enhancement on the

improvement of RAC properties.

e To develop optimisation strategies for packing-optimised RAC through
adjusting the mix design parameters of cement paste volume and sand-to-

aggregate volume ratio.

e To reveal the role of using RCP as sand replacement in affecting the

properties of mortar.

e To demonstrate the environmental benefits of adopting packing-optimised

RAC and RCP as sand replacement via life cycle assessment.

1.4 Research Significance

The significance of this study lies in providing valuable insights into the practical
implications of developing a high-performance RAC with enhanced particle
packing. It can guide the industry in selecting the appropriate aggregate
gradation and cement paste volume for enhancing the mechanical properties and
sustainability of RAC. Moreover, the findings of this study can unveil the role
of RCP in affecting the particle packing density and pore structure of mortar,
which contributes to the knowledge of developing eco-friendly and high-
performance RAC. The in-depth exploration of the micro-to-macro mechanisms
in this study can further confirm the universal applicability of particle packing
enhancement for developing high-performance RAC. This demonstrates its

potential for contributing to the broader goal of sustainable and efficient



construction practices, particularly in the context of using recycled concrete

materials.

1.5 Outline of the Thesis

The thesis is divided into seven chapters, and the outline ofthe thesis is presented

in Fig. 1.3. The details of each chapter are summarised as follows.

Chapter 1 introduces the research background, motivations, research objectives,

significance of the study, and outline of the thesis.

Chapter 2 provides a literature review on the characteristics ofrecycled concrete
aggregate, concrete mix design method based on particle packing optimisation,
the use of recycled concrete powder, and the environmental assessment of
recycled aggregate concrete. Subsequently, the research gaps in the study are

identified and presented.

Chapter 3 presents an experimental investigation into the effect of aggregate
packing enhancement on the properties of natural and recycled aggregate
concrete. The slump, compressive strength, flexural strength, and Young's
modulus of concrete are first examined, followed by the characterisation of the
macro-pore structure inside RAC. The role of aggregate packing enhancement

in the properties of RAC is comprehensively discussed.

Chapter 4 presents an investigation of the influences of cement paste volume
and sand ratio on the properties of packing-optimised RAC. The workability and
mechanical properties of RAC are first examined, followed by the
characterisation of the interfacial transition zones and the pore structure inside
RAC to explain their impacts on macroscopic performance. Guidance on the
determination of cement paste volume and sand ratio in the mix design of

packing-optimised RAC is proposed.

Chapter 5 provides an investigation into the role of RCPas a sand replacement
in the properties of cement mortar. The physical properties, mechanical
properties, and drying shrinkage of RCP mortars are examined, followed by the
characterisation of the crystalline phases and microstructures of RCP mortars.
The filling effect of RCP and the hydration reaction promoted by RCP are
quantified by measuring the particle packing density and hydration heat



evolution, respectively.

Chapter 6 provides a life cycle assessment for the packing-optimised RAC to
evaluate its environmental benefits in terms of global warming and energy
consumption. Moreover, the influence of using RCP as a potential sand

replacement on environmental sustainability is also studied.

Chapter 7 summarises the main findings derived from this study, and provides

recommendations for future research in the development of high-performance

RAC.

Chapter 1
Introduction

k.

Chapter 2
Literature review

k. k.

Chapter 4
Properties and microstructure
of packing-optimised RAC
with different cement paste or
sand contents

Chapter 3
Development of high-
performance RAC by aggregate
packing optimisation

Chapter 5
Role of RCP as sand
replacement in the properties of
cement mortar

Chapter 6
Life cycle assessment of packing-
optimised RAC

k.

Chapter 7
Conclusions and recommendations

Fig. 1.3 Outline of the thesis



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

This chapter presents a literature review on the characteristics of recycled
concrete aggregate and powder, the properties of concrete with recycled
aggregate/powder, the concrete mix design method based on particle packing
optimisation, and the environmental assessment of recycled aggregate concrete.

The research gaps are subsequently identified and summarised.

2.2 Recycled concrete aggregate

2.2.1 Characteristics of recycled concrete aggregate

Recycled Concrete Aggregates (RCAs) generate from the recycling process of
waste concrete elements. Inherently different from natural concrete aggregates
(NCAs), RCAs’ surfaces are attached by old mortars (Verian et al., 2018). As
schematically shown in Fig. 2.1, the presence of surface-attached old mortar
causes increasing aggregate surface voids, interfacial transition zones (ITZs) and
inner microcracks, eventually leading to a decreased density and increased water
absorption as compared to NCAs (Behera et al., 2014). The previous results are
summarised in Table 2.1. These properties of RCAs mainly depend on the
content of surface-attached old mortar. Generally, the content of the attached old
mortar increases as the RCA size decreases, while it increases as the parent
concrete strength increases (Kisku et al., 2017). The former is mainly related to
the current recycling process by continuously cumulating the paste debris into
the finer RCAs (Gokce ef al., 2011), while the latter is attributed to the stronger
bond between the aggregate and the attached old mortar for the RCAs obtained
from the high-strength parent concrete (Padmini et al., 2009).
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Fig. 2.1 Pictorial presentation of RCA characteristics (Wang et al., 2021)

Table 2.1 Water absorptions and densities of RCAs and NCAs reported in the

literature

Water absorption (%)

Specific density (g/cm3)

Reference
NCAs RCAs NCAs RCAs
Poon et al. (2002) 1.25 4.19-7.60 2.57 2.31-2.47
Poon et al. (2004) 1.24-1.25 6.28-7.56 2.62 2.33-2.37
Xiao et al. (2005) 0.4 9.25 2.82 2.52
Kou et al (2007) 1.11-1.12 3.52-4.26 2.62 2.49-2.57
Abbeas et al. (2009) 0.34 3.30-5.40 2.73 2.64
Liu et al. (2011) 0.40 5.26-6.90 2.79 2.42-2.43
Duan & Poon (2014) 0.90-1.24 3.13-7.77 2.6 2.35-2.54
Pickel et al. (2017) 1.53 4.72-6.91 2.76 2.65-2.69
Duan et al. (2020) 1.00 6.53 2.61 2.59
Chen et al. (2022) 1.15 5.80 2.68 2.65

2.2.2 Characteristics of recycled concrete powder

Recycled Concrete Powder (RCP) is a by-product when processing RCAs. As

seen in Table 2.4, the RCP is a very fine material normally with a particle size

smaller or slightly larger than that of cement particles, possessing the specific

density and specific surface area of 2.3~2.5 g/cm?® and 90~800 m?/kg,

respectively. X-ray diffraction (XRD) analysis manifested that the mineral

composition of RCPhas common hydration products of cement clinker, such as
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portlandite and calcite (Fig. 2.2). Moreover, the presence of alite or belite peak
indicated that there exists a certain amount of unhydrated cement particles in the
RCP. As seen in Fig. 2.3, Scanning Electron Microscope (SEM) illustrated that
the RCPparticles have more irregular shapes with rougher surface textures, more
pores/voids and microcracks as compared to the cement particles. These RCP
particles are usually coated with clustered hydrates. The chemical compositions
of some RCPs were examined by X-Ray Fluorescence (XRF) test and listed in
Table 2.2. They varied from case to case owing to different parent concretes and

recycling techniques (Kaliyavaradhan et al., 2020).

e V- Quartz
m - Calcite
® - Alite
¢- Belite
2
5 .
£
v
L]
‘ * °
!L ., ln il
10 20 30 40 50 60
Angle(°)
(a)
" 0Si02
2000 - 200 1M 7 ACaCO03
©Ca(OH)2
xC2S
1600 7 ® Ca-Si-Al-O
aX
i% 1200 e 2 ®o oa o
= 0~600 pm
800
400
N SR | TSR
10 20 30 40 50 60
28(°)
(b)
Fig. 2.2 Mineral composition of RCPs ((a) Ren et al., 2020 and (b) Li & Yang,
2017)
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Fig. 2.3 Morphology of RCP particles ((a) Kim & Choi, 2012, (b) Liu et al.,
2022, (c) Duan et al., 2020, (d) Liu et al., 2016 and (e) Li et al., 2021) and
cement particles ((f) Wu et al., 2022)
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Table 2.2 Chemical compositions of RCPs from different studies (%)

Reference SiO, CaO ALO; Fe; O3 MgO
Kim & Choi (2012)  58.55 11.82 10.35 4.64 1.52
Duan et al. (2020) 57.01 21.30 10.93 3.45 1.82
Ren et al. (2020) 64.81 19.14 7.77 1.59 1.54
Liet al. (2021) 50.93 18.18 13.55 6.37 2.73
Wu et al. (2021) 31.00 54.90 3.40 1.90 5.60
Liet al. (2022) 60.30 17.40 10.40 3.00 3.40

2.2.3 Properties of fresh and hardened RAC

The properties of fresh and hardened RAC have been extensively investigated.
Table 2.3 summarises the selected studies focusing on the use of various RCA
contents in concrete and highlights their influences on the properties of
workability (i.e., slump) and mechanical properties (i.e., compressive strength,

flexural/tensile strength, and Young’s modulus).

The most widely used method for evaluating the workability of fresh concrete is
slump (flow) test. As seen in Table 2.3, the slump values of fresh RAC reported
by Bairagi ef al. (1993), Topgu & Sengel (2004), Yang et al. (2008) are generally
lower than those of fresh NAC when a high RCA replacement rate is
incorporated. This decrease in workability of fresh RAC can be caused by the
increased water absorption as summarised in section 2.2.1. Moreover, the
irregular shapes, roughness and grading of RCAsalso significantly influence the
RAC workability (Silva et al., 2018). However, Poon et al. (2007) and Kou &
Poon (2013) found that the slump of fresh RAC increases with the proportion of
RCAs prepared with a saturated-surface-dry (SSD) condition. Mefteh et al.
(2013) investigated the workability of RAC prepared with RCAs considering
various moisture contents. In their study, they treated the RCAs into three
different moisture states, i.e., dry, pre-wetting and saturated-surface-dry (SSD)
conditions. And they found that the RAC slump decreases with the dry RCA
content, and a 100% replacing can decrease the slump by up to 83%. However,
the RACs prepared with pre-wetting and SSD condition treated RCAs (termed
as PW RAC and SSD RAC, respectively) exhibit higher slump than NACs, and

the slumps increase with the treated RCA replacement rate. Similarly, Amario et
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al. (2017) also found that the workability of fresh RAC incorporated with SSD
RCAs is higher than that of NAC. Their research also indicated that the moisture
condition of RCAs has a considerable impact on the workability of RAC.

As seen in Table 2.3, incorporating RCA up to 30% has a negligible effect on the
mechanical properties of RAC, and a further increase of RCA replacement rate
can render a considerably negative impact on the mechanical properties. Bairagi
et al. (1993) mvestigated the mechanical properties of RAC with various RCA
replacement ratios (25%, 50%, 75% and 100%). They found that the mechanical
properties of RAC continuously decrease as the RCAreplacement rate increases.
An incorporation of 100% NCAs can decrease the compressive strength and
Young’s modulus by up to 13% and 29%, respectively. De Oliveira and Vazquez
(1996) investigated the mechanical properties of RAC containing RCAs with
various water saturation degrees (dry, semi-saturated and fully saturated). They
found that the mechanical properties of RACs are inferior than those of NAC
irrespective of the moisture degrees of RCAs. More specifically, the compressive
and flexural strengths of RACs were around 10% lower than those of the NACs.
However, the reduction in Young’s modulus was more pronounced (up to 23%)
as the incorporation of RCAs decreased. Kou and Poon (2013) investigated the
long-term mechanical properties of RAC incorporated with a high replacement
rate of RCAs. They found that the compressive strength and Young’s modulus
decrease by 22% and 25%, respectively when the NCA were completely
replaced by RCAs. Kou and Poon (2015) also investigated the properties of
RCAs obtained from various parent concretes. They found that the compressive
strengths of RACs are lower than that of NAC. More specifically, the
compressive strengths of RACs prepared with RCAs originated from 30 MPa,
45 MPa, 60 MPa, 80 MPa and 100 MPa parent concretes were 21.1%, 12.6%,
8.6%, 1.1% and 0.4% lower than that of NAC, respectively.

Many studies reported that these inferior properties of RAC are mainly caused
by the change in their microstructures of interfacial transition zones (ITZs) and
pore structure. Xiao et. al. (2005) found that the compressive strength and
Young’s modulus of concrete are reduced by 26% and 45%, respectively, when
the NCAs were fully replaced by RCAs. They also pointed out that the presence

of multi-ITZs induced by RCAs may increase the chance of micro-cracks
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propagation, thereby leading to a higher strain increasing rate and lower Young’s
modulus. Moreover, Tam et al. (2005) investigated the microstructure of RACs
by SEM. They found that using RCAscan induce more microcracks (Fig. 2.4(a))
and also weaken the ITZs between new cement paste and RCAs (Fig. 2.4(b)),
thereby impairing the RAC properties.
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Fig. 2.4 (a) Microcracks in RCAs and (b) weakened ITZs between new cement
paste and RCAs (Tam et al., 2005)

Gomez-Soberon (2002) investigated the properties and microstructure of RACs
with various RCA replacement rates (15%, 30%, 60% and 100%). They found
that the mechanical properties of compressive strength and Young’s modulus
decrease with the increase of the RCA replacement ratio. Replacing 15%~100%
NCAs with RCAs can decrease the compressive strength and Young’s modulus
of RACs by 1%~11% and 7%~19%, respectively. These decreasing trends in
mechanical properties of RACs could be attributed to the increasing total
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porosity as seen in Fig. 2.5, where ‘r’ indicate the replacing ratio.
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Fig. 2.5 Pore size distributions of RACs with various RCA replacement ratios
(Goémez-Soberdn, 2002)
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Table 2.3 Summary of the selected studies on investigating the properties of recycled aggregate concrete

Changing rate (%)
Replacing
Reference ° Compressive strength Flexural/Tensile Young’s modulus
rate (%) Slump (mm)
(MPa) strength (MPa) (GPa)
25 0 -2 -3 -7
_ 50 17 6 -10 14
Bairagi et al. (1993)
75 -33 -9 -26 -21
100 -33 -13 -35 -29
De Oliveira &
- - -2

Vazquez (1996) 100 N/A 11 10 3
30 -7 =27 4 N/A
Topeu & Sengel 50 11 31 0 N/A
(2004) 70 21 27 -4 N/A
100 -16 -41 -8 N/A

30 -21 -5 N/A -39

50 2 -18 N/A -42

Xiao et al. (2005)

70 -5 -16 N/A -43

100 5 -26 N/A -45
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Table 2.3 Summary of the selected studies on investigating the properties of recycled aggregate concrete (continued)

. Changing rate (%)
Reference Replacing : . s
rate (%) Slump (mm) Compressive strength Flexural/Tensile Young’s modulus
(MPa) strength (MPa) (GPa)
10 N/A 6 N/A N/A
15 N/A 1 N/A N/A
Tam et al. (2005) 20 N/A -4 N/A N/A
25 N/A -6 N/A N/A
30 N/A 4 N/A N/A
Kou & Poon 50 13 -13 -5 -13
(2013) 100 30 22 -8 25
20 -22 16 13 N/A
40 -33 13 -3 N/A
Me(f;%hl ;; al 60 67 16 15 N/A
80 -78 -13 -13 N/A
100 -83 -13 -12 N/A
30 -3 -17 -20 -11
Yang et al. (2008) 50 -8 -23 -29 -18
100 -10 -25 -36 -25
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2.2.4 Properties of fresh and hardened RCP incorporated mortar or concrete

The properties of RCP incorporated mortar or concrete have been widely
investigated previously. Table 2.4 summarises the previous studies on the use of
the RCP as the supplementary cementitious material (SCM) in mortar or
concrete. Their influences on the workability and mechanical properties are

listed.

The workability (i.e., flowability or slump flow) of mortar or concrete generally
decreases with the increase of the RCP content. As seen in Table 2.4, the use of
15%~45% RCP can lead to a decrease in the slump flow of the fresh
mortar/concrete by 15%-30%. Kim and Choi (2012) found that the mortars’
slump flow decrease as the RCP replacement level increases. Replacing 15% and
45% of the cement with RCP would lower the slump flow by 14%~16% and
28%~30%, respectively. It indicates that more water or water reducer is required
to compensate the high-water absorption of RCP particles due to their porous
microstructure (i.e., massive voids/microcracks). Duan et al. (2020) found that
the mortar made with RCP needs more superplasticiser (around 70% higher) to
achieve a comparable slump flow (i.e., 180 mm) as reference to that without RCP.
They explained that the lower flowability is attributed to the porous
microstructures, rough surface and irregular shape of RCP particles. Nonetheless,
Oksri-Nelfia et al. (2016) found that the slump flow of mortars made with RCP
are higher than that of mortar without RCP. They considered that the addition of
finer RCP can improve the particle packing density to release more free water
(the water being in excess of that needed to fill with the voids) to lubricate the

aggregate surface.

Mechanical properties of RCP incorporated mortar or concrete generally tend to
decrease as the RCP content increases. As seen in Table 2.4, replacing 10%~75%
of the cement with RCP can lead to a decrease in the compressive strength of the
mortar/concrete by 11%~91%. Kim and Choi (2012) found that the mortars'
compressive strengths decrease as the RCP replacement ratio increases.
Replacing 15% and 45% of the cement with RCP can decrease the compressive
strength by 28% and 73%, respectively. Similarly, Oksri-Nelfia et al. (2016)
found that the compressive strengths of mortars made with RCP are lower than

those of mortars without RCP. Replacing 25%, 50% and 75% of the cement with
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RCP can decrease the compressive strength of mortar by 26%, 67% and 91%,
respectively. Moreover, Duan et al. (2020) studied the properties of RCP from
Construction and Building (C&D) wastes, and mortars prepared with that. They
found that replacing 20% of the cement by RCP can decrease the hydration heat
and compressive strength of the mortar by 23% and 27%, respectively. Duan et
al. (2020) also investigated the properties of self-compacting concrete (SCC)
with the incorporation of RCAs and RCP as the replacements of aggregate and
fly ash, respectively. The results show that the concrete's mechanical properties
and durability deteriorate. Therefore, the findings from the existing studies have

demonstrated the relatively low reactivity of the RCP particles.

Moreover, many studies have reported that the use of RCP as SCM degrades the
properties of mortar/concrete due to the weakened microstructures of ITZs and
pore structure. Li et al. (2021) investigated the properties of the recycled powder
from waste concrete, and its effects as SCM on the mortar properties. They found
that the use of RCP considerably impairs the mortar’s strength, and the
incorporation of 30% RCP significantly decreased the compressive strength by
up to 27%. This deterioration of the mechanical properties was mainly attributed
to the impaired ITZs. Asseen in Fig. 2.6, a porous ITZ can be observed between
the cement paste and RCP particle, which mainly consists of microcracks,
oriented flaky crystals, and fibrillar hydration products. Liu et al (2022)
investigated the properties of RCP mortars incorporated nano-silica (NS) as
cement replacement. They found that replacing 30% of the cement with RCP
dramatically decrease the compressive strength and flexural strength of the
mortar by 29% and 17%, respectively. This was mainly attributed to the lower
reactivity of RCP than that of cement, and thereby decreasing the amount of
hydration products and resulting in larger pore size and total porosity. As seen in
Fig. 2.7, it can be found that replacing 30% of the cement with RCP can increase
the volume fraction of pores in harmful zone as well as the cumulative pore
volume. However, the negative impacts of RCP incorporation could be mitigated
by adding NS to refine the pore structure. Wu et al. (2022) investigated the
properties of mortars that incorporated RCP as the cement replacement and
recycled fine aggregates (RFAs) as the sand replacement synergistically. They

found that replacing the sand with RFAs would decrease the mechanical
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properties of the mortar, and the incorporation of RCP would further decrease
their properties. Specifically, increasing the replacement ratio by 30% could
decrease the compressive strength and flexural strength by 26.5% and 10.6%,
respectively. Adding RCP as the replacement of the cement can reduce the
hydration products of C-S-H gel and portlandite, as shown in Fig. 2.8 (TGA
results) and Fig. 2.9 (XRD results). This tended to impair the pore structure of
the mortar, and a replacement of 30% would increase the mean pore diameter
and porosity by 16.4% and 35.9%, respectively. Similarly, Wu et al. (2021)
investigated the properties and microstructures of the mortars with various RCP
replacement rates. They found that the compressive strength decreases as the
RCP replacement rate increases. This was mainly related to the increasing

porosity as the RCP content increases as seen in Fig. 2.10.

Fig. 2.6 ITZs between cement paste and RCP particle (Lief al., 2021)
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Table 2.4 Summary of previous studies on investigating the properties of mortar/concrete with RCP as SCM

Sample Particle Specific surface Density  Substitution . o
Reference type size (yum) area (m?/kg) (g/em®) (%) Measured properties Change rate (%)
Slump flow -14, -28
90.0 136.0 2.49 15, 45
Kim & Choi Compressive strength -25, -64
Mortar
(2012) Slump flow -16, -30
176.0 92.8 2.48 15, 45
Compressive strength -28, -73
- Slump flow +39, +36, +31
Olksn Dol ¢ Mortar 8.8 620.0 245 25,5075 _
al. ( ) Compressive strength -26,-67, -91
Duan et al Mortar 48.2 N/A N/A 20 Compressive strength -27
(2020)
Slump flow -2,-6, -10
Compressive strength -10, -30, -45
Kim (2017)  Concrete 90.0 136.0 2.49 15, 30, 45 Splitting tensile 1 21,30
strength o
Elastic moduli -6, -14, -20
RF;OZ‘O‘)‘I' Concrete 14.2 N/A 2.28 20, 40, 60 Compressive strength +13,-9, -34
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Table 2.4 Summary of previous studies on investigating the properties of mortar/concrete with RCP as SCM (continued)

Sample

Particle

Specific surface

Density

Substitution

3 o
Reference type size (um) area (m?/kg) (g/em?) (%) Measured properties Change rate (%)
Compressive strength -32, -46
Sunelak Mortar 15.0 N/A N/A 30, 50
( ) Flexural strength +3, -20
Slump flow -15
476.0 _
) Compressive strength -27
Lietal (2021)  Mortar N/A N/A 30
Slump flow -22
821.0
Compressive strength -23
: Compressive strength -29
b el 2t Mortar 52.3 575.0 2.40 30
( ) Flexural strength -17
Compressive strength -27
Waetal — nNoar 227 N/A N/A 30
(2022) Flexural strength -11
g
Wu et al. Mortar 22.7 N/A N/A 10, 20, 30, 50 Compressive strength -8, -18, -24, -53
Slump flow -1,-3
Dl(l;gzeé)al. Concrete 90.0 N/A N/A 10, 20 Compressive strength -1, -10
Splitting tensile strength 0, -10
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2.2.5 Performance enhancement of recycled concrete aggregate

Many enhancement methods have been proposed to improve the performance of
RAC, as summarised in Fig. 2.11. There are two categories of methods that have
been widely adopted to pre-treat the RCAs to mitigate their porosity, including
removing the loose part of the attached old mortar and strengthening the attached

old mortar.

Removing Strengthening

« Ultrasonic cleaning « Carbonation treatment

* Pre-soaking in acid * Polymer emulsion coating

* Heat treatment » Cement slurry coating

» Mechanical grinding * Pozzolana slurry coating
 Thermo-chemical treatment « Calcium carbonate biodepostion

Fig. 2.11 Enhancement treatments for RCAs

Katz (2004) ultrasonically removed the loose mortar attached on the RCAs
surfaces to decrease their porosities. They found that the ultrasonic cleaning
could increase the 28d compressive strengths of RACs by up to 7%. Ismail and
Ramli (2013) utilised the acidic pre-soaking method and revealed the effect of
the molarity of the acid solvent and soaking time on the properties of RCAs and
the prepared RAC. They demonstrated that acidic pre-soaking could
significantly reduce the water absorption of RCAs by up to 28%. Moreover, the
strength of the RAC incorporated with 45% treated RCAs was comparable to
that of the RAC incorporated with 15% untreated RCAs. It indicated that the
acid pre-soaking treatment could increase the RCAreplacement rate, mainly due
to the enhanced surface contact between the newly formed cement paste and the
treated RCAs. Wang et al. (2017) investigated the effect of RCAs treated by the
acetic acid immersion on the properties of RAC. They found that the treated
RCAs showed lower water absorptions and less attached old mortars, which
enhanced the compressive strength of the RAC by up to 25%. Moreover, Ryu et
al. (2018) treated the surface porosity of recycled fine aggregates (RFAs) by pre-
soaking them into H2SiF¢ Solution. They discovered that the mortar prepared

with the treated RFAsexhibited better mechanical properties in compressive and
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flexural strengths.

As for the enhancing manner, Kou and Poon (2010) investigated the properties
of polyvinyl alcohol (PVA) impregnated RCAs and prepared RAC. They found
that the water absorptions of PVA impregnated RCAs (1.6%) were lower than
those of un-treated RCAs (6.2%) with a maximum particle size of 20 mm.
Moreover, the compressive strength of RAC was comparable to that of NAC
when the PVA impregnated RCAs were used to replace the NCAs. Xuan et al.
(2016) investigated the properties of RAC incorporated with carbonated RCAs,
where the water absorption was reduced by up to 17%. Moreover, they found
that the microhardness of the cement pastes in the old mortar and the new ITZs
around the carbonated RCAs were enhanced after carbonation treatment as seen
in Fig. 2.12, thereby the compressive and flexural strengths of RAC can be
improved by 23% in comparison with those prepared with 100% non-carbonated
RCAs. Wang ef al. (2017) investigated the properties of RAC with the RCAs
treated by using bio-deposition. They found that the bacterial-produced
carbonate precipitated into the pores/voids of old attached mortar, and decreased
the water absorption of RCAs by up to 27%. Moreover, this bio-deposition
treatment enhanced the elastic modulus by 33% and compressive strength by

40%.
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Fig. 2.12 ITZ microhardness distribution of RACs with or without carbonated
RCAs (Xuan et al., 2016)
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Some researchers also compared the effects of various methods on enhancing
the properties of RCAs and RAC. For instance, Kazmi et al. (2019) investigated
the effects of five RCA treatment approaches (i.e., carbonation, acetic acid
immersion, acetic acid immersion with mechanical rubbing, acetic acid
immersion with carbonation and lime immersion with carbonation) on the
mechanical properties of RAC. It should be noted that the process of lime
immersion with carbonation is performed by immersing the RCAs in lime
saturated water for 24 hours, followed by drying at 25 °C and a relative humidity
of 50% for three days to introduce some additional calcium into the pores of the
old attached mortar artificially. Afterwards, the lime treated RCAs were
carbonated by using the accelerated carbonation. They found that the physical
properties (i.e., water absorption, bulk density and crushing value) of the RCA
were improved by these treatments. And the lime-carbonated RCAs could
achieve the highest reduction rate in water absorption by up to 20%. The RACs
with RCAs treated by acetic acid immersion with mechanical rubbing as well as
that treated by lime immersion with carbonation exhibited better performances
in the mechanical properties including compressive strength, split tensile
strength and elasticity. Wang et al. (2020) investigated the effects of two RCA
treatments methods (i.e., carbonation treatment and cement slurry coating) on
the properties of RCAs and the RAC. They found that both of the carbonation
treatment and cement slurry coating can decrease the water absorption of the
RCAs and further improve the mechanical properties of the RAC. These
methods increased the compressive strength of RACs by up to 10.7% and 7.8%
in comparison with those without treated RCAs, respectively. It indicates that
the carbonation treatment is more effective than the cement slurry coating
method in terms of compressive strength. Micro-hardness analyses showed that
the carbonation treatment exhibited better performance in strengthening the old

ITZ within RCAs than cement slurry coating method.
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2.3 Concrete design based on particle packing optimisation

2.3.1 Factors affecting the particle packing density

Many existing studies demonstrate that the properties, engineering behaviours
and performance of concrete are highly related to their particle packing status.
The particle packing status of granular solids can be characterised by particle
packing density, which is defined as the ratio of the absolute volume to the bulk
volume of solid particles. Generally, particle size distribution (PSD) has a
significant influence on the particle packing density. Wang et al (1999)
investigated the influence of particle size distribution on the packing density of
cement. And they found that a wider PSD is beneficial for increasing the particle
packing density and can result in an increase of 30% in packing density.
Mehdipour and Khayat (2017) investigated the effect of particle size
distributions on the packing density of binder particles with various
compositions (Fig. 2.13). They pointed out that a wider PSD with a higher
content of fine particles can lead to a higher packing density of the binder. For
instance, the reference pure cement mixture with the largest distribution modulus
(q) of 0.286 exhibits the lowest packing density of 0.58, and the highest packing
density of 0.73 was achieved for the ternary binder with a relatively lower q of
0.21. However, a further decrease of q from 0.21 to 0.18 would result in a
reduction in the packing density of the binder. Therefore, it suggests that an
optimum PSD is a prerequisite for a granular mixture to achieve a higher particle
packing density.
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In addition, particle morphology also plays an important role in affecting the
particle packing density. Cho et al. (2006) investigated the effects of particle
shape, including sphericity and roundness, on the packing density. They found
that the difference between maximum and minimum packing density increased
as the sphericity and roundness decreased. They explained that the extreme
irregularity of particles hindered the particle mobility to attain a denser particle
packing. Mostofinejad and Reisi (2012) also pointed out that the shape and
texture of aggregates can inevitably influence the particle packing density, and
suggested that the particle shapes can be quantified by the friction coefficient in
the discrete element modelling. Hafid ef al (2016) investigated the particle
morphological parameters of aspect ratio and convexity on the packing densities
of various types of sand grains. Each type of sand grain was sieved into three
grain size ranges of 160 um~200 um, 315 pum~400 pm and 800 pm~1000 pm to
minimise the induced effect of particle size distribution. They found that the
dense and loose packing densities generally decrease with the aspect ratio, and
slightly increase with the convexity, as seen in Fig. 2.14. It indicated that the
shape of particles (i.e., the aspect ratio) is an essential morphological parameter

influencing the particle packing density.
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2.3.2 Particle packing density determination

2.3.2.1 Experimental packing methods

Packing density can be directly measured through experiments with solids in
either a dry or wet state. Dry packing method involved the following procedures.
First, the aggregates in different size classes were blended in portion thoroughly.
The dry aggregate mixture was then poured into a container with a known
volume in three equal portions and compacted densely layer-by-layer.
Afterwards, the covered container was vibrated for 30 seconds to densely pack
the grains, followed by weighing the total aggregates to obtain the bulk density
of aggregates (p, , )- Finally, the particle packing density (¢) of aggregates could

be calculated by Equation (2.1).

— pbulk
¢ S @2.1)

aggregate

where p .~ and p are the bulk density and absolute density of

aggregate

aggregates, respectively.

The packing density of solid particles under a wet condition can be determined
as follows. First, the mixture of solid particles was prepared with a
predetermined amount of water with or without superplasticizer. Then, the fresh

sample was filled into a container with a known volume. During the filling
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process, compaction/vibration was applied on the infilled sample by steel rod
and vibrating table. Finally, the bulk density of the sample was measured to
evaluate the packing density of solid particles (¢). The optimum water content

for achieving a maximum packing density was determined for each material mix

design corresponding to its water-to-solid ratio. The maximum ¢ was
considered as the wet packing density. The void ratio () and packing density (¢)

of each mixture were calculated according to the equations (2.2)-(2.4).

_ M

Vs = Py Uyt Zik1 PR (22)
V-V,

u= V. (2.3)
VS

p= (2.4)

where Vj is the absolute volume of solids in the freshly mixed sample; M is
bulk weight of fresh sample filling the container; V is the volume of the
container; p,, and p; are the densities of water and material i; R; is the
volumetric ratio of the material i to the total solid materials, and u,, is the

water-to-solid volumetric ratio.

2.3.2.2 Particle packing models

Particle packing optimisation is the process of enhancing the packing density by
selecting the proper size ranges and amounts of particles to sequentially fill up
the voids among larger particles with smaller particles. The developed methods
for particle packing optimisation can be classified into three categories as
follows.

(@) Continuous packing model-based optimisation

The packing density could be optimised based on continuous packing models

with continuous particle size distributions.

The first continuous packing model (Equation (2.5)) was proposed by Fuller and
Thompson (1907), by using which a gradation curve for the greatest particle
packing density could be obtained.
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CPFT=100(%) 2.5)

where CPFTrepresents the cumulative percentage of the particles finer than d,
d represents a particle size, D represents the maximum particle size, and n is an

index equal to 1/2.

Andreasen and Andersen (1930) followed the previous research done by Fuller
and Thompson and proposed an equation to model the densest particle packing
status based on the ideal continuous particle size distribution. In their model,
they assumed that the smallest particles would be infinitesimally small. The

Andreasen and Andersen (A&A) model is shown in Equation (2.6) as follows.

D)q

P(D)=( (2.6)

D,

max

where q is the size distribution coefficient or exponent in the range of 1/3 to 1/2,
P(D) is the fraction that can pass the sieve with an opening size of D, and D, ,,

is the maximum particle size.

Funk and Dinger (1994) reported that the smallest particle should have a size
limit in real particle grading. As a result, the A&A model was modified into the
Equation (2.7) by introducing the minimum particle size (D

min )

Dq'Dminq
P(D)=-"—m 2.7)

q q
max -D

min

where the size distribution coefficient, q, may vary from 0.21 to 0.37, which is
highly dependent on the workability of the fresh concrete. In general, the lower

q means that the fresh concrete behaves more flowable.

It should be noted that these continuous packing models do not take into account
the effects of particle shapes; thereby the outputs of these models may not lead
to a mixture with the highest packing density.

(b) Discrete packing model-based optimisation

Discrete packing models have been developed to predict the particle packing
density based on the assumption that particles can be packed to achieve the
maximum packing density in all the predefined size classes. Furnas (1931) firstly
proposed the Binary packing model (e.g., Equation (2.8)) and considered that the
maximum packing density of spherical binary particle blends can be fulfilled by
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introducing the fine particles into interstices of coarse packed particles without
disturbing their packing status. Later and Powers (1968) considered the
loosening effect in their packing model to achieve the minimum void ratio of the
binary particle mixture. Aim and Goff (1968) suggested a geometrical model
considering the wall effect with a correction factor to interpret the packing

density variation in binary mixtures of spherical grains.
PE_..=PE.+ (1 — PE,)PE; (2.8)

where PE, .. is the theoretical maximum packing density of a mixture of coarse

X

and fine particles, PE, and PE; are the packing density of the coarse and fine

particle fractions, respectively.

Toufar et al. (1976) extended the binary packing model to be capable of

calculating the packing density of ternary grain classes. They assumed that

smaller particles with diameter d; will be sufficiently situated within the
interstices of larger particles with diameter d, when d,/d, < 0.22, hence the
packing density could be obtained from the sum of packing densities of large
and small particles. For a ternary mixture, each of two grain classes could form
a binary mixture combined with another grain class. Then the packing density
for the ternary mixture could be calculated by summing the contributions of all

the binary mixtures. The proposed model is described by Equations (2.9)-(2.12)

as follows.

¢,= %_yzll_ Yo (2.9)
k= 3;31 (2.10)
k=10 @11
= }y/_;%j:_%z) (2.12)

where ¢ is the predicted total packing density, ¢, and ¢, are the packing

density of fine and coarse aggregates, y1 and y2 are the particle volume fraction

of fine and coarse aggregates, k,; and k, are characteristic diameter factor and
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statistical factor, respectively.

Stovall et al. (1986) proposed a linear packing density model to predict the
packing density of multi-sized grains by taking into account their geometrical
interactions of wall effect and loosening effect. The loosening effect happens
when smaller particles are too large to be inserted into the interstices of dominant
large grains; the wall effect happens when some isolated larger grains are
immersed into the agglomerated finer grains. The loosening effect and wall

effect of particle interactions are schematically illustrated in Fig. 2.15. The linear

packing density model is described by Equation (2.13) as follows.

. ¢
) | | 2.13
(I)t mln( 1_(1_¢i) Z}_:ll g(j,i)nj'Z_]n:i+1 f(ls.])nJ ) ( )

where d)t is the predicted packing density, f(i,j) is the formula considering the
loosening effect of size class j on the dominant size class i, g(j,i) is the formula

considering the wall effect of size class j on the dominant size class i, and n, is
the volume fraction of size class j.

De Larrard (1999) developed the Compressible Packing Model (CPM) on the
basis of linear packing model, which allows to predict the packing density of
polydisperse granular sets. He considered the packing density of granular
particles as a function of interactions between the grain classes and the applied
compaction method via adopting three parameters, i.e., wall effect coefficient,
loosening effect coefficient and compaction index. The CPM considered the
calculation of virtual packing density for each grain class (y;) using Equation
(2.14), and the virtual packing density is the maximum packing density of an
orderly packed grains. The loosening effect coefficient (a;) and wall effect
coefficient (b;) were obtained through Equations (2.15) and (2.16), respectively.
Based on the mix proportion, the actual packing density of a granular mixture
(d) could be obtained by performing a back-analysis according to Equation
(2.17), where the compaction energy applied to the solid mixture was considered

via the compaction index (K).

Bi
P a— i
i _ZJ!-:ll yi(1-B b1 -é))- Zilin y;(1 ‘aij%)
3 g

(2.14)
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K= 2?:1 K, = 2?:11_[%

A

Where di is the particle

(2.15)

(2.16)

2.17)

size of grain class 1, Bi is the experimentally obtained

packing density of grain class 1, and yi is the mutual volume fraction of grain

class 1.

oosening effect

Fig. 2.15 Schematic illustration of particle interactions (a) loosening effect, and

(b) wall effect



(c) Discrete element modelling-based optimisation

Discrete Element Modelling (DEM), as a numerical simulating method, can also
be used to identify the particle packing status. Yu and Shen (2011) investigated
the effect of particle size distribution on the packing density of aggregates. They
found that the aggregate contact degree and interlocking were associated with
the aggregate size. Moreover, the mean contact force was deemed as an
indication of'the stability of aggregate skeleton. Majidi et al. (2014) investigated
the effects of particle shape and inter-particle friction coefficient on the particle
packing characteristics. In this study, the shapes of particles were captured by
3D image processing followed by simulating them in DEM. They found that the
particle packing density decreased as the friction coefficient increased, and this
effect tended to be more pronounced for the particles with lower sphericity. Reisi
et al. (2018) used the DEM to predict the packing density of graded aggregates
in concrete as shown in Fig. 2.16 In their study, each graded aggregates with
specific shapes, particle size distribution and packing density were modelled by
equivalent mono-sized spherical aggregates with a certain friction coefficient.
The friction coefficient of each graded aggregates was calibrated by packing
density tests. They found that the differences in terms of packing densities

between experimental results and DEM results are less than 1%.

Fig. 2.16 Discrete element modelling for packing of concrete aggregates (Reisi
et al.,2018)
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2.3.3 Effects of particle packing on properties of fresh concrete

Particle packing density significantly influences the workability of fresh
concrete. Powers (1968) proposed that a concrete mixture can be considered as
a mixture consisting of cement paste and aggregates. He suggested that the
increase of the aggregate packing density can improve the workability of fresh
concrete since the excessive paste (the paste being in excess of that needed to fill
with the voids) would lubricate the aggregate surface. Nanthagopalan and
Santhanam (2012) found that the slump flow of self-compacting concrete could
be improved from 420 mm to 615 mm as the aggregate packing density increased
by 6.25%. They also noticed that the concretes with similar aggregate packing
densities would exhibit different flowabilities due to change of the aggregate
gradations. For instance, the slump flow varied from 445 mm to 720 mm for
concretes with a constant packing density of 0.68. This pronounced variation in
slump flow was mainly related to the decrease in the surface area of the
aggregates due to the decreasing content of the fine aggregates in the total
aggregates. Hanzic and Ho (2017) investigated the workability of fresh concrete
with multi-sized fillers. In their study, limestone powder with a similar particle
size to the cement and foundry sand coarser than the cement particles were used
to partially replace the cement and aggregates, respectively. They found that the
ratio of the slump flow to the superplasticizer dosage (SF/Dsp) decreases by up
to 6.1% with the increase of the particle packing density by 2.2%. It indicated
that more superplasticizer was required for a concrete with fillers to achieve a
similar slump flow to that without fillers, as the addition of fillers increased the
yield stress of the fresh mixture due to the increased total surface area. Therefore,
it implied that both effects of particle packing density and particle size
distribution should be taken into account for a proper design of high-
performance concrete with relatively low cement paste volume and desired

workability.

It should be noted that the empirical slump flow test is not capable of fully
quantifying the workability of all types of concrete, e.g., high-performance
concretes. These high-performance concretes with a similar slump flow may
behave differently during the placement process. It indicates that the concrete

workability cannot be only defined by a single parameter of slump or slump flow
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value. The more accurate method for quantifying the workability of concrete is
with the adoption of two-parameter workability tests (rheological tests) to study
the rheological properties of fresh concrete regarding to its yield stress and
plastic viscosity. The yield stress is the minimum stress for fresh concrete
initiating to flow, and the plastic viscosity is the proportional coefficient of shear
stress to shear rate under a state of steady shear motion. The yield stress (t,) and
plastic viscosity (7,) of fresh concrete can be estimated by the Farris model
(Farris, 1968) and Chateau—Ovarlez—Trung model (Chateau et al., 2008) as

follows, respectively.

T(9) _ ’ 1-¢
Tc(o) - (1—%)2'5¢m (2'18)

where 1,(¢) and t,(0) are the yield stress of concrete and cement paste,

respectively; and ¢ and ¢ ~are the solid volume fraction and maximum

packing density, respectively.

Considering the fresh concrete as a suspension with fine and coarse aggregates
in the fresh cement paste, the Farris model (Noor & Uomoto, 2004) can be

expressed as:
S «_[nFAc G ~ _nCA7 .
]76 — ”p(]‘ — 5;_) [71 ]‘S}lm (1 — ?) [77 ]Gllm (2.19)

where S and S are the sand volume fraction and maximum sand packing density,

respectively; G and Giim are the gravel volume fraction and maximum gravel

packing density; [74] and [4] are the intrinsic viscosities of fine and coarse
aggregates, respectively; and 7, and 7. are the plastic viscosities of fresh
paste and concrete, respectively.

Based on the aforementioned relations from Equations. (2.18) and (2.19), it is

concluded that the rheological properties of fresh concretes are strongly

influenced by the solid volume fraction ¢ and the maximum packing density
¢ . And the maximum packing density of granular mixture is highly related to

the PSD and morphology of particles as mentioned in the subsection 2.3.1.

Many studies have attempted to correlate the rheological properties with the
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slump or slump flow of fresh concrete. For example, Wallevik (2006) suggested
that the relationship between the yield stress and slump of fresh concrete mainly
depends on the volume fraction of cement paste, i.e., the slump and yield stress
varied with the cement paste volumes in concrete mixture proportions. He also
proposed an empirical equation to predict the slump of fresh concrete with a
given yield stress by considering the volume and the lubrication degree of the
cement paste, as shown in Equation (2.20). The results showed that the predicted
slumps by this equation were in good agreements with the measured slumps with
a correlation coefficient (R?) of 0.86 as seen in Fig. 2.17. However, there was a

low correlation between the plastic viscosity and slump.

5 =300-0416 22 4 g (¢ — 7,7 (V, V™) (2.20)

pSg

where s is the slump or slump flow, 1, is the yield stress, pg, is the specific
density of concrete, V, is the cement paste volume, and the term of a(t, —
7,7 YV — V,,"¢') is related to the lubrication effect and volume fraction of

the cement paste in the designed concrete mix.
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Fig. 2.17 Comparison of the measured slump against calculated slump by

Equation (2.20) (Wallevik, 2006)
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2.3.4 Effects of particle packing on properties of hardened concrete

Influences of packing density on the mechanical properties of various concretes
have been widely investigated in previous studies as summarised in Table. 2.5.
For a concrete with a fixed water-to-binder ratio and proper workability, the
compressive strength and Young’s modulus generally increase with the packing
density. Moini et al. (2015) investigated the effect of aggregate packing on the
concrete strength. They found that the use of 10% intermediate-sized aggregates
could increase the packing density and result in an increment in the strength by
up to 37%. Soliman et al. (2017) investigated the properties of Ultra-High-
Performance Concrete (UHPC) that incorporated glass sands partially or
completely as the replacements of quartz sands. The compressive packing model
(CPM) was employed to predict the particle packing density of each mixture,
and three ideal grading curves approaching to the maximum packing density
were selected for the mix design of the UHPC. They found that the compressive
strength of UHPC that incorporated glass sands increased with the particle
packing density. The UHPC with the highest packing density could achieve the
maximum compressive strength, which was 23.6% higher than that of the
mixture with lowest packing density. Li et al. (2017) investigated the effect of
packing density on the compressive strength and elastic modulus of RAC. In this
study, the wet packing method was extended to measure the particle packing
density. They found that the compressive strength and elastic modulus of RAC
increased with the packing density. Wang et al. (2019) applied a D-optimal
statistical model to maximise the particle packing density of UHPC. They found
that increasing the packing density by 4.8% could increase the compressive
strength of UHPC by 11.3%. The pore structure of UHPC mixture was also
further investigated by using X-ray Computed Tomography (CT), and they found
that the UHPC with a high packing density presented a denser structure with
fewer air voids. Klein ef al. (2020) investigated the effect of aggregate packing
density on the elastic modulus of concrete with a design strength of 25 MPa or
40 MPa. In this study, the gradation of aggregates was optimised for the
maximum packing density. They found that increasing of the packing density by
7.6% and 9.9% could increase the 28-day elastic modulus by 7.9% and 8.8% for
25 MPa and 40 MPa concretes, respectively.
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Table 2.5 Summary of previous studies on investigating the effects of packing density on mechanical properties of various concretes

Packing density

Packing density Water-to- . . Enhancement
Reference Concrete type Determination binder ratio 1ncre(z(1;e) rate Properties rate (%)
o
Nanthagopalan &  Self-compacting Experimental .
Santhanam (2012) concrete packing method 0.37 6.3 Compressive strength 126
Traditional Experimental
Moini et al. (2015) concrete with low P 0.60 3.5 Compressive strength 37.3
packing method
cement content
Soliman & Tagnit- UHPC with glass .
Hamou (2017) sand CPM 0.19 4.0 Compressive strength 23.6
UHPC .(normal CPM 0.20 8.0 Compressive strength 26.5
Soliman & Tagnit- curing)
Hamou (2017b)
UHP(.: (heat CPM 0.20 8.0 Compressive strength 34.8
curing)
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Table 2.5 Summary of previous studies on investigating the effects of packing density on mechanical properties of various concretes (continued)

Packing density Water-to- Packing density . Enhancement
Reference Concrete type determination binder ratio  increase rate (%) Properties rate (%)
Wane et al Experimental
g ' UHPC packing method & 0.16 4.8 Compressive strength 11.3
(2019) e
statistical model
Compressive strength 9.2
0.20
Young’s modulus 12.3
Compressive strength 11.0
Recveled 0.30
ecycle . Young’s modulus 6.2
Liet al (2017) aggregate E);{perlmer}fl d 2.44
concrete packing metho 0.40 Compressive strength 4.5
' Young’s modulus 10.6
Compressive strength 14.9
0.50
Young’s modulus 22.7
Klein et al Traditional Experimental
' packing method and 0.41 9.9 Young’s modulus 8.8
(2020) concrete CPM
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2.3.5 Effects of cement paste volume on the properties of packing-optimised

concrete

Cement Paste Volume (CPV) is a volumetric parameter used to quantify the
cement content in a given bulk volume of concrete with a constant water-to-
cement (W/C) ratio. The statements in terms of the influence of CPV on the
concrete properties have not yet reached a consensus. For example, Kolias and
Georgiou (2005) investigated the effect of CPV on the concrete strength. They
found that the concrete strength decreased as the designed CPV increased and
this negative influence is more pronounced for concrete with a lower W/C ratio.
They explained that the concrete with higher paste volume would provide a short
route for the cracks to circle around the aggregate particles with less energy
consumption for cracking failure. Similarly, Piasta and Zarzycki (2017) found
that the compressive strength of the concrete with a proper workability was
negatively correlated with the CPV. They explained that the reduced strength
was attributed to the increase in actual W/C ratio with the decreased aggregate
surface area. Chu (2019) also investigated the workability and mechanical
properties of concrete mixes with various CPV at different W/C ratios. He found
that increasing the CPV by 6% can increase the slump of concrete by 150 mm,
but decrease the compressive strength by up to 7.2%. This might be caused by
that the excessive cement paste thickened the mortar film around the aggregates.
Nevertheless, some studies mentioned that there exists an optimum CPV for
concrete to achieve the maximum compressive strength. For example, Yurdakul
et al. (2013) attempted to investigate the minimum CPV for designing the
concrete with required workability and strength. They discovered that about 1.5
times more CPV than the void volume among the aggregates was required to
obtain a minimum workability. And they also pointed out that an optimum CPV
for maximising the compressive strength is about twice the void volume among
aggregates and a further increase of CPV would not significantly improve the
compressive strength. Similarly, Wang et al. (2015) studied the properties of self-
consolidating concrete with various paste-to-voids volume ratios (CPV/Vv). In
their study, the concrete mixtures were made with different aggregate types and
sizes. They found that the slump flow increased with CPV/Vv at a given viscosity.

Moreover, the concrete strength increased with the CPV/Vv up to a point, and
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then the strength tends to be independent of the CPV/Vv or even slightly
decreased as the CPV/Vy further increased. They explained this downtrend in
strength was mainly attributed to the impaired crack tortuosity with the

increasing CPV.

2.4 Environmental assessment of recycled aggregate concrete

2.4.1 Definitions and frameworks of life cycle assessment

Life cycle assessment (LCA) is one of the environmental assessment techniques
to evaluate the environmental performance and associated impacts on the
product or service by quantifying the environmental inputs of material and
energy and the outputs of waste throughout the whole lifecycle (Hossain ef al.,
2016). The main purpose to conduct LCA is to emphasise the importance of
resource efficiency and to increase the sustainability claims and credibility of the
products (Blengini et al., 2012). According to ISO 14040: 2006 (ISO, 2006a)
and ISO 14044: 2006 (ISO, 2006b), LCA includes four steps as shown in Fig.
2.18: goal and scope definition, Life Cycle Inventory (LCI) analysis, Life Cycle

Impact Assessment (LCIA) calculation, and results interpretation.

Life cycle assessment framework

Goal and scope «+—»

I

Life cycle
inventory analysis

I

Life cycle impact

Interpretation

-
assessment

Fig. 2.18 Life cycle assessment framework
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2.4.1.1 Goal and scope

The ‘goal and scope’ defines the overall objectives, system boundary, LCI data
sources, and the functional unit of the analysis (Blengini, 2009). Defining the
functional unit is an essential step of LCA, which provides a reference to the
selection of inputs and outputs, and to allow for LCA results comparisons
between different products under the equivalent function unit (Xing et al., 2022).
Take RAC as an example, the choice of function unit should properly reflect all
the necessary function aspects including strength and durability/service life (Van
Den Heede & De Belie, 2012). The system boundary defines the unit processes
to be included in the system, which is normally described by the flow diagram
as shown in Fig. 2.20. LCA could be performed at different boundary levels, i.e.,
cradle-to-gate, cradle-to-grave, and cradle-to-cradle. Most existing LCA studies
on environmental impacts of RAC selected the system boundary of the model
from cradle to gate by considering the impacts of raw material extraction,
transportation and concrete production until the delivery of final product. The
impacts of construction, use, maintenance, and end-of-life phases were assumed

to be identical and can be omitted (Xing et al., 2022).

2.4.1.2 Life cycle inventory (LCI)

The main objective of LCI analysis is to quantify the environmental inputs and
outputs of the system by means of balancing the mass and energy (La Rosa et
al., 2013). The process of LCI data collection is to quantify the elementary flows
based on the defined system boundary through considering the function unit, and
the specified LCI data can be applied into the subsequent LCIA stage. LCI
consists of all environmental inputs of the materials, energy and fuels, and the
outputs of emissions to the air, water and land within the system boundary
(Kurda et al., 2018). Therefore, establishing a LCI based on data with higher
specificity is important for a reliable LCA. Nevertheless, the use of existing LCA
databases (e.g., Ecoinvent database) is more practical due to the time-saving

(Xing et al., 2022).
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2.4.1.3 Life cycle impact assessment (LCIA)

LCIA phase tends to evaluate the level and significance of all the environmental
impacts obtained from LCI phase. There are three mandatory steps as shown in
Fig. 2.19, i.e,, selection of the impact categories, classification of the assigning
LCI results to the corresponding impact categories, and characterisation by
aggregating the LCI results into an indicator. The optional normalisation,
weighting and grouping can be further applied for the LCIA results analysis
(Marinkovi¢ et al., 2010). The LCIA methodology should be in line with the
defined goal and scope. It can be generally divided into two approaches, i.e.,
problem-oriented (midpoint-oriented) approach and damage-oriented (endpoint-
oriented) approach (Ortiz et al., 2009). The problem-oriented approach considers
the environmental impacts related to the real phenomena, such as climate change,
acidification, and so on. The damage-oriented approach evaluates the
environmental impacts of a product by identifying its potential damages those

may cause to human health, ecosystem, and resources.

Mandatory elements

Selection of impact categories, category indicators and characterisation models
(selection)

v

Assignment of LCI results (classification )

'

Calculation of category indicator results (characterisation)
|

v

Impact category indicator results (LCIA profile)

'

Optional elements

Calculating the magnitude of category indicator results relative to reference data
(normalisation)

Sorting and ranking of the impact categories (grouping)

Conversion of category indicator results by using the value-based factors
(weighting)

Fig. 2.19 Life cycle impact assessment elements
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2.4.2 Life cycle assessment of recycled aggregate concrete

Many studies have performed the LCA for assessing and comparing the
environmental impacts of the production of NAC and RAC. Based on the
functional unit and system boundary considered in these studies as depicted in
Fig. 2.20, it can be found that the production of raw materials (e.g., cement,
natural, recycled aggregates, etc.) and their amounts used in the mix design have

significant influences on the environmental performance of concrete.

/ ’ Raw materials extraction | \
v v v
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Fig. 2.20 Cradle-to-gate system boundary of the concrete production (Jiménez

et al., 2015)

The statements on the environmental friendliness of using RCAs in concrete
have not yet to reach a consensus, however, the extensive LCA studies have
reported that replacing natural aggregates by recycled aggregates is beneficial
for the sustainable development of concrete. Simion et al. (2013) compared the
environmental impacts of productions made with natural and recycled
aggregates. Life cycle assessment methods of Eco-Indicator 99, EDIP/UMIP and
Cumulative Energy Demand were used. They found that the environmental
impacts of global warming potential and energy consumption of recycled
aggregates from C&D wastes were all around 85% lower than those of natural
aggregate extraction. Hossain et al. (2016) assessed the environmental impacts
of aggregate production from C&D wastes and natural sources by using LCA.
In their study, the LCIA approach of IMPACT 2002+ was adopted for assessing

both problem-oriented and damage-oriented indicators, and the China Light and
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Power (CLP) and the Chinese Life Cycle Database (CLCD) were used as the
LCI data sources. They found that the environmental impacts of the recycled
aggregates made production were lower than the natural stone made production.
More specifically, the production of RCAs could reduce the greenhouse gases
emission by 65%, the land occupation by 20%, and the non-renewable energy
consumption by 58%. Estanqueiro et al. (2016) reported the LCA results of
aggregates productions obtained under three procurement scenarios (i.e., NCA
extraction, recycling aggregates from waste concrete using a fixed plant and that
using a mobile plant) by means of Ecoindicator 99, CML Baseline and
cumulative energy demand method. They found that the environmental impact
of land use for RCA production was lower than that for NCA production due to
the decreased quarry exploitation. Kleijer ef al. (2017) used the LCA to assess
the global warming potential and cumulative energy demand of the natural and
recycled aggregate concrete with designed strength class. They found that the
environmental impacts of RAC prepared with 28% RCAs were slightly lower
than those of NAC. They also explained that these differences were mainly due
to the relatively lower impacts of the RCA production process, considering that
the same cement type and amount was adopted for both concretes. Braga et al.
(2017) also found that the environmental impacts in terms of global warming
potential, ozone depletion, acidification,  eutrophication  potential,
photochemical ozone creation potential, and primary energy consumption of
concrete generally decreased as the RCA content increases for each designed
strength class. More specifically, replacing 100% NCAs with RCAs could
decrease the impact of global warming potential by 19%, 11% and 9% for the
concretes with design strength classes of C20/25, C25/30 and C30/35,
respectively. Differently, Weil ef al. (2006) assessed the environmental impacts
of the concretes produced with natural and recycled aggregates. The
transportation distances of the natural and recycled aggregates were assumed to
be identical. They found that the higher energy consumption was needed for
crushing and intensive cleaning during the producing of the high-quality
recycled aggregates than the natural aggregate extraction. As a result, the
cumulated energy demand and global warming potential of RAC with 50%
volume fraction of RCAs are slightly higher than those of the concrete prepared

with gravels, when the cement content kept the same.
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Traditional mix designs of RAC normally replace a certain percentage of NCAs
with RCAs based on the equivalent volume or mass replacement rule. More
cement content is generally required to compensate for the negative impacts
induced by the RCA incorporation, thereby increasing the environmental
impacts. Several previous studies investigated the effect of cement content
through LCA. For instance, Marinkovic’ ef al. (2010) stated that an additional 5%
cement was required for RAC to achieve the similar compressive strength as
NAC. Based on the data collected from local manufacturers and reliable sources
regarding the specific geographical location, they summarised that the increased
cement content for RAC design could lead to higher environmental impacts than
those of NAC. More specifically, it caused the increments in environmental
impacts of RAC in terms of the energy use by 4.6%, the global warming by 4.7%,
the eutrophication by 4.5%, the acidification by 4.4%, and the photochemical
oxidant creation by 4.7%. Knoeri et al. (2013) also demonstrated that the
additional cement content in RAC significantly influences its environmental
performance. They found that replacing 45% NCAs with RCAs decreased the
global warming potential of RAC by 14%, but this impact of RAC would be
comparable to that of NAC when an additional 14% cement was considered in

the mix design.

Moreover, some novel mix design methods, such as methods developed based
on equivalent mortar volume, were adopted for the design of high-performance
RAC. It has been found that these novel design methods also significantly
influence the environmental impacts of RAC. Jiménez ef al. (2015) investigated
the environmental impacts of NAC and RAC designed by various mix design
methods (i.e., American Concrete Institute (ACI) method, Bolomey method, and
Equivalent Mortar Volume (EMV) method, etc.). In their study, the Bolomey
method was the conventional method for designing the NAC, and the ACI
method was used to develop the RAC design based on the equivalent aggregate
volume rule. As for the EMV method, it was applied to optimise the mix
proportioning of RAC by taking into account the surface-attached old mortar of
RCAs as a part of the total mortar content in concrete, so that the EMV designed
RAC would have an equivalent mortar volume as the NAC. LCA results

comparisons were conducted within designed concretes possessing the similar
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propetties, in terms of workability, strength, and durability. The results show that

the concretes designed by the EMV method exhibit better environmental

performances in terms of abiotic depletion, global warming potential, ozone

layer depletion, terrestrial ecotoxicity, acidification, and eutrophication than that

designed based on the other two methods. Notably, the use of EMV method

could decrease the environmental impact of global warming potential by 21%.

2.5 Summary

Based on the literature review, the following points can be highlighted.

The properties of fresh and hardened RAC generally decrease as the RCA
content increases. Extensive studies explained that these inferior properties
of RAC are mainly attributed to the higher porosity of RCAs, the weakened
ITZs between RCAs and cement paste, as well as the existence of
microcracks in the old mortar of RCAs. Hence, many methods have been
proposed to improve the RAC performance, and most of them mainly focus
on mitigating the porosity of RCAs. However, these treatments inevitably
increase the labour costs and environmental burdens to hinder their large-
scale application. Less attention has been paid on optimising the packing
density of the total aggregates, which would reduce the voids among
aggregates and improve performance of RAC. It would be of great
significance to develop a novel design method to improve the performance

of RAC from the perspective ofparticle packing optimisation, especially for
RAC with high RCA contents.

Maximising the particle packing density could enhance the mechanical
properties of various concretes. Nonetheless, adding excessive fine particles
tends to decrease the workability of fresh RAC and negatively influences
the properties and microstructures of RAC. The negative effect would be
more evident for high-performance RAC. To better understand the property-
enhancing mechanisms, a detailed study would be expected to investigate
the biphasic effect of packing density optimisation on the properties and

microstructures of RAC.

CPV can be regarded as an important parameter that significantly influence

the concrete performance. Few studies focused on investigating the
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influence of CPV on the properties and microstructure of RAC, particularly
on the pore structure and interfacial transition zone. For the mix design of
RAC based on particle packing optimisation method, the effect of CPV on
the performance needs to be investigated and the influencing mechanism is

required to be studied from the microscopic perspectives.

The use of RCP would negatively influence the properties of mortar or
concrete. Current studies explained these inferior properties are mainly
related to the lower reactivity and higher porosity of RCP. However, a proper
use of RCP as sand replacement might improve the properties and
microstructure of mortar due to the enhanced particle packing density and
promoted hydration reaction. Few investigations have been conducted to

understand the biphasic role of the RCP.

The use of LCA is considered to be effective in assessing the environmental
impact of RAC. For RAC design based on a novel design method, such as
the particle packing optimisation method proposed in the present study, LCA
is required to evaluate its environmental performance. Comparisons with the
LCA of RAC designed by the conventional mix design methods are also
required. The findings would be valuable in guiding the optimisation of the

mix design of RAC regarding environmental protection.
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CHAPTER 3

EFFECTS OF AGGREGATE PACKING
ENHANCEMENT ON THE PROPERTIES OF
NATURAL AND RECYCLED AGGREGATE
CONCRETE

3.1 Introduction

The packing optimisation of aggregates has been recognised as an effective
strategy to enhance the properties of concrete, as this can reduce the void volume
among the aggregates to densify the structure of concrete. However, the effect
of particle packing enhancement on the properties and microstructure ofrecycled
aggregate concrete (RAC) has been not well understood. Therefore, this chapter
presents an experimental study on investigating the influence of aggregate
packing enhancement on the properties of both natural aggregate concrete (NAC)
and RAC. Four groups of concretes containing natural concrete aggregates
(NCAs) or recycled concrete aggregates (RCAs) were prepared with different
design methods. A comparison on the properties of NAC and RAC designed by
different methods is conducted. Moreover, the microstructures of RACs are
characterised by the X-ray computed tomography (CT) analysis with a focus on
their macropore structures, which helps to understand the role of aggregate

packing optimisation in enhancing the properties of RAC.

3.2 Experimental programme

3.2.1 Raw materials

The type 42.5N ordinary Portland cement was employed in this study and the
density of cement is 3100 kg/m3. Local crushed limestone aggregates with a
particle size ranging from 5 to 20 mm were adopted as the NCAs. RCAs with
the same size range were collected from a C&D wastes recycling plant in Ningbo,
China. All the NCAs and RCAs were washed and stored in air-tight containers
after oven drying. For fine aggregates (FAs), natural river sand with a medium
grade and a fineness modulus of 2.62 was selected. The gradation curve of FA is

shown in Fig. 3.1. The other properties such as the particle density on oven-dried
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(OD) basis, particle density on saturated surface dry (SSD) basis, apparent
particle density and water absorption of NCAs, RCAs and FAs were measured
according to BS 812-2:1995 (BSI, 1999) and are tabulated in Table 3-1.
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Fig. 3.1 Particle size distribution of FA

Table 3.1 Physical properties of NCAs, RCAs and FAs

Particle Particle = Apparent

Type rzsulrfge g?:)zuep density on density on  particle ab:?)]:[tgon
OD basis  SSD basis density o
(mm) name oM’y (kgm®)  (kgmd) (%)
5-10 R3 2530 2558 2601 1.08
NCAs 10-16 R»2 2595 2609 2631 0.52
16-20 R 2610 2620 2635 0.36
5-10 R3 2167 2300 2499 6.13
RCAs 10-16 R 2230 2321 2454 4.11
1620  Ri 2258 2337 2452 3.50
FA 0.15-5 R4 2550 2557 2567 0.26

3.2.2 Aggregate packing enhancement

Two methods were used in the present study for the selection of aggregates. One
is the particle packing method (PPM), which can enhance the packing density of
aggregates to the greatest extent possible under a certain compaction energy. By

using PPM, the particles (including both coarse and fine aggregates) were
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divided into several groups according to the particle size, termed as Ra
(n=1,2,3,4...). In this study, the particles have been divided into four groups as
shown in Table 1. Ri and R> were first mixed in proportion until a maximum
packing density was obtained. A further addition of smaller particles R3 can fill
the voids and make the compacted mixture denser. A maximum packing density
therefore can be obtained when an optimum proportion of R3 was added.
Similarly, the optimum proportion of R4 of aggregates can be subsequently
determined. In the PPM design based on BS 812-2:1995 (BSI, 1999), aggregates
in different particle sizes were blended in proportion based on the design scheme.
The mixture was poured into a 10L steel container in three equal portions and
compacted densely layer-by-layer by a steel rod. Packing density of the
aggregate, therefore, could be calculated when the bulk weight and bulk volume
of the packed aggregates were obtained. The other aggregate design method is
the traditional method (TM), where the particle packing was not optimized. The
mass fractions of fine aggregate and coarse aggregate were determined

according to JGJ55-2011 (Standards China, 2011).

3.2.3 Concrete mix proportion

The absolute volume method was employed in the concrete mix design in this
study. The cement paste volume (CPV) is defined as the absolute volume of
cement paste in 1 m? bulk volume of concrete. The NAC with a slump of 75 mm
was first prepared based on the traditional method, and the CPV of the mixture
was found to be 39%. This medium level slump was designed to facilitate the
preparation of concrete samples. Another NAC mixture was designed with
packing-optimised aggregates as determined in section 3.2.2. Afterwards, the
traditional RAC was designed through fully replacing the NCAs with RCAs in
volume. Another RAC mixture was also designed with packing-optimised
aggregates as determined in section 3.2.2. All the RACs were prepared with a
constant CPV (i.e. 39%) as same as the NAC mixtures. The mix formulations in
1 m3 bulk volume of concrete are tabulated in Table 3.2. The W/C ratio is fixed

at 0.42 for all the mixtures. The type of the concrete (i.e. NAC or RAC), and the
aggregate design method (i.e. TM or PPM) are included in the mixture name.
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Table 3.2 Mix proportions of NAC and RAC designed by TM and PPM

Design CPV Water Cement Aggregate proportions (kg/m?)

Mixture ID
xture 1D ethod (%) (kg/m®) (kg/m?) R, R, R: R,
NAC-TM TM 39 230 548 539 539 545
RAC-TM TM 39 230 548 463 463 545

NAC-PPM PPM 39 230 548 476 118 385 646
RAC-PPM PPM 39 230 548 300 198 206 808

3.2.4 Concrete sample preparation and curing

The RCAs were first pre-wetted by a certain amount of water which is the sum
of products of the fraction in mass and the water absorption for each particle
group. The pre-wetted RCAs were then mixed in a 120L pan mixer for 3 mins.
Afterwards, the cement and sand were added into the mixer for another 1 min
mixing. The mixing water was added and mixed for another 3 minutes. Cubes
with a length of 100 mm and cylinders with a height of 200 mm and a diameter
of 100 mm were prepared for the compressive strength and Young's modulus
tests, respectively. Three 100x100%400 mm prisms were prepared for four-point
bending test. All the samples were demoulded 24 hours after casting and then
placed into a water tank for curing. The samples for compressive tests were cured
by 3, 7 or 28 days, while the samples for flexural tests and Young's modulus tests
were cured for 28 days. The preparation process of NAC is similar to that of

RAC, but the pre-wetting process was omitted.

3.2.5 Workability and mechanical properties tests

The workability of fresh concrete was evaluated by the slump of concrete. The
slump test was conducted in accordance with BS EN 12350-2:2009 (BSI, 2009a).
The compressive strength of concrete was tested in accordance with BS EN
12390-3:2009 (BSIL, 2009b) considering a curing age of 3 days, 7 days and 28
days. Young's modulus and flexural strength of concrete were determined
according to BS EN 12390-13:2013 (BSI, 2019) and BS EN 12390-5:2009 (BSI,
2009c¢), respectively. Three samples were used in each test, and an averaged

strength or Young's modulus was calculated.
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3.2.6 Theoretical cement paste film thickness

The amount of excess CPV remaining after filling the voids among the
aggregates could be determined by the volume of cement paste and packing
density of total aggregates. The excess paste forms the paste film coating the
aggregate particles and its average thickness is dependent on the solid surface
area of aggregates. Thus, the application of PPM would change the cement paste
film thickness (CPFT) of concrete. In other words, the average spacing between

adjacent aggregates is varied by changing the packing density of aggregates. The

CPFT can be calculated as follows.

The void volume (Vv) of aggregates in 1 m? bulk volume of concrete could be

calculated according to Equation (3.1).

v, =%(1—CPV) 3.1)

where ¢ indicates the packing density of total aggregates. The aggregate can be

idealized as octahedron, and the specific surface area (SS4) can be calculated by
Equation (3.2) (Ghasemi et al., 2018).

7.348
SSA, =
i dRi

(3.2)

where dp; is the arithmetic mean diameter of the particles within the lower size
bound diower and the upper size bound dupper for a particle size group R; (i =
1,2,3,4 ...,n). For an aggregate distribution with several particle size groups, the
total surface area (SA) of the aggregates can be calculated by Equation (3.3).

SA=sum(SSA, xV;)x(1—-CPV) i=123..,n (3.3)

where Vi is the volume fraction ofthe it particle size group. For the particle size
groups given in Table 3-1, the dr; and SSA4r; of each particle size group are listed
in Table 3.3. Based on this, the CPFT formed due to the excessive cement paste

can be subsequently calculated as Equation (3.4).

exc

SA 3.4

cper - CPY -V, _CPV
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Table 3.3 Summary of dri and SSARri values for different particle size groups

Size group Ry R, R; R4
dri (mm) 18.0 13.0 7.5 1.0
SSAgi (m?/m?) 408 565 980 14026

3.2.7 X-ray computed tomography

The X-ray computed tomography (CT) was used to characterize the macropore
structure in RAC samples. The sample size was determined based on the largest
heterogeneity in RAC (i.e. RCA with a maximum size of 20 mm). A desired
spatial resolution for identifying the smallest heterogeneity (i.e. the smallest
macro-pore with a size around 100 pm) was also considered. The RAC samples
with a diameter of 50 mm and a height of 100 mm were selected for CT scanning
and were cored from RAC cylinders after 28 days’ curing. The phase
identification in CT scanning is based on the physical density difference of
phases due to their variable energy attenuation of X-ray. The qualitatively visual
3D macro-pore structure of RAC can be rendered and reconstructed by
processing the tomographic images. The reconstructed 3D macro-pore structure
model enables to provide a quantitative analysis for macro-pore characteristics,
including diameter, volume, surface area, position in X-Y-Z axis, sphericity,
number of pores, etc. Statistical analysis such as the distribution of sphericity

and number of macro pores was performed in this study.

3.3 Results and discussion

3.3.1 Packing density of aggregates

Fig. 3.2 shows the packing densities of NCAs and RCAs with the usage of a
combination of different particle size groups (i.e. Ri to R4). Here, the bulk
volume of the aggregates keeps at constant. It is readily seen that increasing the
volume fraction of small-size aggregates can increase the packing density of
aggregates until an optimum volume fraction is reached. Further increasing the
volume fraction of small-size aggregates decreases the packing density as the
volume of the small-size aggregates exceeds the volume of the voids formed by

the large-size aggregate skeleton, and the packing state of the aggregate skeleton
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would be consequently loosened. Fig. 3.2(a) shows the packing density of
aggregates within the ranges of R1and Ra. The results show that more aggregates
within the range of R> are required by RCAs than NCAs to optimize the packing
density. The addition of R3 can significantly increase the packing density of
RCAs as shown in Fig. 3.2(b). This can be attributed to the unique morphology
of grain class, R3, could have led to a more favourable size distribution, resulting
in a higher packing density. Since the surface roughness of river sand is much
smaller than that of RCA, the addition of R4 (i.e. river sand) could compensate
the surface roughness of RCAs and further narrows the difference of the
maximum packing density between RCAs and NCAs as seen in Fig. 3.2(c). A
volume proportion of 40% to 50% can be recommended for the fine aggregates
(i.e. R4)to improve the packing density of aggregates in concrete, which agrees
with the finding reported by Moini et al. (2015). Furthermore, it can be known
from Fig. 2 that the optimum mix proportions of R1:R2:R3:R4 in volume are
2.88:0.72:2.4:4 and 2.1:1.4:1.5:5 for NAC and RAC,respectively. This indicates
that less coarse particles (i.e. R1) and more fine particles (i.e. R4) are needed to
achieve an optimized packing density for the RAC. In other words, more small-
size particles are required to fill into the large voids among the coarse RCAs due

to their irregular shapes and rough surfaces.
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Fig. 3.2 Packing densities versus volume fraction of aggregates with various size

classes: (a) R1 - Rz, (b) R1 - R3, and (c) Ri- Ra.

3.3.2 Void volume and cement paste film thickness

Fig. 3.3 compares the cement paste file thickness and the void volume among
the aggregates in each mix designed by the TM and the PPM. When the CPV is
constant, void volume in 1 m? concrete mainly depends on the packing density
ofthe aggregates. The mixtures designed by the PPM exhibit lower void volumes
as compared with those designed by the TM, indicating that the PPM can

effectively increase the compaction degree of aggregates in concrete. For
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instance, the use of PPM decreases the void volumes among the aggregates by
4.5% and 12.4% for NAC and RAC, respectively. Besides, the CPFTs for NAC
and RAC were decreased by 8.3% and 14.3% after the aggregate packing
enhancement, respectively. The higher reduction rates of the void volume and
CPFT for RAC indicate that the PPM is more effective in decreasing the void
volumes and CPFTs for the RAC than the NAC. Both decreasing void volume
and CPFT could contribute to densify the granular skeleton of aggregates in

concrete.
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Fig. 3.3 Cement paste film thickness and void volume of concretes

3.3.3 Slump of fresh concrete

Fig. 3.4 shows the slump of fresh RAC and NAC designed by different methods.
The slump values of RAC are lower than those of NAC regardless of the mix
design method. This might be caused by the angularity and high surface
roughness of RCAs, which results in a higher yield stress and subsequently
decreases the slump of the fresh RAC (Silva et al., 2018). Besides, the slumps
of the PPM designed concrete are higher than those of TM designed concrete as
seen in Fig. 3.4. For instance, the use of PPM enhances the slumps of NAC and
RAC by 16% and 25%, respectively. It also indicates that the particle packing
optimization by PPM is more effective in improving the workability for RAC
than NAC. This could be related to the change of the void volume among the
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aggregates. When the CPV and W/C ratio are constant, the smaller void volume
leads to more excessive cement paste, which can enhance the workability of
concrete through lubricating the aggregates and mitigating the inter-particle

friction (Schwartzentruber et al., 2006).
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Fig. 3.4 Slump of fresh concrete

3.3.4 Compressive strength

Fig. 3.5 shows the compressive strength of NAC and RAC prepared with a
constant CPV of 39%. When the CPV and the W/C ratio are constant, the PPM
designed concrete shows higher compressive strengths than those designed by
the TM. For instance, the adoption of PPM in concrete mix design increases the
28-day compressive strengths of NAC and RAC by 13.4% and 6.6%,
respectively. Since the application of PPM decreases the void volume and the
CPFT of aggregates, it facilitates the formation of a denser aggregate skeleton
for resisting a higher compressive stress. It could also be caused by the increased
adhesive behaviour between the mortar and the coarse aggregates when more
fine aggregates are used by the PPM (Braga et al., 2014). Furthermore, it can be
found that the 3-day compressive strengths of the RAC are higher than those of
the NAC. This could be caused by the reduced CPFT of RAC as shown in Fig.

3.3. At the early curing stage, the strength of cement paste is relatively lower so
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that the crack could be more easily initiated around the coarse aggregates and
then passing into the surrounding cement paste. The length of crack path
consequently increases inside RAC, which increases the absorbed strain energy
and enhances the compressive strength (Chidiac et al., 2013). However, the 28-
day compressive strengths of RAC are lower than those of NAC. This is mainly
caused by the higher porosity of the RAC and the weaker ITZs between RCAs

and the cement paste.
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Fig. 3.5 Compressive strength of concretes

3.3.5 Flexural strength

Fig. 3.6 presents the flexural strengths of NAC and RAC with the same CPV of
39%. Both the type and the packing status of the aggregates have marginal
impacts on the flexural strength of concrete. It indicates that the flexural strength
of concrete is not sensitive to the packing status of aggregates. This could be
mainly attributed to that the flexural strength of concrete depends more on the
properties of cement paste than the aggregates. The slight increase of flexural
strength by replacing the TM by PPM could be attributed to the higher fraction
of fine aggregates in the concrete. Similar to the compressive strength, the PPM

is more effective in enhancing the flexural strength of RAC in comparison with
that for NAC.
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3.3.6 Young's modulus

Fig. 3.7 shows the Young's modulus of concrete designed by the PPM and TM.
The application of PPM can efficiently increase the Young's modulus of both
NAC and RAC, since the void volume among the aggregates is decreased due to
the increase of packing density. Specifically, the adoption of PPM enhances the
Young's modulus of NAC and RAC by 13.5% and 27.7%, respectively. It
demonstrates that the optimization of aggregate packing is more effective in
increasing the Young's modulus of RAC than NAC. The PPM designed NAC

and RAC are able to achieve similar Young's modulus.
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Fig. 3.7 Young's modulus of concretes
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3.3.7 Microstructural analysis by X-ray CT

The pore structure inside RAC has a significant impact on the properties of
hardened concrete, especially for the macro pores with a size larger than 100 pm
(Gong et al., 2014). The macropore structures of RACs with various packing
methods were characterized and compared. Fig. 3.8 shows the sphericity
distribution of macro pores in the RACs. The macro pores in each mix tend to
have a sphericity between 0.4 and 0.8, indicating most voids inside RACs are
macro pores instead of cracks (Sidiq et al., 2019, 2020). This can be also seen in
the 3D macro-pore space distribution in RAC samples with different packing
methods in Fig. 3.9.

Fig. 3.10 shows the macro-pore size distribution inside the RAC samples. For
the RAC with the same CPV, the number of macro pores within each size range
is decreased after the aggregate packing enhancement. The total macro-pore
number in PPM designed RAC is around 30% lower than that of TM designed
RAC. This is mainly attributed to the reduction of macro pore number in the
hardened cement paste after the aggregate packing enhancement in RAC as seen
in Figs. 3.11(a) and 3.11(b). This indicates that the densification of aggregate
skeleton with a higher volume proportion of large-sized RCAs and river sand
can optimise the pore structure of RAC through decreasing its macro pore

number, which subsequently enhances the mechanical properties of PPM

designed RAC.
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Fig. 3.8 Sphericity of macro pores inside RAC
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(a) (b)
Fig. 3.9 3D macropore space distribution in different RAC samples (a) RAC-

TM, and (b) RAC-PPM
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(b)
Fig. 3.11 Distribution of macro pores in RAC samples (a) RAC-TM, and (b)
RAC-PPM
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3.4 Summary

This chapter investigated the effects of aggregate packing enhancement on the
workability and mechanical properties of both NAC and RAC. The macropore
structure of RAC was also characterised by the X-ray CT. Based on the test

results and the discussion, the following conclusions can be drawn.

o The packing density of RCAs with various amounts of small-size aggregates
(i.e. river sand) is smaller than that of NCAs, which is mainly attributed to
larger voids created by heterogeneous RCAs with irregular shapes and rough
surfaces. However, it can be increased by filling with more small-size
aggregates to compensate the drawbacks of RCAs. The RCAs could

consequently achieve a comparable maximum packing density as NCAs.

o The adoption of PPM can enhance the workability of NAC and RAC with the
same W/C ratio and CPV, particularly for RAC. The PPM can increase the
slump of RAC by 25%. This is mainly attributed to the enhanced lubrication
effect of excess cement paste on the mixture of RCAs. The use of PPM
significantly enhances the particle packing density in RAC, leading to a more
efficient use of cement paste to fill voids among aggregates. This optimised
packing status, in turn, amplifies the lubrication effect of the excess cement

paste on the RCAs, thereby enhancing the workability of the RAC.

o The aggregate packing enhancement can increase the compressive strength
and Young's modulus of RAC by 7% and 28%, respectively, through creating
a dense and stable aggregate skeleton inside concrete by decreasing the void
among the aggregates and the CPFT. In addition, the refinement of pore
structure through decreasing the number of macro pores in the PPM-design
RAC also contributes to the enhancement in its compressive strength and

Young's modulus.
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CHAPTER 4

PROPERTIES AND MICROSTRUCTURE OF
PACKING-OPTIMISED RECYCLED AGGREGATE
CONCRETE WITH DIFFERENT CEMENT PASTE
OR SAND CONTENTS

4.1 Introduction

The cement paste volume (CPV) and sand-to-aggregate volume ratio (Bs) are
the key parameters affecting the performance of packing-optimised recycled
aggregate concrete (RAC). However, the impact of varying CPV or Bs on the
properties and microstructure of RAC has not been fully understood. Therefore,
this chapter presents an experimental investigation on the properties and
microstructure of packing-optimised RAC with different cement paste or sand
contents. The workability and mechanical properties of RAC with four levels of
CPV and three contents of Bs were evaluated. Moreover, the interfacial transition
zones and pore structure insidle RAC were also characterised using
microhardness test and X-ray computed tomography, respectively. The
relationship between the macro properties and microstructure was analysed and
discussed. The results obtained in this chapter can guide the selection of CPV
and Bs in the mix design of packing-optimised RAC to refine its microstructure

and mechanical properties.

4.2 Experimental programme

4.2.1 Materials

Materials adopted for preparing the RAC include the ordinary Portland cement
(OPC), recycled concrete aggregate (RCA), river sand, and water. The grade
42.5N OPC with a density of 3100 kg/m? was used. The RCAs collected from
the local C&D wastes recycling plant in Ningbo, China were used as the coarse
aggregates. The RCAs were washed, dried, sieved and stored with three size
classes, including 5 to 10 mm, 10 to 16 mm, and 16 to 20 mm. The particle size
distribution of river sand is given in Fig. 4.1. According to GB/T 14684-2011
(Standards China, 2011), the sand is classified as medium grade and has a
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fineness modulus of 2.62. The densities and water absorption of aggregates were

characterised according to BS 812-2:1995 (BSI, 1999). The physical properties

of the aggregates are summarised in Table 4.1.

--m--- Rjver sand

Limits for medium grade

100
<
O\ -
N—r /
o> /
£ 804 .
n / wm
[7)p)] - .
3y /.,
o
o 60 é
8 I R
c . ’
@ I .
8 ¥ 7
<1 - 4
o 40 i
[B) o,
> [ 7
_% Y 1
L 4
S 2090
-l

g 10y .
O .I I:I

044 ;

0 1

2 3
Paricle size (mm)

Fig. 4.1 Particle size distribution of river sand

Table 4.1 Physical properties of RCAs and river sand

Size Oven-dried S:::;:izd- Apparent  Water

Type range  density dried density density absorption
3 3 %

(mm) (kg/m’) (kg/m?) (kg/m’) (%)

5-10 2167 2300 2499 6.13
RCAs 10-16 2230 2321 2454 4.11

16-20 2258 2337 2452 3.50
River 155 2550 2557 2567 0.26
sand

4.2.2 Particle packing optimisation

Particle packing optimisation was

performed to achieve the minimum void

volume among RCAs for all the mixtures referring to Li et al. (2017). Packing

density of aggregates under dry condition was determined based on the method

reported by Liet al. (2014). The aggregates in different size classes were blended

in portion thoroughly. The dry aggregate mixture was then poured into a

container in three equal portions and compacted densely layer-by-layer.

Afterwards, the covered container was vibrated for 30 seconds to closely pack
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the grains, followed by weighing the total aggregates to obtain the bulk density

of aggregates (pbulk). Finally, the particle packing density (¢) of aggregates can
be calculated by Equation (4.1).
P (4.1)
¢= — " bulk .
p

aggregate

where p .~ and p are the bulk density and absolute density of

aggregate

aggregates, respectively.

In this study, an experimental procedure was adopted to optimise the volume
proportion of RCAs with three size classes, i.e. 16 to 20 mm, 10 to 16 mm and
5 to 10 mm. Two coarser RCAs were first proportioned into various
combinations. The proportion between these two classes of RCAs with
maximum packing density was kept constant for further mixing with finer RCAs.
Afterwards, the finer RCAs were added into the aggregate combination with
three size classes in different volume fractions. As seen in Fig. 4.2, the packing
density of aggregates first increases with the volume fraction of small-sized
aggregates, followed by a reduction as it further increases. This phenomenon can
be regarded as the filling and loosening effects of finer aggregates on the packing
state of coarse aggregates (Roquier, 2016). The maximum packing density of
RCAsreaches 0.612 when the volume proportion of 16 to 20 mm, 10 to 16 mm
and 5 to 10 mm sized RCAs is equal to 4.2: 2.8: 3.
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Fig. 4.2 Packing density of different RCA proportions
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4.2.3 Concrete mix design

The volume proportion of RCAsin all the mixtures was optimised to achieve the
maximum packing density as determined in section 4.2.2. By accounting for the
water absorption of aggregates, the effective W/C ratio for each mixture was
finally controlled as 0.5. Cement paste volume (CPV) in the mixtures varied
from 33% to 42% with an increment of 3%. The values of cement paste volume
were designed in a broad range to achieve different packing statuses of
aggregates, including closely pack aggregates and suspended aggregates floating
in the fresh paste. Sand-to-aggregate volume ratio (Bs) varied from 30% to 70%
with an increment of 20%. This aims to alter the granular mixture from dominant
coarse grains of RCAsto dominant fine grains of sands. The mix formulations
of all the RACs are tabulated in Table 4.2. Each concrete mix is named as RAC-
X-Y, where X and Y denote the values of Bs and CPV, respectively.

In this study, the theoretical cement paste film thickness (CPFT) was calculated
for each RAC mixture (Kwan & Li, 2014). Based on the calculation method for
the CPFT in the literature (Rangaraju et al., 2010; Jiang et al., 2021), the packing
density of total aggregates (¢) and specific surface area (SSA) of the blended
aggregates were pre-determined, which can be used to calculate the CPFT. The
determined ¢ and SSA for each RAC mixture are shown in Table 4.2. As
explained in section 4.2.2, increasing the Bs improves the packing density of
total aggregates due to the filling effect of sand. However, a further increase of
Bs from 50% to 70% decreases the packing density as the finer sand loosens the
packing status of RCAs. Moreover, it also shows that the CPFT increases with
the CPV but decreases with the Bs.
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Table 4.2 Mixture proportion of RACs

. RCAs
River
Mix Water Cement Sand . Packing SSA CPFT
(kg/m3)  (kg/m®) . Size density (m%m? (pm)
(kg/m?)  (lags  (kg/m?)
(mm)
RAC- 5-10 218
50%- 215 358 854 10-16 209 0.744 4908 20.2
33% 16-20 318
RAC- 5-10 208
50%- 234 390 816 10-16 200 0.744 4688 29.7
36% 16-20 303
RAC- 5-10 198
50%- 254 423 778 10-16 190 0.744 4468 40.2
39% 16-20 289
RAC- 5-10 189
50%- 273 455 740 10-16 181 0.744 4248 51.8
42% 16-20 275
RAC- 5-10 278
30%- 254 423 467 10-16 267 0.712 2833 50.4
39% 16-20 405
RAC- 5-10 119
70%- 254 423 1089 10-16 114 0.715 6103 24.0
39% 16-20 174

Notes: (1) SSA denotes the specific surface area of the blended aggregates; and
(2) CPFT denotes the theoretical cement paste film thickness.

4.2.4 Sample preparation and test methods

4.2.4.1 Casting and curing methods

The preparation of RAC consists of two steps. Firstly, river sand, RCAs and
cement were added to the mixer and mixed for 2 minutes under the dry condition.
Secondly, the water was added gradually and mixed for another 3 minutes.
Afterwards, a portion of fresh concrete was taken out for the slump test. The
fresh RAC was remixed and used to cast the 100 mm cubes and @100 x 200 mm
cylinders for the compressive strength and Young's modulus tests, respectively.
Three 100x100%400 mm prisms were also prepared for four-point bending tests.
All the prepared samples were demoulded 24h after casting and then cured in a

water tank until testing.
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4.2.4.2 Workability and mechanical properties

The slump test was conducted using the standard slump cone per BS EN 12350-
2:2009 (BSI, 2009a). Compressive strengths of concrete at 7 and 28 days were
measured as per BS EN 12390-3:2009 (BSI, 2009b). Young's moduli of RAC
samples were measured following the BS EN 12390-13:2013 (BSIL 2019). Four-
point bending tests determined the flexural strength of concrete according to BS
EN 12390-5:2009 (BSI, 2009c). The results of three specimens for each test were

averaged to obtain the final test result.

4.2.4.3 Microhardness test

Vickers microhardness test was conducted to characterise the interfacial
transition zone (ITZ) between the aggregates and cement paste. The RAC
samples for the microhardness test were prepared according to the procedure
adopted by Li et al. (2021). The RAC samples with a diameter of 20 mm and a
height of 10 mm were cored from the centre of 100 mm cubic samples after
curing for 28 days. The samples were then immersed into absolute ethyl alcohol
for more than 24h to terminate the cement hydration and vacuum oven-dried at
60°C for 24h. Afterwards, the selected samples were impregnated with epoxy
resin and moulded in a ®25 x 20 mm rubber mould. The moulded sample
surfaces were ground and polished using a Buehler AutoMet 250 polishing
equipment with grits of P180, P400, P600, P1200 and MetaDi supreme diamond
of 9 um, 3 pm, 0.5 pum. Fig. 4.3 shows the typical RAC samples for the

microhardness test.

Fig. 4.3 Typical RAC samples for microhardness test

75



A digital Vickers microhardness tester was used in this study. A 10g load and 10s
dwelling time were applied for each indentation. For each RAC sample, 50
points were randomly indented to characterise the microhardness of bulk-paste
far away from the interfacial transition zone (ITZ). The quantitative method
given in the literature (Qiu ef al., 2021) was performed by plotting the statistical
box diagram to characterise the standard microhardness dispersion of the mortar.
The area with a microhardness value below this standard dispersion is considered
as the ITZ. An indentation zone including the RCA, ITZ and bulk-paste was
selected for characterising the ITZ. In this test, an 11 x 6 grid area with a
dimension of 300 x 250 um? was characterised as shown in Fig. 4.4. The 2-D
microhardness distribution cloud maps within the indentation zone were
subsequently rendered to evaluate the ITZ thickness based on the method
adopted by (Zhao et al., 2021).

New matrix
A A A A A

30 ym
A A A A A

50 um

Fig. 4.4 Designed grid area for microhardness test

4.2.4.4 X-ray computed tomography

The macropore structure in RAC was characterised by using X-ray CT. The basic
principle for X-ray CT to identify each phase in samples was based on the
physical density difference in phases due to their different energy attenuation of

X-ray. Considering the RCA size, RAC cylindrical samples with a diameter of
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50 mm and a height of 100 mm were cored from the RAC cylinders cured for 28
days. The X-Ray CT used in this study can identify the smallest macropore with
a size around 100 pum. The CT images were processed to reconstruct the 3-D
macropore structure in RAC. This model could provide quantitative analysis for
macropore characteristics, including diameter, volume, surface area, position on

the X-Y-Z axis, or sphericity.

4.3 Experimental results and discussion

4.3.1 Slump

Fig. 4.5 shows the slump of fresh RAC with varying cement paste volume (CPV)
and sand-to-aggregate volume ratio (Bs). The cement paste film thickness (CPFT)
in each mix is also included in Fig. 4.5. The slump of fresh RAC increases with
the CPV, as seen in Fig. 4.5(a). For instance, the slump of fresh RAC increases
by 11 mm and 33 mm when the CPV increases from 33% to 36% and from 36%
to 39%, respectively. More pressingly, the slump of fresh RAC increases by 84
mm when the CPV increases from 39% to 42%. It indicates that the slump of
RAC increases at a growing rate as the CPV increases. This is mainly attributed
to the lubrication effect of fresh cement paste on the mixture of aggregates (Choi
et al., 2013). This is evidenced by that the slump of fresh RAC increases with
the CPFT, indicating that more cement paste is available for coating the
aggregates and separating them to reduce the inter-particle friction for the fresh
RAC with a thicker cement paste film (Kwan & Li, 2012). It is also worth noting
that no segregation occurs in all the RAC mixtures with various CPVs, indicating
that all the RAC mixtures have a good cohesiveness. Moreover, the slump of
fresh RAC decreases with the Bs, as shownin Fig. 4.5(b). For instance, the slump
of RAC decreases by 64.5% as the Bs increases from 50% to 70%, while it
decreases by 36.8% when the Bs increases from 30% to 50%. It indicates that
increasing the Bs decreases the slump of fresh RAC with constant CPV and W/C
ratio. Similarly, this is mainly caused by the reduced CPFT in the fresh RAC
with a higher Bs, which weakens the lubrication effect of fresh paste on the

aggregates.
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Fig. 4.5 Slump and CPFT of fresh RAC with varying (a) CPV and (b) Bs

4.3.2 Compressive strength

Fig. 4.6(a) shows the compressive strength of RAC with varying cement paste
volume (CPV). The early compressive strength of RAC first increases with the
CPV up to 39%. Specifically, the 7-day compressive strength of RAC increases
by 15.6% as the CPV increases from 36% to 39%. However, further increasing
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the CPV to 42% slightly decreases the compressive strength of RAC as the
cement paste content tends to dominate the strength of RAC. The 28-day
compressive strength of RAC increases as the CPV from 33% to 36%, followed
by a gradual reduction as the CPV further increases to 42%. For instance, the
compressive strength of RAC is dramatically increased by 37.6% when the CPV
increases from 33% to 36%. This is mainly attributed to the refinement in the
macro-pore structure of RAC by decreasing its porosity and macropore number
as the CPV increases from 33% to 36%, which is confirmed by the X-ray CT
results. Unlike the 7-day compressive strength, the maximum 28-day
compressive strength of RAC is attained at a CPV of 36%. This can be attributed
to the enhanced interfacial transition zones (ITZs) as the cement paste hardens,
forming a stronger skeleton inside the RAC. The 28-day compressive strength
of RAC decreases by 4.1% as the CPV increases from 36% to 42%. This is
mainly attributed to the increased porosity and thickness of ITZs around RCAs,

as evidenced by the X-ray CT and microhardness test.

Fig. 4.6(b) shows the compressive strength of RAC with various sand-to-
aggregate volume ratios (Bs). Both 7-day and 28-day compressive strengths of
RAC increase and then decrease with the Bs. The RAC with a Bs of 50%
achieves the highest compressive strengths at the ages of 7 and 28 days, which
are slightly higher than that with a Bs of 30%. This is mainly because the RAC
with a Bs of 50% possesses the highest packing density of total aggregates, as
seen in Table 4.2. It indicates that an optimum Bs can enhance the compressive
strength of RAC, which is consistent with the findings reported by Mohammed
and Rahman (2016) . However, excessive Bs (e.g., 70%) is detrimental to the
compressive strength of RAC. For instance, as the Bs increases from 50% to
70%, the 7-day and 28-day compressive strengths of RAC decrease by 23.8%
and 25.0%, respectively. With the lack of coarse aggregates, the contribution of
aggregate skeleton to the compressive strength of concrete is limited due to the
weaker interlocking between the aggregates (Shen et al, 2021). Besides, an
excessive Bsleads to an increase of macroporosity and mean pore size of cement
mortar around RCAs, which is also detrimental to the compressive strength of
RAC. As a result, the RAC with a Bs of 70% exhibits the lowest 7-day and 28-

day compressive strengths. Therefore, it is recommended that the sand content
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in RAC needs to be controlled to achieve a high packing density of total
aggregates. This not only minimises the voids among aggregates but also creates
strong granular skeleton of the aggregates, which is beneficial to the mechanical

properties of RAC.
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4.3.3 Flexural strength

Fig. 4.7 shows the flexural strength of RAC with varying cement paste volume
(CPV) and sand-to-aggregate volume ratio (Bs). The flexural strength of RAC is
around 5 MPa and varies marginally with the CPV and Bs. Specifically, the
flexural strength of RAC increases by 7.0% when the CPV increases from 33%
to 36%. However, the flexural strength of RAC decreases by 8.6% as the CPV
further increases to 42%. Therefore, the influence of CPV on the flexural
strength of RAC is negligible. Under a given W/C ratio and CPV, the flexural
strength of RAC gradually decreases with the Bs. For instance, the flexural
strength of RAC with a Bs of 30% is 3.2% and 3.9% higher than that for RAC
with Bs of 50% and 70%, respectively. This slight increase could be attributed
to a better interfacial bond between the RCA and the surrounding cement matrix
due to RCAs' rough surface and angular characteristics (Helal et al., 2015; Li et
al., 2019). This indicates that a high sand content in the RAC mixture is not
beneficial to the flexural strength of RAC. In summary, the flexural strength of
RAC is marginally affected by the factors of CPV and Bs as it highly depends

on the effective W/C ratio which has been controlled as constant for each mixture.
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Fig. 4.7 Flexural strength of RAC with varying (a) CPV and (b) Bs

4.3.4 Young's modulus

Fig. 4.8 shows the 28-day Young's modulus of RAC with varying cement paste
volume (CPV) and sand-to-aggregate volume ratio (Bs). The Young's modulus
of RAC slightly increases with the CPV up to 36%, followed by a decrease as
the CPV further increases to 42%. Specifically, the Young's modulus of RAC
increases by 4.2% as the CPV increases from 33% to 36%. As explained in
compressive strength, this is mainly attributed to the refinement in macropore
structure of RAC. Nonetheless, increasing the CPV from 36% to 42% decreases
the Young's modulus of RAC by 16.7%, which is related to the elastic properties
and volume fraction of the cement paste, fine aggregates and coarse aggregates
(Su et al., 2002). Increasing the CPV would decrease the overall modulus of
concrete due to its relatively lower elasticity. Moreover, the increase of thickness
and porosity at the interfacial transition zones with the CPV also negatively
influences the elasticity of RAC. For the RAC with constant CPV, increasing the
Bs first increases and then decreases the Young's modulus of RAC. The RAC
with a Bs of 50% shows the highest Young's modulus, which is 9.4% and 8.9%
higher than that of RAC with Bs of 30% and 70%, respectively. Similarly, this

is mainly related to the mixture's highest packing density of total aggregates.
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Therefore, an appropriate increase of Bs helps to enhance the Young's modulus
of RAC.
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4.3.5 Microhardness analysis

Fig. 4.9 shows the box diagram of microhardness distribution of cement mortar

far away from interfacial transition zones (ITZs) between recycled concrete

aggregate (RCA) and cement paste in RACs. It can be found that the

microhardness of mortar ranges from 35 to 50 HV, and the mean and median

values of mortar microhardness vary marginally among the RACs. It indicates

that the microstructure

compactness of mortar far away from the ITZs in RACs

is insensitive to the variations of cement paste volume (CPV) and sand-to-

aggregate volume ratio (Bs), which is dominated by the effective W/C ratio in

bulk cement paste.
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Fig. 4.10 shows the microhardness distribution around the interfacial transition
zones (ITZs) in the RACs. The area with a microhardness lower than that of the
old matrix in RCAs and the newly formed bulk matrix is recognized as the ITZs.
The average ITZ thickness in each RAC can be subsequently calculated through
dividing the ITZ area by its vertical distance, and then plotted against CPV or Bs
in Fig. 4.11. It shows that increasing the CPV or decreasing the Bs increases the
ITZ thickness. For instance, the ITZ thickness increases by 38% and 69% when
the CPV increases from 39% to 42% and the Bs decreases from 70% to 50%,
respectively. Consequently, the mechanical properties of RAC with an excessive
CPV deteriorate due to the increased ITZ thickness (Vargas et al., 2017).
However, a larger Bs tends to decrease the ITZ thickness but negatively
influences the pore structure of RAC, which eventually weakens the mechanical
properties of RAC. For example, mixture RAC-70%-39% possesses the
narrowest ITZ but the lowest compressive strength. This discrepancy between
the macro and micro performance also indicates that RAC properties are

simultaneously affected by the ITZ and pore structure. The macropore structure
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of cement mortar around RCAs will be discussed in section 4.3.6.
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4.3.6 Microstructural analysis by X-ray CT

Fig. 4.12 shows the sphericity distribution of macropores in RACs. The
sphericity of macropore is an indicator of the macropore shape and is equal to
1.0 when it is a perfect sphere (Sidiq ef al., 2020). It can be found that the
sphericity of most macropores is within the range of 0.2—0.8. As the sphericity

of microcracks tends to be zero (Sidiq et al., 2020), most large voids inside the
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RACs represent the macropores. Therefore, it indicates that the variation of CPV
or Bs does not induce more cracks into RAC. Table 4.3 summarises the statistical
analysis of macropores in RACs. Fig. 4.13 shows the macropore size distribution
in all the RAC mixtures. It is readily seen that there are more macropores within
each size range in mixture RAC-50%-33% as compared with other mixtures.
The total macropore number in the RAC, with a cement paste volume (CPV) of
33% is almost two times that in the RAC, with a CPV of 36% or 42%.
Correspondingly, mixture RAC-50-33% exhibits the largest macroporosity
among all the RAC mixtures. These macropores mainly exist in the hardened
cement paste. As seen in Figs. 4.14(a) and (b), there are more large-sized pores
in the RAC with a CPV of 33% than that with a CPV of 42%, which is mainly
caused by its lower compactness and higher amount of RCAs. This also explains
the poor mechanical properties of RAC with a CPV of 33%. However, Table 4.3
shows that the macroporosity mitigates continuously with the increasing CPV.
As seen in Fig. 4.13, increasing the CPV from 36% to 42% brings about more
macropores smaller than 250 um in RAC. It also demonstrates that the mean
pore size decreases as the CPV increases in RAC. As confirmed in Fig. 4.14(b),
these small-sized macropores mainly distribute at the interfaces between RCAs
and cement matrix. Gao et al. (2014) reported that the interfacial transition zone
(ITZ) capillary porosity is increased due to the increased CPV. Therefore,
excessive CPV could be detrimental to the RAC properties due to the increased
porosity at the ITZs between RCAs and cement matrix.

Moreover, it can be found that mixture RAC-70%-39% has a larger mean
macropore size than mixture RAC-30%-39%, as seen in Table 4.3. Particularly,
the macropore size distribution demonstrates that the number of pores larger than
250 um increases as the sand-to-aggregate volume ratio (Bs) increases from 30%
to 70%. Correspondingly, the macroporosity also increases with the Bs. Hence,
incorporating a high sand volume in total aggregates leads to a loose
microstructure of cement mortar around RCAs. It is evidenced by the occurrence
of massive macropores with a size closing to sand and sporadically distributed
RCAs in the cement mortar of mixture RAC-70%-39% as seen in Figs. 4.14(c)
and 4-14(d). Similar finding is also reported for self-compacting concrete with

various Bs by Lin (2020). For the RAC with a high Bs, the external load can be
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mainly supported by the cement mortar rather than the granular skeleton of
coarse aggregate. Consequently, this loose microstructure of cement mortar
around RCAspotentially increases the chance for microcracks initiating in RAC.
It explains the low performance in mechanical properties of RAC with a high Bs,

i.e. mixture RAC-70%-39%.
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Table 4.3 X-ray CT results of RACs

Mix RAC- RAC- RAC- RAC- RAC-
50%-33% 50%-36% 30%-39% 70%-39% 50%-42%
M
_viean pore 302 307 289 331 275
diameter (um)
Mac“(’&)")“’s“y 3.73% 3.21% 1.66% 2.13% 1.30%
Total pore
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4.4 Summary

This chapter investigated the effects of cement paste volume and sand-to-
aggregate volume ratio on the properties of fresh and hardened RAC with
particle packing optimisation. The workability, mechanical properties and
microstructures of RACs were evaluated. The following conclusions can be

drawn based on the test results and discussion.

e The slump of fresh RAC increases in a growing rate with the cement paste
volume. This is mainly attributed to the enhanced lubrication effect of cement
paste on aggregates as the cement paste film thickness increases. Increasing
the sand-to-aggregate volume ratio decreases the thickness of cement paste

film coated on RCAs, which weakens their lubrication effect and
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subsequently decreases the slump of RAC. The slump for RAC decreases by

78% as the sand-to-aggregate volume ratio increases from 30% to 70%.

The compressive strength and Young's modulus of RAC first increase with
the cement paste volume in the RAC, followed by reductions as the cement
paste volume further increases. The former is mainly attributed to the
refinement in macropore structure by decreasing its porosity and macropore
number in RAC, while the latter is caused by the increased porosity and
thickness of interfacial transition zones due to the excessive cement paste
volume. Nonetheless, the flexural strength of RAC is insensitive to the

variation of cement paste volume.

The incorporation of optimum sand-to-aggregate volume ratio improves the
packing density of total aggregates, and consequently enhances the
compressive strength and Young's modulus of RAC. However, an excessive
sand-to-aggregate volume ratio causes poorer packing status of the granular
skeleton and increases the macroporosity and mean pore size of cement
mortar around RCAs, which decreases the compressive strength and Young's
modulus of RAC. Nonetheless, the flexural strength of RAC is marginally

influenced by the sand-to-aggregate volume ratio.

Using less cement and sand in RAC can be an effective strategy to maximise
the reusing construction and demolition wastes and enhance the sustainability
of concrete. An excessive cement paste volume or sand-to-aggregate volume
ratio negatively affects the microstructures of RAC and degrades their

mechanical properties. Thus, the cement paste volume and sand-to-aggregate

volume ratio need to be properly controlled in the design of RAC.
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CHAPTER 5

ROLE OF RECYCLED CONCRETE POWDER AS
SAND REPLACEMENT IN THE PROPERTIES OF
CEMENT MORTAR

5.1 Introduction

Rational utilisation of recycled concrete powder (RCP) is crucial for the fully
recycling construction and demotion wastes in the construction industry.
Existing studies have demonstrated that the use of RCP as a cement replacement
has a negative impact on the microstructures and properties of cementitious
materials due to its low reactivity. Furthermore, the high porosity and water
absorption of RCP particles also negatively influence the properties of mortar.
However, replacing sand with RCP presents an opportunity to improve the
particle packing density and optimise the pore structure, which can lead to an
enhancement in the properties. Few investigations have been conducted to fully
understand the role of RCP as sand replacement in affecting the properties of
mortar. Moreover, using RCP as a replacement for sand can also contribute to a
more sustainable use of resources by reducing the demand for natural sand,
which aligns with the overall sustainability goal of this research. Therefore, this
chapter presents an experimental investigation on the properties of cement
mortar containing RCP as sand replacement. Two types of model RCP with
designated water-to-cement (W/C) ratios in the laboratory, including recycled
cement paste powder (RCPP) and recycled cement mortar powder (RCMP),
were intendedly prepared to better simulate the RCP obtained from the various
waste concrete sources. The characteristics of RCP, including particle density,
particle size distribution, mineralogical composition and micro-morphology
were first studied. The physical, mechanical and drying shrinkage properties of
mortars were subsequently examined. Moreover, the crystalline phases and
microstructures of RCP mortars were also characterised by using the X-ray
diffraction (XRD), mercury intrusion porosimeter (MIP), and scanning electron
microscope (SEM). The improvements in microstructure of mortars owing to the
filling effect of RCP and the hydration reaction promoted by RCP were
quantified by measuring the particle packing density and hydration heat
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evolution, respectively. The findings of this chapter can unveil the role of RCP
in affecting the particle packing density and pore structure of RCP mortar, which
is beneficial to the development of high-performance concrete prepared with

RCP.

5.2 Experimental programme

5.2.1 Materials

Ordinary Portland cement (OPC) with a strength class of 42.5 N following
Chinese standard GB 175-2007 (Standards China, 2007) and river sand with a
medium grade as per Chinese standard GB/T 14684-2011 (Standards China,
2011) were adopted in this study. Most RCP particles are made of cement paste
and mortar after separating recycled coarse aggregates (Coleman et al., 2005)
and have a complex composition due to various parent materials. In this study,
two types of RCP were modelled by hydrated cement paste or mortar prepared
with different designated water-to-cement (W/C) ratios and cement paste
contents to properly reflect the quality of parent concrete materials. Similar
method is also adopted by Maimouni et al. (2018), Zhan et al. (2020), and Shen
et al. (2022) in the literature. The first is the recycled cement paste powder
(RCPP) prepared with different W/C ratios, i.e. 0.4, 0.5 and 0.6. The second one
is the recycled cement mortar powder (RCMP) with a fixed W/C ratio and
aggregate-to-cement (A/C) ratio of 0.5 and 3, respectively. Specifically, RCPPis
used to simulate the RCP that has a higher proportion of cement paste compared
to the RCMP. In this study, RCP was prepared in the laboratory by crushing and
grinding the hardened cement paste and mortar samples, preserved for at least
90 days inside the sealed containers at room temperature. Afterwards, the RCP
with a grain size smaller than 150 pm was collected through mechanical sieving
and then stored in air-tight containers after oven-drying. The RCP was collected
without performing a secondary milling process. By using these two types of
RCP, this study is able to more accurately reflect the influences of different
components in RCP on the properties of cement-based materials, thereby

providing more comprehensive and applicable insights for the industry.
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5.2.2 Raw materials properties

The specific densities of sand and RCP were determined using a pycnometer as
per BS 812-2: 1995 (BSI, 1999) and were given in Table 5.1. It can be found that
the specific density of RCP is lower than that of sand, particular for the RCPP
particles. The specific density of RCPP decreases as the original W/C ratio

increases.

The particle size distributions of OPC and RCP were determined using the laser
particle size analyser Bettersize 2000. The gradation of sand was determined by
using mechanical sieving. Fig. 5.1 shows the particle size distributions of OPC,
sand and RCP. The median diameters of OPC and RCP are listed in Table 5.1. It
can be found that the particle size of RCP is larger than that of OPC but is much
smaller than that of sand. Moreover, the RCPP prepared with various W/C ratios

shows similar particle size, as evidenced by the Dso results, which are slightly

smaller than RCMP.

Table 5.1 Specific densities and median diameters of OPC, sand and RCP

RCPP- RCPP- RCPP- RCMP-

Materials OPC Sand W4 W5 w6 W5

Specific

density 3.10 257 242 2.36 2.32 2.52

Dso (nm) 21418 N/A  31.427 34.629 31.533 42.823
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Fig. 5.1 Particle size distributions of cement, sand and RCP
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The mineralogical compositions of sand and RCP were determined using X-ray
diffraction (XRD) and Thermogravimetric analysis (TGA). For the XRD test,
the sand and RCP were scanned with CuK a radiation (A = 1.54A) from 5° to 70°
in 20 with step of 0.02° and 2s/step. In the TGA, 40 mg RCP was heated up from
30°C to 1000°C at 10°C/min in Nz atmosphere. Fig. 5.2 and Fig. 5.3 show XRD
and TGA results of RCP, respectively. As shown in Fig. 5.2, the common
hydration products of cement, such as portlandite, calcite and ettringite, are
observed in RCP. Moreover, the presence of a belite peak indicates there is still
a certain amount of unhydrated cement particles in RCP. As shown in Fig. 5.3,
there are three major endothermic peaks on the DTG curves in temperature
ranges of 30-200°C, 400-500°C and 600-800°C. The first peak represents the
sequential dehydration of C-S-H gel and ettringite. The second peak corresponds
to the dehydroxylation of Ca(OH): crystals, and the third peak represents the
decomposition of CaCOs3 formed by the carbonisation of the C-S-H gel and
Ca(OH)2 (Sun et al., 2020). These endothermic peaks and mass loss of RCPP
particles are higher than other RCP, demonstrating a higher content of hydration

products in RCPP particles.
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Fig. 5.2 XRD results of sand and RCP
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Fig. 5.3 TGA results of RCP

The micro-morphology of sand and RCP was examined by Scanning Electron
microscope (SEM), as shown in Fig. 5.4. The RCPP and RCMP particles exhibit
a more irregular shape and rougher surface than the sand. Massive capillary
pores and microcracks exist in the RCP grains. Moreover, it can be observed that
these RCP particles are usually coated with clustered hydrates, which is also

confirmed by the mineralogical analysis.

Smooth sutfaces

(a) Sand (b) RCPP-W4
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Fig. 5.4 Micro-morphology of sand and RCP

The reactivity of OPC and RCP was examined using isothermal calorimeter, as
shown in Fig. 5.5. As seen in Figs. 5.5(a) and 5.5(b), the exothermic peak and
cumulative hydration heat of the RCP are much lower than those of the OPC,
particular for the RCMP particles. For instance, the cumulative hydration heat of
RCMP is approximate 7% of that of OPC. It indicates that the RCP has low

reactivity, although there are unhydrated cement particles.
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Fig. 5.5 (a) Heat flow and (b) cumulative heat release of raw materials
5.2.3 Mix formulations

Table 5.2 shows the mix proportions of mortars with or without RCP. Total 13
mix formulations were designed to investigate the influences of RCP type and
replacement ratio on the properties of mortars. In addition to the reference mix,
two series of mortars with RCPP or RCMP were prepared. Three different sand

replacement ratios of 10%, 20% and 30% were considered for the RCP mortars.
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The aggregate-to-cement ratio was fixed at 3 for all the mortars. The reference
mortar without RCP was labelled as RFF, and other mixtures were named with
the RCP type, original W/C ratio, and the replacement ratio. For example, mix
RCPP-W5-10% represents the mixture with 10% RCP particles sourced from the
hardened cement paste prepared with a W/C ratio of 0.5. The mixing water was
determined to ensure mortars achieving a similar consistency of 175+10 mm
based on the flowability test according to BS EN 1015-3: 1999 (BSI, 2007) with
the purpose to control similar effective W/C ratio (Li et al., 2019; Liang et al.,
2021).

Table 5.2 Mix proportions of mortars with RCP

Mix Water Cement RCP Sand
(kg/m?) (kg/m?) (kg/m?) (kg/m?)

REF 270 450 0 1350
RCPP-W4-10% 293 135 1215
RCPP-W4-20% 338 450 270 1080
RCPP-W4-30% 360 405 945
RCPP-W5-10% 300 135 1215
RCPP-W5-20% 333 450 270 1080
RCPP-W5-30% 367 405 945
RCPP-W6-10% 306 135 1215
RCPP-W6-20% 342 450 270 1080
RCPP-W6-30% 396 405 945
RCMP-W5-10% 285 135 1215
RCMP-W5-20% 307 450 270 1080
RCMP-W5-30% 334 405 945

Notes: "RCPP” and “RCMP" stand for the recycled cement paste powder and
recycled cement mortar powder, respectively; and "W4”, “W5”, and “W6" refer
to the original W/C ratio of 0.4, 0.5, 0.6, respectively; and "10%”, “20%”, and

“30%" denote the replacement ratio of RCP, respectively.

5.2.4 Preparation of RCP mortar

The mortar samples were prepared by blending sand (or sand mixed with RCP),
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OPC and water in a planetary mixer. Afterwards, the fresh mortars were poured
into the moulds to cast the 25 x 25 x 280 mm?, 40 x 40 x 160 mm? prisms and
cylinders with 75 mm in diameter and 150 mm in height for the drying shrinkage
and mechanical properties measurements. The samples were demoulded after
curing for 24 h. Then, they were stored in a curing chamber under a constant

temperature of 20°C and relative humidity of 95% until the testing age.

5.2.5 Test methods

5.2.5.1 Physical, mechanical properties and drying shrinkage

The bulk density of RCP mortars was tested according to ASTM C642-06
(ASTM Committee, 2006). Flexural and compressive strengths of mortars were
evaluated as per BS EN 1015-11: 2019 (BSI, 2019a) at the curing ages of 7, 28
and 56 days. Three specimens per batch were tested, and the average strength
value was recorded. The Young's modulus of mortars was determined per BS EN
12390-13: 2013 (BSI, 2019b).

The prismatic specimens with a gauge length of 250 mm were used to measure
the drying shrinkage of mortars per ASTM C596-18 (ASTM Committee, 2018).
The demoulded mortar samples were placed into a water tank at 20 + 1 °C for 2
days. Afterwards, the initial lengths of the samples were recorded, and the
samples were moved to an environmental chamber with a temperature of 20+3 °C
and relative humidity 50+4%. The length changes of the specimens were
recorded to calculate the average drying shrinkage of mortars at different drying

ages.

5.2.5.2 Hydration heat, crystalline phase, pore structure and morphology
Hydration heat of cement with or without 10% RCP was measured using an

isothermal calorimeter according to ASTM C1702—-17 (ASTM Committee, 2017)
to study the impact of adding RCP on the promotion of hydration (Scrivener et
al., 2016). Moreover, the Class F fly ash (FA) per Chinese standard GB/T 1596-
2017 (Standards China, 2017) and S95 ground granulated blast-furnace slag
(GGBS) following Chinese standard GB/T 18046-2008 (Standards China, 2008)
were also employed as the sand replacement to compare the reactivity of RCP
with them. All the samples were tested continuously for up to 7 days at a constant

temperature of 20°C. The heat flow and cumulative hydration heat were
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normalised per unit mass of raw materials or binder. The crystalline phases of
mortars were investigated by scanning the grounded mortar powders with CuKa
radiation (A = 1.54A) from 5° to 70° in 20 with step of 0.02° and 2s/step.

The pore structures of the mortars at the age of 56 days were characterised using
a mercury intrusion porosimeter (MIP) with a maximum pressure of 228 MPa.
Small cube samples with 10-20 mm were sectioned from the specimens. Their
hydration was terminated by the anhydrous ethanol exchange and then dried in
a vacuum atmosphere at 60°C until constant mass. Moreover, the morphologies
of mortars prepared with various types and amounts of RCP were also observed

using SEM.

5.2.5.3 Particle packing density

The compressible packing model (CPM) has been adopted to optimise the
particle packing statuses in various types of concrete mixtures, such as the ultra-
high performance concrete (Soliman & Tagnit-Hamou, 2017b) and the recycled
aggregate concrete (Amario et al., 2017). In this study, the CPM was adopted to
optimise the amount of RCP in combination with sand to achieve the highest
particle packing density. The particle packing density of mortars with various
amounts of RCP has been determined by using CPM to unveil the role of RCP
in affecting the particle packing density. This model considers the interaction
among all the grains and the type of compaction applied. Three parameters were
pre-determined before the CPM could be applied: the particle size of each grain
class (di), the experimentally obtained packing density of each grain class (Bi),
and the mutual volume fraction of each grain class (yi) (Bala et al., 2020). The
CPM considers the calculation of virtual packing density for each grain class (i)
using Equation (5.1). The loosening effect coefficient (aij) and the wall effect
coefficient (bij) were obtained by using Equations (5.2) and (5.3), respectively.
Each OPC and RCP was considered a separate grain class, represented by its
diameter Dso (Campos et al., 2020). The sand was also considered a grain class
with an equivalent mono-sized particle size equal to its arithmetic mean diameter
(Jiang et al., 2021). The packing densities of OPC and RCP were determined
using the wet packing density method (Chu ef al., 2021). The packing density of
sand was determined per BS 812-2:1995 (BSI, 1999). The experimentally
determined packing densities of OPC, RCPP-W5, RCMP-W5 and sand were
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0.522, 0.420, 0.499 and 0.618, respectively. RCP shows lower packing densities
than sand, which is caused by the irregular shape and rough surface of RCP, as
seen in their morphologies. Based on the mix proportion, the actual packing
density of a granular mixture (¢) could be obtained by performing the back-
analysis in Equation (5.4), where the compaction energy applied to the solid
mixture was considered via the compaction index (K). In this study, the

compaction index K of 9 was adopted, which corresponds to vibration and

compression (Roquier, 2016).

Bi
' -2 yj(1_Bi+ﬁibij(1_ﬁij))_z;l=i+1 y]’(l_aij%) CHY
A 1.02
d. 1.5
Jj
Yi
K=Y 1K =2 iliii (5.4)
¢ vi

5.3 Experimental results and discussion

5.3.1 Water demand of standard consistency
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Fig. 5.6 Water demand of RCP mortars
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Fig. 5.6 shows the water demand for the mortars containing different types and
amounts of RCP to achieve similar consistency. Generally, the water demand for
RCP mortars are higher than that of the reference mortar to maintain the same
consistency and increase with the RCP content. This can be attributed to the
irregular shape, rough surface, high porosity and fineness of the RCP as seen in
their morphologies and particle size distributions. For example, the water
demands for mortars RCPP-W4 and RCPP-W6 increase by 22.9% and 29.4% as
the RCP replacement increases from 10% to 30%, respectively. The water
demands for mortars with various RCPP vary marginally when the RCP
replacement ratio is limited by 20%. It indicates that the water demands for
mortars are insensitive to the original W/C ratios of RCP at a low replacement
ratio. However, the mortar RCPP-W6-30% requires 10% higher water demand
than the mortar RCPP-W4-30%, as the disturbed particle packing increases the
demand on water for filling up the voids in the granular skeleton (Chu et al.,
2021). Moreover, the water demands for mortars with RCMP are lower than
those with RCPP at the same replacement level, which can be naturally ascribed

to the coarser particle size of RCMP as seen by their Dso results in Table 5.1.

5.3.2 dry bulk density
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Fig. 5.7 Dry bulk density of RCP mortars
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Fig. 5.7 shows the dry bulk densities ofthe RCP mortars against the RCP content.
It is readily seen that the dry bulk densities of the mortars with RCPPsand RCMP
are lower than that of the reference mortar. For example, replacing sand with 30%
RCPP-W6 or RCMP-W5 decreases the dry bulk densities of mortars by 13.2%
and 7.7%, respectively. It also shows that the dry bulk density of mortars
generally decreases as the RCP content increases, which can be attributed to the
lower densities of RCP compared to sand. The dry bulk densities of RCPP
mortars are slightly lower than those of RCMP mortars. For instance, the dry
bulk density of RCMP mortar is around 5% higher than that of mortar RCPP-
W5 at a 30% replacement level. The use of RCPP with a higher original W/C
ratio tends to slightly decrease the density of mortar with the same amount of
sand replaced by RCPP. For instance, the dry bulk density of mortar RCPP-W6-
30% is around 4% lower than that of mortar RCPP-W4-30%. It indicates that the
variation of the original W/C ratio of the RCPP has a marginal impact on the dry

bulk densities of mortars.

5.3.3 Compressive strength
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Fig. 5.8 Compressive strength of RCP mortars

Fig. 5.8 shows the compressive strengths of the mortars prepared with various
types and amounts of RCP. In general, replacing sand with up to 10% RCPP or
20% RCMP has a negligible effect on the compressive strengths of mortars at
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various curing ages. The use of RCP can contribute to the compressive strength
development of RCP mortars through optimising their pore structures, which
also compensates for the negative effects induced by the porous feature of RCP
particles. Specifically, incorporating RCP can improve the packing density of
mortars by filling the larger voids. Moreover, the slightly enhanced hydration
reaction by adding RCP promotes the formation of hydration products,
contributing to the pore structure refinement and strength development.
Nevertheless, the excessive amount of RCP decreases the compressive strength
as this tends to increase the total porosity ofthe RCPmortars due to the combined
action from the decreased packing density and the high porousness of RCP
particles. The RCMP mortars generally exhibit higher compressive strengths
than the RCPP mortars at various curing ages, which is caused by the lower
porosity of RCMP mortars. However, the 7-day compressive strengths of RCPP
mortars are slightly higher than that of RCMP mortar at 10% replacement level,
which is mainly attributed to the higher hydration rate in mortars with RCPP.
Furthermore, the use of RCPP with a higher original W/C ratio decreases the
compressive strengths of mortars with 20% or 30% RCPP, which is related to

the increased porosity of RCPP prepared with a higher W/C ratio.

5.3.4 Flexural strength
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Fig. 5.9. Flexural strength of RCP mortars
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Fig. 5.9 shows the flexural strengths of the mortars prepared with different types
and amounts of RCP. In general, replacing sand with up to 10% RCPP or 20%
of RCMP has a positive or minimal negative effect on the flexural strengths of
mortars at various curing ages. Similarly, this is mainly attributed to the
combined action of improved packing density and enhanced hydration reaction
by adding RCP. Furthermore, the rough surface of RCP can enhance the
interlocking between cement matrix and RCP, leading to a positive effect on the
flexural strength (Saba & Assaad, 2021). As the RCP content increases, the
flexural strengths of mortars generally decrease. For instance, the 56-day
flexural strength of RCPP-W5-30% is 19.5% lower than that of RCPP-W5-10%.
It indicates that the excessive amount of RCP increases the total porosity of the
RCP mortars, which subsequently decreases their flexural strengths. Compared
to the impact on the compressive strength, this increased porosity has a lower
negative effect on RCP mortars' flexural strength, which is also consistent with
findings reported by Xiao ef al. (2018). For instance, the reduction of 56-day
flexural strengths of RCPP mortars is limited by up to 11% at 30% replacement,
which is lower than that of 56-day compressive strengths of RCPP mortars at the
same replacement. The RCMP mortars generally exhibit higher flexural
strengths than the RCPP mortars at various curing ages, which is caused by the
lower porosity of RCMP mortars. For example, replacing sand with 30% RCMP
increases the 56-day flexural strength of mortar by 10.7%. However, the 7-day
flexural strength of RCMP mortar is around 20% lower than that of the RCPP
mortars at 10% replacement, which is attributed to the lower hydration rate in
RCMP mortar. Moreover, the variation of the original W/C ratio of RCPP has a
marginal effect on the flexural strengths of mortars with the same amount of RCP.
It indicates that the flexural strengths of mortars are insensitive to the variation
of RCP porosity, which may depend more on the properties of cement paste and

interfaces.
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5.3.5 Young's modulus
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Fig. 5.10 Young's modulus of RCP mortars

Fig. 5.10 shows the 56-day Young's modulus of the mortars with various types
and amounts of RCP. Similar to compressive strength, replacing sand with up to
10% RCPP or 20% RCMP has a negligible effect on Young's modulus of mortars.
For instance, Young's moduli of RCPP-W6-10% and RCMP-W5-20% are
slightly lower than the reference mortar. Again, this is mainly attributed to the
reductions in the fraction of large voids and the total porosity with RCP
incorporation in mortars. An excessive amount of RCP decreases Young's moduli
of mortars. For instance, Young's moduli of RCPP-W4-30% and RCMP-W5-30%
are around 12% lower than RCPP-W4-10% and RCMP-W5-10%, respectively.
This is mainly due to the increased volume fraction of capillary pores and the
total porosity. Besides, the higher hydration heat induced by the addition of
excessive RCP tends to intensify the crack density of RCP mortars, and thereby
impairing their Young's moduli (Zhang et al., 2020). These also explain that the
Young's moduli of RCPP mortars are lower than those of the RCMP mortars at
various replacement ratios as seen in Fig. 5.10. Moreover, the use of RCPP with
a higher original W/C ratio slightly decreases Young's moduli of mortars with
the same amount of RCP. For instance, Young's moduli of mortars RCPP-W6-
20% and RCPP-W6-30% are around 5% lower than those of RCPP-W4-20%
and RCPP-W4-30%. It indicates that Young's moduli of mortars are also
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insensitive to the variation of the original W/C ratio of the RCP. As concluded
by the previous studies, this may be dominated by the particle packing density
(Klein et al., 2020; Jiang et al., 2021).

5.3.6 Drying shrinkage

Fig. 5.11 shows the drying shrinkage of the mortars prepared with various types
and amounts of RCP. In general, the drying shrinkages of RCP mortars mainly
occur in the first week after casting. The drying shrinkages of RCP mortars are
all larger than that of the reference mortar and increase with the RCPreplacement
level. For instance, replacing sand by 10%, 20% or 30% RCPP-W6 increases the
56-day drying shrinkage of mortars by 53%, 84% and 110%, respectively. This
is attributed to the increased amount of mesopores in the RCP mortars (Collins
& Sanjayan, 2000), which is confirmed by the pore structure analysis. Increasing
the RCP content induces higher mesopore volume, and thereby generating higher
shrinkage driving force due to the increased capillary pressure by the water
meniscus (Garci Juenger & Jennings, 2002; Liu et al., 2019). Moreover, the
reductions in Young's modulus of RCP mortars decrease the restraint provided
by the granular skeleton, which also increases the drying shrinkage (Mao ef al.,
2021). Hence, it is also evident that the drying shrinkages of the RCMP mortars
are smaller than those of RCPP mortars. For instance, the 56-day drying
shrinkage of the RCMP mortar is around 30% lower than that of the mortar with
RCPP-W6. Moreover, using 10-20% RCPP with a higher original W/C ratio
tends to increase the drying shrinkages of mortars with the same amount of RCP.
However, the drying shrinkages of mortars with various RCPP vary marginally

at 30% replacement, indicating that the drying shrinkages of mortars are
insensitive to the original W/C ratios of RCP.
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Fig. 5.11 Drying shrinkage of RCP mortars

5.3.7 Microstructural analysis

5.3.7.1 XRD analysis

Fig. 5.12 shows the XRD patterns of the mortars with or without RCP at the age
of 7 days. It is evident that the incorporation of RCP as sand replacement has no
impact on the change of the mineral compositions in the cement mortars.
Moreover, the peak intensities of main hydration products are slightly increased
after incorporating various replacement ratios and types of RCP. Specifically,
the peak intensity of portlandite slightly increases with the RCPP replacement
ratio. However, increasing the RCMP replacement ratio has no obvious impact
on the change of mineral composition for the RCMP mortar. This is in line with
the hydration heat results, and proves that the RCP particles have a low reactivity.
It can also be found that the peak intensity of feldspar decreases with the RCP
replacement ratio, which is associated with the decreased amount of river sand
in the RCP mortars (Noda, 2005). Moreover, the change of original W/C ratios
of RCP has a marginal impact on the peak intensities of main hydration products
in the RCP mortars.
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