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17  The generation of large quantities of waste glass and construction waste has
18 increasingly become an environmental burden in city governments. This study
19  investigated the joint utilization of recycled glass cullet (RGC) and recycled fine
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21  properties of the cement mortars were evaluated. The experimental results showed that
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26  and the refinement of the pore structures. Encouragingly, the combined use of RGC and
27  RFA in cement mortars could exhibit low drying shrinkage and alkali-silica reaction
28  expansion. In particular, the acid resistance of the cement mortars was improved
29  effectively when the RGC was used in conjunction with RFA as 100% fine aggregates
30  in the mortars.
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1. Introduction

1.1 Scarcity of river sand

River sand (RS) is regarded as the optimal fine aggregate for the production of concrete
due to its relatively round grain shape and good soundness. In recent decades, driven
by the robust development of infrastructure and real estates, huge amounts of RS have
been rampantly mined from rivers and lakes. The excessive exploitation of RS has
considerable impacts on the water availability, navigation safety and ecological systems.
Fig. 1 shows that intensive sand mining has dramatically changed the northern branch
of China’s largest freshwater lake within 18 years [1]. As shown, the sand dredging has
eroded the riverbed and adversely changed the topography and hydrological
characteristics. The frenzied extraction of sand was reported to drain the lake quickly
and thus increase the drought risk [2]. Furthermore, intensive sand extraction
aggravates the lake recession crisis by means of depredating the wetlands, reducing the

water level, increasing turbidity and sediment concentrations, etc. [3].

Fig. 1 Intensive sand mining at Poyang Lake of China’s largest freshwater lake [1]

The case of Poyang Lake is only a miniature of other fresh-water lakes in the world,
and it can be anticipated that many lakes and rivers are facing the same deteriorating
crisis. Given the damages caused by sand mining threaten the ecological development
of local areas, many countries have limited the widespread sand exploitation. For
instance, the sand dredging in the mainstream of Yangtze River (the longest river in
Asia) has been prohibited by China government [4] as it has led to the demise of unique

species, such as the river dolphin and finless porpoise [5].
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On the other hand, the demand on RS for urbanization infrastructure is still rising
massively in some developing countries and inevitably incurring price soar [6].
Therefore, the ban of sand mining on account of preserving the environment has
brought about demands outstripped the supplies. For the situation of sand scarcity and
high cost, it is essential to seek alternative resources for satisfying the increasing

demand of fine aggregates for the construction industry.

1.2 Waste glass and recycled aggregates

In Hong Kong, due to the huge consumption of bottled beverages, a vast number of
waste glass containers is generated. Based on the government statistics, the daily
average of waste glass generation was about 300 tonnes over the past two decades [7].
However, the average recovery rate of waste glass during this period was less than 10%
as no glass remanufacturing industry is available locally [8]. Therefore, the fate of waste

glass is mostly disposed of at landfills rather than remaking new bottles.

In order to relieve the increasing burden on the landfills and pave a sustainable way for
construction development, utilization of the recycled glass cullet (RGC) as aggregates
in cement mortars and concrete has been widely explored [9, 10]. Since the glass
material possesses high hardness and low permeability, a recent study indicated that the
use of RGC had little adverse influence on the mechanical properties of concrete [11].
Moreover, the workability of cement mortar/concrete was usually improved by using
RGC because of the non-hydroscopic nature of glass [12, 13]. In terms of durability
performance, the inclusion of RGC into concrete could increase abilities to resist
chloride ion penetration, sulfate attack and drying shrinkage [14, 15]. Especially, in
engineered cementitious composites, the self-healing capability of matrix could be
enhanced by incorporating recycled glass materials [16-18]. However, since most of
the beverage glass is produced based on the soda-lime-silica ternary system, which
contains alkaline earth oxides in combination with silica and alkali oxides, the potential
deleterious alkali-silica-reaction (ASR) issue would be triggered. To address this
problem, supplementary cementitious materials (SCMs), steel fiber and lithium nitrate
were proven to be effective in controlling the ASR expansion [19-21]. Therefore, based
on the previous investigations, the recycling of RGC as a replacement of fine aggregates
may be a promising approach for producing cement-based materials.
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Apart from the waste glass, construction & demolition (C&D) waste is another major
component in the solid waste stream. The most common constitute of C&D waste is
waste concrete. To save waste management costs and promote sustainable building
products, reusing the C&D waste in the construction industry attracts significant
interests [22-29]. When the C&D waste was crushed into small particles (i.e. recycled
aggregates, RA), it was feasible to be employed as fine or coarse aggregates for the
production of concrete or mortar [30-33]. However, most investigations focused on the
use of recycled coarse aggregate in construction industry because the recycled fine
aggregate (RFA) exhibited a much higher water absorption [34], which would give rise
to serious loss of workability [35, 36] and large increase of shrinkage [37, 38]. Hence,
compared to many guidance information on reusing recycled coarse aggregate [39], no
standard has been developed to direct how to reuse RFA. Thereby, some researchers
explored several treatment techniques to improve the quality of RFA, including
carbonation [40], chemical and water pre-soaking [41, 42], microbial carbonate
precipitation [43], surface coating [44], physical treatment and sulfuric acid washing
[45, 46], chemico-thermal treatment [47], etc.. Nonetheless, these techniques usually

consume large amounts of energy, supplementary materials and induce excessive costs.

For the RFA, its high water absorptivity would cause increased water demand for
workability and higher drying shrinkage. On the other hand, the negligible water
absorption of RGC with rich amorphous silica would lead to bleeding and ASR
expansion. Therefore, by means of these two waste materials with different
characteristics, this study attempts to explore the synergetic use of RGC and RFA as a
replacement of natural fine aggregate for producing cement mortars. Previously, most
studies paid attention to the use of RGC or RFA respectively in cement mortar and
concrete. There is a lack of information on the combined reuse of glass materials and
RA in the cement mortar/concrete. Nassar and Soroushian [48] found that the
incorporation of RA reduced the resistance of concrete to chloride ion permeation,
freeze—thaw and ASR expansion, while the joint inclusion of glass powder and RA in
the concrete could counteract the adverse effect induced by RA and further improve
those durability properties of concrete as compared to the control concrete. Moreover,
Letelier et al. [49] found that the simultaneous incorporation of RA as fine aggregates
and glass powder as a partial cement could obtain comparable mechanical properties in

comparison with the control mortar at 90 days. For concurrent use of RA and glass
4
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aggregates in self-compacting concrete, the study of Arabi et al. [50] showed that the
compressive strength of concrete decreased with the increased replacement of RA by
glass aggregates, while the larger quantities of glass aggregates would cause

segregation risk.

1.3 Research significance

In Hong Kong, the increasing amounts of solid wastes (e.g. glass and construction
wastes) encroaching lands has caused serious social and environmental problems due
to the scarce sites for living. How to turn these wastes into resources is of great
significance in such a small territory. Huge consumption of natural aggregates in the
construction industry provides an attractive outlet for recycling these waste aggregates.
Since the RGC and RFA with contrasting characteristics in physical properties and
chemical structures (the RGC has smooth surface, amorphous structure, negligible
water absorption, while the RFA has rough surface, crystalline structure, high water
absorption) would usually have quite different influences on the properties of cement-
based materials, hence, this study intends to synergistically use RGC in conjunction
with RFA based on their respective physicochemical characteristics in cement mortars
to achieve complementary advantage and mutual benefit. The objective of this
investigation is to jointly use these two waste aggregates in lieu of the natural fine
aggregates to develop a good functional and durable construction product. The intended
use of this eco-cement mortar will be a plastering or rendering mortar for buildings. It
is expected that combined recycling of RGC and RFA in construction industry will not
only mitigate the landfills burden but also reduce the consumption and dependence of
natural RS. Up to now, far too little attention has been paid to use RGC and RFA
simultaneously as fine aggregates in cement mortars. Hence, the relevant hardened
properties, durability and microstructure characteristics of cement mortars prepared

with RGC and RFA were comprehensively investigated in this study.

2. Experimental design

2.1 Materials

The binders used to produce the cement mortars were Ordinary Portland cement and
ground granulated blast-furnace slag (GGBS). The OPC was ASTM type I (52.5 class)

and was produced locally by Green Island Cement. The GGBS was a byproduct of steel
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production, which was sourced from Mainland China. The GGBS was introduced into
the cement mortars as a SCM. Fig. 2(a) shows the particle size distributions of OPC
and GGBS. The chemical compositions and mean particle sizes of cementitious
materials (OPC and GGBS) are listed in Table 1.

Table 1 Chemical compositions and physical properties of binders (OPC and GGBS)
and aggregates (RGC, RFA and RS)

Chemical composition, % OPC GGBS RGC RFA RS

SiO, 20.33 34.78 69.0 64.8 90.8

Al;,O;3 5.21 14.22 2.62 19.5 4.99

Fe.0s 3.13 0.72 1.42 2.88 0.84

CaO 64.00 38.38 10.5 2.97 0.68
Na.O / / 135 2.26 /

MgO 1.62 7.32 1.35 0.93 0.26

K20 0.63 0.77 0.79 5.87 2.08

SO3 4.17 3.12 0.13 0.14 0.09

TiO, 0.27 0.71 / 0.26 0.09

P20s 0.20 / 0.12 0.20 0.10

Specific gravity 3.15 2.56 2.52 2.61 2.68
Mean diameter (um) 29.7 12.9 / / /

The fine aggregates used in this study included RGC, RFA and natural RS. The RGC
used was sourced from the recycling of waste soda-lime-silica glass, which was
obtained from a glass recycling facility after crushing post-consumer beverage bottles.
The RFA was collected from a C&D recycling facility in Hong Kong. Table 1 lists the
oxide compositions of three aggregates by mass determined by X-ray fluorescence
(XRF) spectrometer (Rigaku, Supermini200). The major oxides were SiO2, CaO and
Nay0 in the RGC, and SiO2, A[,O3, and K>O in the RFA, RS mainly consisted of SiO».
The gradation curves of RGC, RFA and RS are presented in Fig. 2(b), which shows that
all the fine aggregates used were within the boundaries for fine aggregates as stated in
the BS standard. However, the particle size distribution of RFA was more biased to the
lower boundary while the particle size distribution of RS was nearer to the upper sieve
size. Also, the fineness modulus of the RGC, RFA and RS were 3.0, 3.3 and 2.3
respectively (Table 2), which indicates the particle size of RFA was the largest and that

of RS was the smallest.
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Fig. 2 Particle size distributions of OPC and GGBS (a),
Gradation curves of fine aggregates (b)

The appearances of RFA and RGC are also shown in Fig. 3. It should be noted that the
batch of RFA used in this study was mainly crushed from recycled rock derived from
excavation from construction sites, thereby it contained a certain amount of clay. Also,
it was found that the RGC contained some papers resulting from the crushed label
attached on the glass bottles. Before use, the RFA, RGC and RS were oven dried at
105 °C for 24 hours to remove moisture. The physical properties of the aggregates are
presented in Table 2. It can be found that the RGC had a negligible water absorption by
reason of its hydrophobic nature, while the RFA had a much higher water absorption
due to the rough texture and the presence of a certain quantity of fine particles, which

were mostly silty soil and granite dust.
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195 Table 2 Physical properties of RGC, RFA and RS

Properties RGC RFA RS
Fineness modulus 3.0 3.3 2.3
Water absorption (%) 0.33 3.86 0.66
Density (kg/m?®) 2.52 2.61 2.68

Fines content (%, <75 um) 4.32 16.76 1.38
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Fig. 4 XRD patterns of RFA, RGC and RS (a), magnification of RGC (b)
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The mineralogy of RFA, RGC and RS was determined by X-ray diffraction analysis
(XRD) with the following operating parameters: Cu Ka radiation, 45 kV, 200 mA power
generator. An angular range of 5-70° 20 was measured with a scan speed of 5° per
minute. Powdered samples (<75 um) were prepared for testing. Fig. 4 presents the
XRD patterns of three different aggregates. The RS shows a strong crystalline phase of
quartz (SiO2). Compared to the RS, the intensity of quartz was weaker in the RFA, but
the muscovite ((KF)2(Al203)3(Si02)s(H20)) mineral was found in the RFA. This was
the reason why the RFA contained a relatively higher amount of alumina (see Table 1).
The presence of quartz and muscovite suggests that the granite was the primary
component in the RFA as the quartz and muscovite (the most common mica) usually
intergrowth in granites [51]. It can be seen that the XRD pattern of RGC had no
diffraction peaks identifiable to any crystalline phases (Fig. 4a). Only a huge hump was
detected in Fig. 4b, which indicates that the RGC was a completely amorphous material.
Hence, the fine glass particles in the RGC shown in Table 2 would possess some

pozzolanic reactivity [52].

The thermogravimetric (TG) analysis coupling with differential thermal analysis (DTA)
were conducted to evaluate the thermal stability of aggregates by using a Rigaku
instrument (Thermo Plus Evo2 8121). The temperature rose from 30 °C to 1000 °C at
a heating rate of 10 °C per minute in air. Approximate 10 mg powdered sample (<75
um) was used for the measurement. Fig. 5 shows the TG and DTA curves of RFA, RGC
and RS. It was clearly seen that RS had negligible mass loss exposed to high
temperature. However, an exothermic peak present at 568 °C in the DTA curve indicates
the a-quartz undergone a change in crystal structure to B-quartz. This transition was
accompanied by a thermal expansion [53]. The structural transformation of quartz was
also found in the RFA at 570 °C. Since the quartz content in the RS was much higher
than that in the RFA based on the composition and mineralogy results, it was expected
that the crystal inversion of quartz was more severe for the RS aggregate. The RGC did
not exhibit the crystalline transition due to its amorphous structure. However, an
amorphous rigid state of glass will turn into a viscous liquid at the glass transition
temperature. The DTA trace showed a well-defined glass transition, which located at
nearly 640 °C. A relatively higher mass loss was observed at the low temperature as the
RGC contained some impurities from beverage bottles, such as paper and plastic. The

mass loss of the RFA was interpreted to the decomposition of muscovite [54].
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Fig. 5 TG and DTA curves of RGC, RFA and RS

2.3 Mix proportion and preparation

Six mix proportions of cement mortars were designed for evaluating the feasibility of
using RGC and RFA simultaneously as fine aggregates. The water to binder (w/b) ratio
was set at 0.5 and the fine aggregates to binder ratio was fixed at 2.0. Considering the
RFA had high water absorption while RGC had negligible water absorption and rich in
amorphous silica, the mix proportions were originally designed to explore how much
of RGC can counteract the increased drying shrinkage from RFA and how much of RFA
can mitigate the ASR expansion from RGC. Based on this concept, the RFA was used
gradually as 0%, 25%, 50%, 75% and 100% by weight replacements of RGC (marked
as 100G, 75G25R, 50G50R, 25G75R and 100R). In addition, the mortar prepared with
100% RS was also produced in comparison with the mortars prepared with the recycled

aggregates.

Considering the use of waste glass as aggregates may induce ASR, 20% of OPC was
replaced by a common SCM (i.e. GGBS), which was indicated in our previous study
that the incorporation of 20% GGBS could successfully suppress the ASR expansion in
glass mortars [19]. A certain amount of polycarboxylate superplasticizer (SP) was used
to achieve a desired workability with a flow value about 235 + 5 mm (based on the BS
EN1015 [55]). The dosage of SP was based on the percentage of the total binder. The
design of the mortars with a high flowability is to cope with the workability loss due to
off-site transportation of ready-mixed mortars. The mix proportions of the mixes are
listed in Table 3.
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Table 3 Mix proportions of cement mortars (kg/m?)

Mix OPC GGBS RGC  RFA RS  Water SP
100G 503 126 1257 0 0 314 1.9(0.3%)
75G25R 503 126 943 314 0 314 5.0 (0.6%)
50G50R 503 126 629 629 0 314 6.5 (1.0%)
25G75R 503 126 314 943 0 314 9.2 (15%)
100R 503 126 0 1257 0 314 12.6 (2.0%)
100S 503 126 0 0 1257 314  3.8(0.6%)

For the preparation of the cement mortars, the binders and the aggregates were weighed
and blended homogeneously in a mortar mixer. Then, water with an appropriate amount
of SP was added to the dry materials and the mixture was further mixed to form a
uniform mixture with the specified flowability. Subsequently, the fresh mixtures were
fabricated in steel moulds with size of 50x50%x50 mm?. The moulds were covered with
plastic sheets to avoid moisture evaporation. After 24 hours, the cement mortars were

demoulded and cured in the water tank with 25 °C until testing.

2.4 Properties of cement mortars

2.4.1 Density and water absorption

The dry bulk density of cement mortars was determined in accordance with BS EN
1015-10 for hardened mortars [56]. The volume of each specimen (50x50x50 mm?)
was tested by the water displacement method based on BS EN 12390-7 [57]. After
taking out of specimens from water curing tank (28 days of curing), the mass of
specimens immersed in water (Muuer) Was determined by placing in a stirrup. Then, the
specimens were removed from the stirrup and the surplus water on the surfaces was
wiped out using a damp cloth. Recording the mass of the specimens under saturated-
surface-dry (SSD) condition in air (Mssp). Assuming the density of water at ambient
temperature is 1 g/cm®. The volume of specimens can be obtained as the subtraction of
Mssp and Mwuer. Afterward, the specimens were transferred to a ventilated oven for
drying at a temperature of 105 °C until reaching mass constant (Mps,). Hence, the dry
bulk density (p) of each mortar specimen can be calculated as the ratio of the Mp,, to
the volume (Mssp—Mwuer) as the following equation. The water absorption (w) of
cement mortars could also be calculated using the formula.
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where:

p stands for the dry bulk density of the cement mortars (g/cm?);

w represents the water absorption of the cement mortars (%);

Mssp means the mass of the saturated specimen under SSD condition (g);
Mwaer represents the mass of the saturated specimen immersing in water (g);

Mp, means the mass of oven-dried specimen in air (g).

2.4.2 Compressive strength
The compressive strength of cement mortars with size of 50x50x50 mm? was measured
by a compaction machine (3000 kN). The loading rate was set to 0.6 MPa/s. Three

specimens were determined to obtain an average value of strength.

2.4.3 Drying shrinkage

The dry shrinkage test for the cement mortars was carried out according to BS ISO
1920-8 [58]. Cement mortars were cast into steel moulds with dimension of
25Wx25Hx285L mm? prisms. After 24 hours, the cement mortars were demoulded and
the initial lengths of the prism specimens were measured. Then, the specimens were
transferred to a drying chamber at 25 °C and 50% relative humidity. Three specimens
of each batch were taken out from chamber for length measurement at 1st, 4th, 7th,
14th, 28th, 45th day.

2.4.4 ASR

Although the GGBS was already used as a SCM to suppress the potential ASR
expansion, the ASR test was also conducted to ascertain that no deleterious expansion
would occur. The test method was carried out in accordance with ASTM C1260 [59].
The size of specimens was the same with the shrinkage experiment. After demolding at
24 hours after casting, the specimens were immersed into a water bath (80 °C) for
another 24 hours, and then initial lengths of the bars were recorded by using a length
comparator. Immediately afterwards, the specimens were transferred into a NaOH
solution (1 N, 80 °C). At the testing time (1st, 4th, 7th, 14th, 21st, 28th day), the

12
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specimen bars were removed from the alkali solution and the length changes were

measured within 15s.

2.4.5 High temperature resistance

High temperature exposure was conducted to determine the resistance of the cement
mortars against fire. After the density and water absorption measurements, the over-
dried specimens were transferred into an electric furnace. Subsequently, the
temperature was increased to 800 °C at a rate of 5 °C /min and the maximum
temperature kept for 2 hours. After cooling naturally to room temperature, the residual
compressive strength was tested. Three specimens for each batch were tested to obtain
an average value. Based on the compressive strength values of the specimens with and
without exposure to the high temperature, the strength loss (SL) of the cement mortars

can be calculated by the following equation.

Sy
SL = (1~ ) x 100%
i

where:
S 1s the residual compressive strength of sample after subjecting to 800 °C;

Si is the initial compressive strength of sample without subjecting to 800 °C.

2.4.6 Acid resistance
The chemical resistance of the cement mortars was also carried out according to ASTM
C 267 [60]. Three cube mortars (50x50x50 mm?) at SSD condition were used for
consecutive testing. The initial mass of each specimen was weighted and then the
specimens were soaked in a 3% sulfuric acid solution. The acid concentration of
solution was maintained by renewing weekly. The mass measurement was performed
for the corroded specimens at SSD condition in one-week intervals. The cumulative
mass loss (ML) of each specimen can be calculated by the following formula:
ML = u X 100%
M
where:
M; is the mass of specimen at immersion time t;

M, is the initial mass of specimen without immersion in sulfuric acid.

2.4.7 Microstructure analysis

A tungsten thermionic emission scanning electron microscope (SEM, JEOL Model
13
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JSM-6490) was employed to observe the morphological changes of the cement mortar
fractured surfaces, especially the interfacial transition zones (ITZ) between the
aggregates and the cement paste. After testing the strength of the cement mortars at the
curing age of 28 days, the samples were broken into pieces and then immersed into
ethanol for two weeks to stop further hydration. Afterwards, they were transferred to a
vacuum chamber at 60 °C for drying for another two weeks. SEM observation was
carried out on the gold-coated fractured surfaces. The testing was done at a high vacuum
condition with a voltage of 20 kV and current of 70-90 mA. The working distance of

the equipment was set at 10 mm.

A HVXI000A Vickers microhardness equipment was employed to determine the
microhardness of the interfacial zone and the cement paste of the mortar specimens.
After 28 days curing, the cube mortars were cut by a diamond saw to small slices, which
were then dried in a freeze-dryer for 48 hours. Afterwards, the specimens were
embedded into a low viscosity epoxy resin under vacuum condition for 24 hours,
followed by finely grinding and polishing on the cutting surface. The measurement was
conducted from the surface of the aggregates and extended toward the paste matrix at

an interval of 30 um. At least five measurements were taken to obtain an average value.

The pore structure of cement mortars was determined by mercury intrusion porosimetry
(MIP, Micromeritics AutoPore IV 9500 Series). The specimens used for MIP
measurement were the same with those prepared for SEM testing. The maximum
pressure for intruding mercury into the pores was 207 MPa. Pore size of 7 nm and up
to 150 um could be measured. The porosity and pore size distribution of the cement
mortars were obtained by assuming the pores were cylindrical and the contact angle

between mercury and cement paste was 140°.

14
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3. Experimental results and discussion

3.1 Hardened properties

3.1.1 Density and water absorption
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Fig. 6 Effect of RGC and RFA on the density and water absorption of
cement mortars

Fig. 6 shows the influence of RGC and RFA contents on the density and water
absorption of the cement mortars. The results indicate that the density of the cement
mortars increased with increasing replacements of RGC by RFA. The main reason
could be the higher intrinsic density of RFA than that of RGC (as shown in Table 2).
Another explanation was the higher air content and poorer compaction of the mixture
due to the incorporation of RGC as the shape of which was sharper edge and a higher
aspect ratio [61, 62]. Especially for the cement mortar prepared with 100% RFA, an
obvious increase in the density was observed, which means a higher compaction of the
100R mixture. As compared to the RGC-RFA cement mortar, the 100% RS sample had
a higher density which might be attributed to the finer particle size of RS (see Fig. 2b)
and the relatively round shaped particle of natural sand [63] enabling better packing
[64].

For the water absorption results, it can be observed that the value increased when the
RGC was replaced by RFA up to 75%, whereas an apparent drop was noticed as the

RFA replacement reached 100% of the aggregates. Generally, the water absorption of
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concrete is reduced with the increase of concrete density [65, 66]. In this study, two
factors affected the water absorption of the cement mortars. One is the increasing
content of RFA would bring about a higher entire water absorption of the cement mortar
owing to the replacement of RGC (negligible sorptivity) by RFA (higher sorptivity) (as
indicated in Table 2). On the other hand, the water absorption value of the cement
mortar was reduced with the increased density by incorporating RFA (density results)
as water was more difficult to penetrate into the denser matrix. Given the effect of
former factor, the water absorption of the cement mortar gradually increased when the
content of RFA was less than 75%. However, when the RGC was fully replaced by the
RFA, the latter factor would exert a more dominant role in controlling the water
absorption of the cement mortar. As expected, a further reduction in the water
absorption can be found in the 100% RS mortar due to the low water absorption of RS

and much higher density of the matrix.

3.1.2 Compressive strength
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Fig. 7 Effect of RGC and RFA on the compressive strength of cement
mortars
Fig. 7 shows the effect of increasing RFA contents on the compressive strength of the
cement mortars. Obviously, the compressive strength increased with the increase of
RFA replacement content, regardless of the curing ages. The enhancement of strength
was consistent with the increased density results. Generally, the incorporation of RGC
with smooth surfaces would reduce the strength of the cement mortar/concrete [20, 67].

Also, the contaminants in the RGC (e.g. papers in Fig. 3) might have adverse effects on
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the strength development. Therefore, replacing RGC by RFA with rough surfaces was
expected to enhance the strength by improving the bonding strength. This will be
further discussed in the microstructure analysis section. Furthermore, considering the
relatively higher water absorption of RFA (see Table 2), the substitution of RFA for
RGC was also beneficial to increasing the strength of the cement mortar due to a lower
effective w/b ratio. For the cement mortars containing 100% RS, the compressive
strength was the highest compared to the mortars containing RGC and RFA. Little
contamination in RS might be a reason for the high strength. Another explanation could
be attributed to the relatively round shape and low fineness modulus of RS in
comparison with that of RGC and RFA (as shown in Fig. 2b), which facilitated to

achieve good packing.

3.2 Durability properties

3.2.1 Drying shrinkage
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Fig. 8 Effect of RGC and RFA on the drying shrinkage of cement mortars

The influence of the varying RFA contents on the volume change of the cement mortars
are shown in Fig. 8. All the cement mortars suffered some shrinkages within the first
14 days and then the shrinkage was stabilized. It should be pointed out that the total
drying shrinkage measured in this study also included the autogenous shrinkage arising
from the continued hydration (chemical shrinkage) and withdrawal of water from the

capillary pores (self-desiccation). Apart from the water evaporation caused by drying
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condition, the volume changes due to the early hydration and self-desiccation were also
responsible for the shrinkage during the early age. Obviously, with increasing
replacement of RGC by RFA, the volume contraction of the cement mortars increased
accordingly. This might be associated with the higher water absorption of RFA, which
reduced the effective w/b ratio in the mixture. As indicated by the study of Zhang et al.
[68], a decreasing w/b ratio would increase the autogenous shrinkage. Therefore, the
higher autogenous shrinkage due to the replacement of RGC by RFA partly resulted in
a higher total shrinkage. Another possible explanation was the use of RFA containing a
large proportion of fine particles smaller than 75 um (see Table 2) could cause a higher

shrinkage as the fines would result in a larger void content [69].

On the contrary, it can be easily observed that when more RGC was used in the cement
mortar, less drying shrinkage would occur. The non-hydroscopic nature of RGC was
beneficial to reducing the drying shrinkage of the cement mortars. Also, the high
hardness of glass was conducive to enhancing restraints against drying condition. In
consequence, the cement mortar prepared with 100% RGC had a lower drying
shrinkage than that prepared with 100% RS. Similar results were also reported by

previous works in mortars or concrete prepared with glass aggregates [11, 70].

However, for the combined use of RGC and RFA in the cement mortar, the ultimate
drying shrinkage values were still higher than that of the 100% RS mixed cement mortar.
The Australian Standard [ 71] recommended that the volume change of concrete derived
from the drying shrinkage should be less than 1000 pe. For potential application of
RGC and RFA in cement mortars, clean RGC washed by tap water was used in cement
mortar in order to further reduce the total drying shrinkage. As presented in Fig. 9, after
45 days of drying, the total shrinkages of the cement mortars prepared with 100% RGC
and 50%RGC-50%RFA could be effectively reduced to 673 pe and 930 pe, respectively.
The benefit can be explained by removing most of the contaminants (papers) in the
RGC. Overall, the joint utilization of 50% RGC and 50% RFA as fine aggregates could
successfully limit the shrinkage of the cement mortars to within an acceptable

requirement, and consequently reducing the risk of cracking.
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Fig. 10 Effect of RGC and RFA on the ASR expansion of cement mortars
472

473  The major concern on recycling RGC as aggregates in cement mortars is the potential
474  deterioration due to the ASR expansion as the glass is rich in amorphous silica (see
475  Table 1 and Fig. 4b). Fig. 10 presents the influence of RGC and RFA additions on the
476  ASR expansion of cement mortars. As envisaged, the expansion of mortars was reduced
477  with the decreasing content of RGC and the increasing content of RFA. When the
478  proportion of RFA was higher than 75% of the total aggregates, the volumetric
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dilatation of mortars was negligible and comparable to that of mortar prepared with RS.
The benefits of incorporating RFA and RS in the alkaline environment were attributed
to their stable crystalline structures as indicated in the XRD results. However, it is worth
noting that, although the RGC was utilized as 100% aggregates in the cement mortar,
the ASR expansion at 14 days was still below 0.1%, which is the threshold value
recommended by the ASTM C1260. The addition of 20% GGBS as a replacement of
cement was responsible for the mitigation of ASR dilatancy [19]. Even so, a significant
increase in the expansion was noticed at a prolonged test duration when the amount of
RGC was in excess of 50%. Thus, given the detrimental effect of ASR due to the RGC
incorporation, more SCM should be introduced into the cement mortars to avoid this

1ssue.

3.2.3 High temperature resistance
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Fig. 11 Effect of RGC and RFA on the high temperature resistance of cement
mortars

The high temperature resistance ability of the cement mortars prepared with RGC and
RFA is illustrated in Fig. 11. After the elevated temperature exposure, all the cement
mortars experienced severe deterioration in strength due to the decomposition of the
cement hydration products. As mentioned before, the initial compressive strength (at
ambient temperature) of the cement mortar increased with increasing RFA content.
After subjected to the elevated temperature (800 °C), the residual strength of the

mortars containing a higher amount of RFA was still higher than that incorporated with
20
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a high amount of RGC. However, the percentage strength loss of the mortars
incorporating more RGC was lower than that of the mortars prepared with more RFA
(except 100% RFA mixed mortar). The less strength loss is thought to be related to the
phase transition of the glass cullet at high temperature. As indicated in DTA result (see
Fig. 5), the glass transition temperature of the soda-lime silica glass was at below
700 °C. This means that the RGC experienced transition from rigid state to more
flexible state when exposed to 800 °C. It can be anticipated that the glass particles
would be softened/melted to bond the decomposed binder around the RGC aggregates.
After cooling down, this would improve the ITZ between the cement paste and the RGC
[72]. The result was consistent with the findings of a previous study [61], indicating
that the introduction of RGC improved the fire resistance of concrete after exposure to

high temperatures.

It should be noticed that the mortar mixed with 100% RS suffered a considerable drop
of strength after exposure to 800 °C which was higher than other mortars prepared with
RGC and RFA. This might be due to the thermal expansion mismatch between the
cement paste and the quartz in the RS. The thermal expansion coefficient of quartz
(18 x 107¢/°C) was much higher as compared to that of glass (7-9 x 107%/°C) [73]. More
importantly, the volume change of quartz at 573 °C from B-form to a-form after cooling
down caused damages of ITZ [74], and consequently led to strength deterioration.
However, for the mortar prepared with 100% RFA, the degradation in the strength was
relatively lower, which means a better resistance to high temperature. This could be
explained by the lower amount of quartz phase in the RFA as shown in composition and
mineralogy results, thus leading to low impacts from phase conversion (see DTA result)
in comparison with the RS. Another explanation was interpreted to the different thermal
expansion coefficients of quartz in the RS and granite in the RFA. According to the
study of Tufail et al. [75], the quartz-based concrete exhibited a higher volume
expansion than granite concrete because granite (less quartz) had a lower coefficient of
thermal expansion than quartzite. Nonetheless, the quartz content in the RFA was still
much higher than the RGC without quartz. This was also one reason why the increasing
content of RFA in the mortar caused higher percentage of strength loss. However, it was
found that the 100R experienced the lowest strength loss among all the mixtures despite
the RFA contained a certain amount of quartz. It should be noted that, apart from quartz,
muscovite was also an important component in the RFA. The well-crystallized

muscovite was reported to have a strong resistance to thermal decomposition at high
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temperatures [54]. Therefore, the presence of muscovite might mitigate the strength
deterioration resulting from the quartz inside. Furthermore, the higher porosity and a
large number of fine pores in the 100R was also likely to relieve partial expansion stress

and reduced the strength loss.

3.2.4 Acid resistance
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Fig. 12 Effect of RGC and RFA on the acid resistance of cement mortars

Mass variation is an indicator for assessing the resistance of cement mortars to acid
attack. Thus, the cumulative mass loss of the specimens after immersing in the sulfuric
acid solution represents the successive decomposition of the cement mortars. The mass
change profile of the cement mortars containing RGC and RFA during the acid attack
is plotted in Fig. 12. Initially, the weights of all the mortars increased. The generation
of secondary ettringite (C3A-3CaS0O4-32H>0) and gypsum (CaSO4-2H20) [76] due to
the reaction between the hydration products and sulfate ions on the mortar surfaces was
the primary reason. After 4 weeks of exposure to the acidic medium, the mortar
incorporating 100% RS incurred a dramatic loss in mass, while other mortars prepared
with RGC and RFA still experienced mass gains. The remarkable decrease in mass of
100S was related to expansive deterioration due to the formation of excessive gypsum
and ettringite [77]. As known, sulfuric acid would exert very aggressive attack on the
alkaline cement-based materials because of a dual chemical aggressiveness of acid
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attack and sulfate attack [78]. The decomposition of larger number of hydration

products on the mortar surface would cause losing of adhesion between the aggregates.

Similarly, the cement mortar containing 100% RFA also suffered considerable
degradation in mass after exposure to the sulfuric acid solution for 7 weeks. However,
the deterioration of the 100R mortar was significantly delayed in comparison with the
100S mortar. Similar results were also reported by [79], which found that the use of
fine granite aggregates as a replacement of RS in the concrete could improve the
resistance against sulfate attack. The delayed mass loss of 100R was probably attributed
to a certain content of the fine granite particles in the RFA (see Table 2) could increase

the resistance to acid attack [80, 81].

Unexpectedly, Fig. 12 also shows no mass loss was suffered by the cement mortars
produced with RGC after 10 weeks of acid exposure. This implies that the glass-mixed
mortars exhibited very good resistance to the acid attack. The main reason was that the
presence of glass aggregates or the pozzolanic reaction of fine glass particles in the
cement mortars were beneficial to resist the sulfuric acid attack. The result was in
agreement with the findings of Ling et al. [ 12], who indicated that the mass loss caused
by acid attack decreased with increasing contents of RGC in the cement mortars, but a
significant mass deterioration was still found when the RGC was used as a substitute
of 100% RS. In this study, a slight increase in mass was observed for the 100G sample
after the acid exposure. Comparing with the results of [ 12], the improved acid resistance
of 100G in this work might be partly due to the original inclusion of GGBS in the
cement mortar, which had been proven to be effective in resistance against the sulfuric
acid solution because less calcium hydroxide was formed in the cementitious matrix
[82]. However, the addition of GGBS was still not the dominant factor in controlling
the mass loss in acidic environment as the RGC and RFA mixed mortars also
incorporated with the same GGBS content. It is worth noting that the RGC contained a
certain amount of glass powder (as seen in Table 2), which had been demonstrated to
have a good resistance against acid attack [83, 84]. The superior acid resistance of 100G
could be explained from three aspects: 1) the fine glass powder with pozzolanic
reactivity in the RGC could consume some calcium hydroxide, which is usually the
most vulnerable cement hydration product with respect to acid attack [83, 84]; 2) the
formation of a low Ca/Si C-S-H gel due to the pozzolanic reaction of glass particles
could improve the acid resistance [77, 85]; 3) according to the investigation of Siad and
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his colleagues [84], the reduced formation of ettringite due to the low amount of
aluminum in the glass material and binding of the alkalis in the matrix due to the
hydration products of glass powder could further mitigate the deterioration of acid

attack.

Contrary to expectation, the combined use of RGC and RFA in the cement mortars was
able to provide very good resistance to acid attack and no significant change in the mass
was noticed. The concurrent presence of fine glass and granite particles might be
conducive to creating barriers to resist the diffusion of acid into the mortar surface,
slowing down the degradation rate. The formation of an expanded outer shell on the
surface of the mortars (deteriorated zone) was also expected to act as a protective layer
to impede the detachment of aggregates and mitigate the propagation of acid. Apart
from the positive effects of fine glass particles in the RGC, the coarser size and more
irregular shape of RGC and RFA in comparison with the RS (see Table 2) could also
slow down the rate of attack as the aggressive ions had to penetrate through longer paths
around aggregates to react with cementitious matrix. This explanation was supported
by a previous study [77], which indicated that the increasing content of coarse
aggregates was effective in improving the resistance to sulfuric acid because of the
mitigated reaction between cementitious material and acid ion. Therefore,, the joint
utilization of RGC and RFA could contribute to a much better chemical resistance of

the cement mortars.
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3.3 Microstructure analysis

3.3.1 Morphology of ITZ
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| Fig: 13 SEM of cement mortars prepared with RGC, RFA and RS,
(a) 100G (b) 5S0G50R (c) 100R (d) 100S

Due to the higher porosity of the matrix formed near the aggregates, the ITZ is usually
known to be the weakest zone of the concrete associated with negative impacts on
durability [86]. Thus, understanding the interfacial morphology is helpful to explain the
mechanical and durability properties of the produced cement mortars. Intuitively, for
the mortar prepared with 100% RGC (Fig. 13a), the interfacial zone between the glass
aggregate and the cement paste was weak due to the presence of visual cracks.
Moreover, there were large voids present near the glass particle. This phenomenon
verified the high porosity of the ITZ and implied more porous areas surrounding the
glass aggregates. The poor bonding between the aggregates and the cement matrix was
the reason why the GC mortars had lower compressive strength than other mortars.
Furthermore, the porous interfacial zone was believed to be permeated preferentially
and subsequently effect the transport properties of cement mortar [87]. As the glass had
non-absorbent nature and smooth surface, it was prone to form a water-rich zone around

the RGC particles due to the wall effect [88]. This might render the bleeding around
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glass aggregates.

After introducing 50% RFA into the cement mortar (Fig. 13b), it can be observed that
no crack was present in the interface of the glass-paste, and the cement paste matrix
surrounding the aggregate surface was dense with few voids. This implies that the ITZ
was improved by partial replacement of RGC by RFA. The beneficial behavior could
be explained by that the addition of RFA reduced the available free water in the vicinity
of the glass aggregates due to the higher water absorption of RFA (see Table 2). As a
result, the combined use of RGC and RFA was conducive to mitigating the poor
bonding between the glass particles and cement paste, thus resulting in a better strength
of the cement mortar. Fig. 13c shows the ITZ of the cement mortar prepared with 100%
RFA as the aggregate, which clearly demonstrated an interlocking interface between
the aggregate-paste. Since the RFA had rough surface with convexity and concavity, the
hydration products, mostly like C-S-H gel, could fill into the concave corners to make
the connection of cementitious matrix with RFA well-bonded. Also, it should be noted
that the paste matrix nearby the RFA particle was more compact in comparison with
that containing RGC. This phenomenon was thoughted to be the following reasons: 1)
a certain content of fine particles in the RFA, such as crusher dust, required more water
in the mix to wet the particles surfaces, thereby reducing the effective w/b ratio of the
cementitious matrix; 2) the inclusion of fine particles less than 75 pm could act as a
filler to reduce the voids content in the mixture [89]; 3) the small-scale protrusions and
indentations on the surface of RFA increased the specific surface area of aggregates,
thus alleviating the water bleeding on the boundary of the aggregates. Such above
effects were accompanied by reducing porosity in the ITZ and improving the
interlocking ability of the aggregates, consequently, resulting in a densification of

microstructure and enhancement of compressive strength.

Also, it can be seen from Fig. 13d that the paste-sand interfacial zone was well-defined,
whereas no crack and void was found in the zone. Compared to the meshing bonding
of the RFA mixed mortar due to RFA’s rough surface, the rounded shape and smooth
texture of RS led to a smoother contact surface with the cement paste. Bonding failure
was more likely to take place along the central ‘equatorial’ zone for sphere aggregates
under compression-shear load [90]. Nonetheless, since RS possessed smaller particle
size than the RFA and the RGC, the thickness of ITZ would be less than the larger

aggregate particles [91]. This might be one reason why the compressive strength of the
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cement mortar prepared by using RS still had the highest value.

3.3.2 Microhardness
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Fig. 14 Vickers microhardness at ITZ of cement mortars prepared with
RGC, RFA and RS

The microhardness values across the ITZ between the aggregates and the cement pastes
in the cement mortars are shown in Fig. 14. Moreover, the microhardness values of the
separately tested RGC, RFA, RS in the cement mortars were 739+43, 785+56, 770428,
respectively. Generally, a denser material would increase the microhardness value.
Hence, the microhardness of the aggregates was much higher than that of the ITZ and
the cement paste. Also, it is clearly shown that the microhardness values of the cement
pastes in the immediate vicinity of the aggregate surfaces were lower than those located
further away. In particular, the ITZ of 100G was the weakest, which was consistent with
the porous interfacial zone of the sample revealed by SEM observation. Nonetheless,
with the increasing addition of the RFA, the microhardness of the area in the vicinity of
aggregate was increased. This indicates that the presence of the RFA was conducive to
improving the ITZ. Furthermore, it can be seen that with an increasing amount of RFA,
the hardness values of the bulk paste became higher, which confirmed the denser
microstructure observed by the SEM results when compared to the case of the 100G.
As mentioned above, the reduced effective w/b ratio and filling effect by the fine
particles of RFA might be the reasons. For the 100S mortar, the microhardness value on
the paste matrix was comparable to the SOG50R although the use of RS could facilitate
a better ITZ. This result implies that the strength of 100S was not mainly dependent on
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the strength of the cement paste. The better packing and the reduction of ITZ thickness

might also contribute to the strength development of the RS mortar.

3.3.3 Pore structure
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Fig. 15 Pore structure of cement mortars prepared with RGC, RFA and RS, (a)

porosity (b) pore size distribution

In order to better understand the influence of the WGC and RFA replacement on the

pore structure of the cement mortars, MIP test was employed to analyze the porosity

and pore size distribution. Fig. 15a shows the porosity of the cement mortars. In general,

a lower porosity leads to better mechanical properties [92]. It can be clearly seen that

the mortar prepared with 100% RS had the lowest porosity (13.4%), which
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corresponded to its highest strength (Fig. 7). However, although the strength of 100R
sample was higher than that of 100G sample, the porosity of former (15.2%) was higher
than that of latter (14.1%). The reason was attributed to the presence of a larger number
of fine pores in 100R. Fig. 15b shows the pore size distribution of the cement mortars.
There were many large pores present in the 100G sample. With 50% RFA addition, the
percentage of these larger pores (=3 um) was reduced. By fully replacing RGC by
RFA, this part of the large pores was further reduced. Particularly, when compared to
100G, the critical pore diameter shifted towards the left side for 100R, implying that
the large pores were changed into fine pores. As a result, the average pore diameter was
reduced from 74.3 nm to 56.0 nm. This refinement of the pore structure partly explained
that increasing the content of RFA increased the strength of the cement mortar. As
indicated by ITZ images (Fig. 13), the elimination of pores and cracks in the vicinity of
RGC could be one reason for the reduced pore size. Another explanation might be due
to the lower effective w/b ratio of the bulk paste resulting from the higher water
absorption of RFA, which refined the pores. These results were consistent with the
higher density and lower water absorption of the 100R mortar mentioned before. The
incorporation of RFA containing some fine particles (<75 pum) to the cement mortar
also improved the impermeability of the matrix because the fine particles could block
the passages connecting the capillary pores and water channels. The increased content
of the capillary pores in the 100R mortar also induced a higher shrinkage (see Section
3.2.1) [61].

For the pore size distribution of the cement mortar prepared with 100% RS as the
aggregate, a significant reduction in the number of large pores was resulted as shown
in Fig. 15b. This result was in accordance with the lower porosity of the 100% RS
mortar. The reduced content of detrimental coarse pores was partly responsible for the
reduction of water absorption and the enhancement of compressive strength. The reason
was considered to be the good packing of the constitutes of mixture due to the round
and fine geometry of the sand grains. It should be noted that the use of 100% RS in the
cement mortar indeed reduced the fraction of large pores (=1 pum), while it did not
significantly increase the quantity of small pores (<300 nm) as compared to the 100G.
Hence, this refinement of the pore structure in the 100S sample did not contribute to

higher drying shrinkage.
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5. Conclusions

The shortage of natural sand for producing cement mortar/concrete attracts great

interests in exploring the feasibility of using recycled aggregates in the manufacture of

cement-based construction products. This study provides insight into the potential of

recycling of RGC and RFA concurrently for preparing cement mortars. The synergetic

effects of replacement of RGC with RFA on the hardened, durability and

microstructural properties of cement mortars were evaluated. From the experimental

investigation, the following conclusions can be drawn:

Making use of the characteristics of two recycled aggregates, the proper co-reuse

of RGC and RFA could counteract the adverse effects of each other to maintain the
appropriate fresh properties (workability) of the cement mortars. For hardened
properties, the dry bulk density of the cement mortars increased with increasing
replacements of RGC by RFA due to the higher intrinsic density of RFA than that
of RGC and the higher compaction of RFA containing mixture. Moreover, the
increasing substitution of RFA for RGC in the cement mortar led to increase of the
compressive strength. Hence, the combined recycling of RGC and RFA together
could mitigate the inferior strength induced by RGC.

The combined utilization of RGC and RFA as fine aggregates can offset the high

drying shrinkage of the cement mortars caused by the inclusion of RFA alone. With
increasing replacement of RGC by RFA, the ASR expansion of cement mortars
decreased significantly to below the threshold value recommended by construction

standards.

After exposure to high temperature, the cement mortar prepared with 100% RS

suffered significant loss in strength due to the volume changes of quartz at 573 °C.
However, the incorporation of RGC and RFA was able to improve the fire resistance
of the mortar because of the phase reversibility of the glass materials at high
temperature and the lesser amount of quartz in RFA. Especially, the cement mortars
prepared with RGC exhibited excellent resistance to acid attack due to the
pozzolanic reaction of fine glass particles in the RGC and relatively coarser size of
RGC.
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* The inclusion of 100% RGC in the cement mortar induced a higher porosity around

ITZ and resulted in poorer bonding between the paste and the aggregates. In contrast,
the incorporation of RFA contributed to an interlocking interface in the aggregate-
paste zone. Thus, the combined use of RGC and RFA was beneficial to improving
the bonding of ITZ and increasing the microhardness of the area in the vicinity of
aggregate. When compared with 100% RGC mortar, the joint introduction of RFA
and RGC could reduce the quantity of larger pores and resulted in higher strength.
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