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Abstract:

This study designed a novel cement-based architectural tile prepared with more than 70% waste glass content
(by weight). The waste glass was employed not only as decorative aggregates but also as a supplementary
cementitious material in the architectural mortar. In terms of shrinkage, the incorporation of glass powder (GP)
could significantly reduce the drying shrinkage of the glass mortars regardless of its fineness. When the glass
mortars were subjected to high temperature (800 °C), the inclusion of GP into the mortars was more able to
mitigate the flexural and compressive strengths losses as compared to the control glass mortar prepared
without the use of GP. Furthermore, using the GP and glass aggregates simultaneously could effectively
improve the resistance of the glass mortars to sulfuric acid attack and the positive effect was more pronounced
when finer GP was incorporated. In particular, an encouraging result shows that the replacement of 20%
cement by fine GP successfully suppressed the deteriorative alkali-silica-reaction (ASR) expansion caused by
the glass aggregates. Also, the glass mortars incorporated with fine GP exhibited comparable or even superior

durability properties than that of the fly ash blended glass mortar.

Keywords: Glass powder; Glass aggregates; Durability; Architectural mortar

1 Introduction

Due to the excellent characteristics of glass, such as optical transparency, chemical inertness, high intrinsic
strength and low gas permeability [1], glass container is the most commonly used form of packaging beverage
material. The most common type of beverage glass containers used is soda-lime-silica glass, which usually
contains 10~20 mol% NayO, 5~15 mol% CaO and 70~75 mol% SiO; [2]. Data from the Environmental
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Protection Department (EPD) indicated that, in Hong Kong, 275 tones waste glass bottles were generated per
day in 2015 [3]. Based on the European Container Glass Federation statistic [4], the average recycling rate of
container glass in Europe has reached 74% in 2014 and most of them were reused for manufacturing new
glass. But in Hong Kong, most of the waste glass containers were disposed of in landfills rather than being
recycled due to a lack of a local glass manufacturing industry. In order to enhance the recovery rate of waste
glass beverage containers in Hong Kong, the Hong Kong Government has announced to implement a new
mandatory Producer Responsibility Scheme on glass beverage containers [5], to provide support in waste glass
recycling. Therefore, efforts need to be taken to explore potential strategies with a view to broadening the

applications of recovered waste glass.

Recently there has been an increasing interest in recycling waste glass for the production of cement-based
construction materials. Generally, the main attention has been focused on the use of recycled glass as a

replacement of aggregates or cement in concrete and mortar.

For the incorporation of waste glass as aggregates replacement in concrete/mortar, there are contradictory
opinions about the influence of glass aggregates on the workability. Several researchers [6-8] found that slump
value of fresh concrete was reduced with an increasing percentage of glass aggregates. They attributed this
behavior to the edged and angular grain shapes of the glass aggregates impeding the flow of the cement paste.
Furthermore, additional cement paste was needed to coat the irregular glass aggregates resulting in less
available cement paste for the fluidity. On the contrary, some investigators [9-11] reported that the replacement
of natural aggregates by waste glass led to an improvement of workability due to the non-absorbent nature of
glass. Moreover, severe bleeding and segregation occurred when 100% fine aggregates were replaced by
recycled glass aggregates [12]. According to the study of Castro and De Brito [13], the different impacts of
the glass aggregates on workability may be due to the workability was highly dependent on the particle size
of the aggregates replaced. In terms of mechanical properties, the increasing contents of glass aggregates were
reported to decrease the compressive, flexural strengths [7,14] and splitting tensile strength [15,16] of concrete.
The reduction of strengths was also observed in the case of cement mortar with a high content of glass
aggregates [10,17]. The possible reason was thought to be the presence of micro-cracks in the glass aggregates
during the crushing process and the smooth surface of waste glass, which resulted in weaker bond strength

between the glass surface and the cement paste.

With respect to the durability of glass cement-based materials, the inclusion of glass aggregates effectively
improved the surface resistivity and sulfate attack with increased amounts of glass sand replacement [7]. The
chloride ion penetrability and drying shrinkage of concrete decreased when the glass aggregates content
increased [18]. However, because of the presence of a high amount of amorphous silica in waste glass, it

cannot be used as aggregates without taking alkali-silica-reaction (ASR) problem into account. In recent years,
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preventive actions were taken to mitigate the detrimental ASR expansion by incorporating fly ash [18,19],
metakaolin [19,20], ground blast furnace slag [20,21], silica fume [22,23], glass powder [20,24], steel fiber
[23], lithium nitrate [25].

The influence of waste glass powder as cement replacement on the properties of the cement-based materials
has been extensively studied. According to a recent study by Lu et al. [26], the workability of architectural
mortar was highly dependent on the particle size and morphology of the glass powder used. It was found that
larger particle sized glass powder resulted in a reduction of the flow and the finer glass powder contributed to
improving the workability. The reason was attributed to the fact that the larger and irregular glass particles
could hinder the movement of the paste, while the finer glass powder could optimize the gradation of the
mixture and reduce the friction between the particles. Many studies had been carried out to evaluate the
mechanical properties of concrete containing glass powder, which has been proved to possess some pozzolanic
activity [27-29]. The chemical compositions [30] and fineness [31] of glass powder were considered as
important factors governing the reactivity of glass powder. From the study of Bignozzi et al. [30], the funnel
and soda lime glass exhibited higher pozzolanic activity than the fluorescent lamps and crystal glass. Generally,
the finer the particle size of glass powder, the higher was the strength of cement-glass blends [27,28,32].
However, replacement of cement by glass powder decreased the early compressive strength, although it
increased the later compressive strength [33,34]. Several studies also reported that the compressive strength
increased to a desired level up to a certain percentage of replacement and then decreased. Soliman et al. [34]
stated that the optimum percentage of glass powder addition was 20% in ultra-high-performance concrete.
Afshinnia et al. [33] and Aliabdo et al. [35] observed that inclusion of 10% of glass powder was considered to
be optimum. In addition, from the study of Omran and his colleagues [36], incorporation of glass powder in
concrete improved the long-term mechanical performance (compressive strength, splitting-tensile strength,
flexural strength, and elastic modulus) as a result of the pozzolanic activity of the glass powder and the
enhancement of the microstructure. As far as durability is concerned, the replacement of cement by glass
powder in concrete or mortar could significantly improve the resistance to chloride-ion permeability [36-38],
water penetration [39], sulfuric acid attack [40], freeze—thaw cycles [41] and ASR expansion [20,24,42]. Also,
Kamali and Ghahremaninezhad [43] reported that the glass powder could significantly improve the electrical
resistivity of cement paste compared to the control cement paste and fly ash blended cement paste, which was
probably attributed to the pore refinement in the microstructure resulting from the pozzolanic reaction of glass

powder.

However, most of the above-mentioned studies focused on investigating the effect of using glass as a cement
or as an aggregate replacement individually on the properties of concrete/mortar. Few studies have been done
to study the simultaneous use of glass aggregates and powder for the production of cement-based construction

products [20,44]. Therefore, this study aimed to design an architectural mortar combining the use of glass
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aggregates and powder and utilize the glass powder to counteract some drawbacks of the glass aggregates in
the architectural mortar. . On the basis of waste glass recycling, it would be more effective to jointly use the
waste glass in powder form as a cementitious material and in cullet form as aggregates. Furthermore, a novel
channel for the recycling of mixed glass is to reuse it in architectural mortars/tiles so that the aesthetic
appearance can be enhanced by taking into the advantage of the appealing colors of the waste glass cullet.
This glass-based architectural mortar/tile for decorative applications (as shown in Fig. 1) is expected to replace
the epoxy-based materials, which is not environmentally-friendly and has poor resistance to high temperature.
Therefore, the objective of this work was to study the feasible use of waste glass powder to improve the
durability of architectural mortar containing 100% glass aggregates. The influence of different particle sizes
of glass powder on the durability of glass-based architectural mortar has been evaluated in terms of drying
shrinkage, high temperature exposure resistance, sulfuric acid resistance and ASR. A comparative evaluation

was carried out between the durability of glass-based mortar prepared with glass powder and fly ash.

Fig. 1 Architectural mortar produced with waste glass cullet and glass powder

2 Experimental details

2.1 Materials

2.1.1 Cementitious materials

For aesthetic reasons, white Portland cement (TAIHEIYO Cement Corp., Japan) was used as the main
cementitious material to produce the architectural mortar. Glass powders (GP) with different fineness were
collected after grinding the mixed glass cullet (GC) with a laboratory ball mill for 0.5 hour, 1 hour, 2 hours
and 4 hours (namely as GP0.5h, GP1h, GP2h, GP4h), respectively. Fly ash (FA) was sourced from a local



128  coal-fired power plant. The chemical compositions of cement, GP and FA were determined by X-ray

129  Florescence spectroscopy and the results are given in Table 1. The particle size distributions of cement, GP
130  and FA were measured by a laser diffraction method (Malvern Instrument’s Spraytec) and are shown in Fig.
131 2. As regards the surface morphology, a comparison of GP2h to FA is presented in Fig. 3. The scanning
132 electronic micrographs indicate that the GP exhibits a smooth surface texture and irregular shape, while the
133 FA is composed of spherical particles in micrometer order.
134
135  Table 1
136  Chemical compositions of cement, GP and FA (wf %).
Cement GP FA
SiO, 21.36 73.5 45.70
Al203 5.27 0.73 19.55
Fe203 0.20 0.38 11.72
CaOo 67.49 10.48 12.27
MgO 1.14 1.25 4.10
K20 0.077 0.69 1.71
Na.O 0.048 12.74 1.36
TiOy 0.14 0.087 1.09
SOs 2.60 - 1.82
SiO2 + Al;Os + Fe03 26.83 74.61 76.97
137
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Fig. 2 Particle size distributions of cement, GP and FA
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Fig. 3 Morphology of GP and FA

2.1.2 Aggregates

The fine aggregates used in this study was recycled GC with a mixed color which was obtained from a glass

waste recycling facility in Hong Kong. The waste GC was derived from crushing of collected post-consumer

beverage bottles. Before use, the GC was rinsed with tap water and oven-dried at 105 °C for a minimum of

24h to remove contaminants and moisture. The appearance and gradation of GC are shown in Fig. 4. The

water absorption value, specific gravity and fineness modulus of this GC are 0.13%, 2.536 and 3.54,

respectively.
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Fig. 4 Image (a) and gradation curve (b) of waste GC

2.2 Mix proportioning for mortar preparation

The mix proportions of GP and FA blended mortar mixtures are shown in Table 2. GP and FA were introduced

as supplementary cementitious materials at a replacement level of 20% by cement weight. It should be noted
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that the architectural mortar prepared in this study contained more than 70% waste glass by dry mass (in glass
cullet and powder forms in total). The cement mortar mixtures were prepared with a water-to-binder ratio of
0.4 and aggregate-to-binder ratio of 2.0. A superplasticizer (SP) ADVA-109 (W. R. Grace) was used to achieve
the desired workability (flow values were above 210 mm). All the mixtures were mixed thoroughly before the

fresh mortars were fabricated into molds followed by 15s vibration, and then demolded after 24h.

Table 2
Mix proportions of different mixtures (kg/m?>).

Mix Cement GP0.5h  GPlh GP2h GP4h FA GC Water SP
M-CON 706 1412 283 4.24
M-GP0.5h 565 141 1412 283 4.24
M-GP1h 565 141 1412 283 4.24
M-GP2h 565 141 1412 283 4.24
M-GP4h 565 141 1412 283 4.24
M-FA 565 141 1412 283 4.24

Note: M-CON stands for the control mortar with 100% white cement. The mortar mixtures named M-GP0.5h,
M-GP1h, M-GP2h, M-GP4h and M-FA mean that 20% of cement used in the mortars were replaced with
GPO0.5h, GP1h, GP2h, GP4h and FA, respectively.

2.3 Test methods

2.3.1 Drying shrinkage

Three cement mortar prisms with size of 25 x 25 x 285 mm were prepared for testing of drying shrinkage
according to a modified British Standard (BS ISO, Part 8: 1920) method [45]. The initial lengths were
measured before the specimens were transferred to a drying chamber at 25 °C and 50% relative humidity.

Further measurements were carried out at the age of 1, 3, 7, 14, 28, 60, 90 days.

2.3.2 High temperature exposure resistance

For each mix, nine prisms (40x 40x 160 mm) were cast and then cured in a standard water curing tank. After
90 days of curing, three specimens were tested for initial flexural and compressive strength in conformity with
ASTM (C348 [46] and ASTM C349 [47], respectively. The other three specimens were oven dried at 105 °C
for 24h to remove free moisture. Then, the specimens were heated to 800 °C at a heating rate of 5 °C/min in
an electric muffle furnace. After a 2h holding period, the furnace was switched off, allowing the samples to
cool down to ambient temperature in the furnace before the residual flexural and compressive strength of

samples were tested.

2.3.3 Acid resistance

The acid resistance of mortar samples was evaluated according to ASTM C 267 [48]. Three mortar prisms
7
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(40 x 40 x 160 mm) were removed from water tank after 90 days of curing and the initial weight of each
specimen was recorded under the saturated surface dried (SSD) condition. Then, all the specimens were
immersed in a 3% H2SO4 solution. The weight measurements of the samples under SSD condition were taken
weekly until 8 weeks. The acid solution was renewed every two weeks to maintain a stable acid concentration.

The cumulative percentage mass change of each specimen was determined by the following formula:

Cumulative mass change = (M — M;)/M; x 100% (1)

Where M is the mass of sample at immersion time t; M; is the initial mass of sample before immersion in

sulphuric acid.

2.3.4 ASR expansion

ASR expansion was measured on mortar prisms (25 x 25 x 285 mm) in accordance with ASTM C1260 [49].
After the specimens demolding (after casting for 24h), the mortar bars were transferred into a 80 °C water tank
for the next 24h. Then, a zero reading was taken within 15 + 5 s after they were removed from the 80 °C water
tank. Afterward, the bars were immersed in 1 N NaOH solution at 80 °C until the testing time. The expansion
of the mortar bars was measured by using a length comparator. The measurements were conducted at the

storage duration of 1, 4, 7, 14, 21 and 28 days.

2.3.5 Heat of hydration
The cement paste samples with the same formula in Table 2, but without addition of GC, were prepared for
the determination of hydration heat by using an isothermal conduction calorimeter (Calmetrix [-CAL).

Measurement of the heat of hydration in this study was carried out under an isothermal condition (20 °C), and
lasted for a period of 168h (7 days).

2.3.6 MIP

The accessible pore structures of mortars before and after subjecting to high temperature (800 °C) were
evaluated by mercury intrusion porosimeter (MIP, Micromeritics AutoPore IV 9500 Series) with a maximum
mercury intrusion pressure of 207 MPa. For the mortars without exposure to 800 °C, fractured samples were
collected after testing the initial strength (section 2.3.2), and then the water in the samples was extracted by
solvent exchange with anhydrous ethanol for one week, followed by drying in an oven at 60 °C for 3 days.
For the preparation of mortar samples exposed to 800 °C, after completing the residual strength test (section
2.3.2), the fractured samples were immediately stored in sealed bottles until the MIP measurement. The
porosity tested in this method was a wide range of pore sizes from 150 um down to 7 nm. The mercury could
only intrude the porosity that was interconnected and accessible from the outside. The volume of mercury

penetrating a sample was measured as a function of increasing pressure (p), which was related to the diameter

8



221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241

242

243

244
245
246
247
248
249
250
251
252
253
254

(d) of the pores that had just been penetrated at that pressure by the equation: p =4y cosf/d. Where y is the
surface tension of mercury and 6 is advancing contact angle with the solid. This test used the usual

assumption that the pores were cylindrical and 6 was 140°.

23.7TG

Thermogravimetric (TG) analyses were conducted on the mortar samples by using a Rigaku instrument
(Thermo Plus Evo2 8121) in order to identify the phase compositions on the surface of the samples subjected
in acid solution. After completing the acid corrosion test, the particles on the eroded surface (less than 3 mm)
of the samples was scraped down and sieved, only the particles smaller than 300 um were collected aiming to
remove the coarse glass cullet as much as possible. Then, the collected powders were further ground until a
grain size smaller than 75 pm was obtained. After oven-dried at 50 °C for 48h, the powdered samples were

heated under atmosphere in the furnace, where the temperature was programmed to rise at a constant heating

rate of 10 °C/min up to 1000 °C.

2.3.8 SEM-EDX

The samples for the morphology observations were collected after the ASR expansion test. Fragments from
the crushed mortar specimens were collected and soaked into anhydrous ethanol for one week, followed by
oven-drying at 60 °C to remove the residual ethanol. Morphological observations and composition analysis
were performed on the gold-coated samples using a scanning electron microscopy with energy dispersive X-
ray spectroscopy (SEM-EDX, Tescan VEGA3).

3 Results and discussion
3.1 Drying shrinkage

Fig. 5 shows the influence of GP with different fineness and FA on the shrinkage of the glass-based mortar. It
can be observed that the shrinkage values of the cement mortars were increased over time. However, the
shrinkage values of the GP and FA blended mortars (approximate 500 x 10°) were obviously lower than that
of the control mortar (729 x 10°). Moreover, most of the shrinkages on the cement mortars took place during
the early ages (before 7 days of drying), especially for the control mortar without GP or FA. Therefore, the
beneficial effect of reduction in shrinkage may be related to the dilution effect due to the addition of GP and
FA. Incorporation of 20% GP or FA reduced the rate and degree of hydration and thus mitigated the reduction
in volume of the solid phases due to the chemical reactions. This explanation is verified by the results of the
heat of hydration test (Fig. 6), which shows that the cumulative heat of hydration was reduced as the GP or
FA was used to replace cement. On the other hand, as expected, the introduction of GP and FA with lower

reactivities and vitreous characteristics would result in higher effective water-to-cement ratios. According to



255  the works of Zhang et al. [50] and Lee et al. [51], the autogenous shrinkage decreased with increasing water-

256  to-cement ratio. Therefore, the reduced total shrinkage could be partly attributed to the higher effective water-

257  to-cement ratio resulting from the replacement of cement by GP and FA.

258

259 It is interesting to note that the effect of particle sizes of GP on the drying shrinkage of cement mortar was not
260  significant, because the inclusion of GP with different particle sizes had little impact on hydration degree of
261  cement-GP blends, as indicated by the curves of hydration heat in Fig. 6. This also explains why the drying
262  shrinkage of the mortar sample with FA was broadly comparable to that of the samples with GP.

263
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Fig. 5 Shrinkage of architectural mortars with GP and FA
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3.2 High temperature resistance

The initial and residual strengths of the cement mortars subjected to 800 °C are illustrated in Figs. 7 and 8.
From the results of flexural strength (Fig. 7), it can be noted that the replacement of cement by GP brought
remarkable increase in the residual flexural strength as compared to the control mortar. Also, it is worth noting
that an increased trend was observed when the particle size of GP was decreased. This means that the fine GP
(GP2h and GP4h) had a greater contribution to improving the high temperature resistance. Although the initial
flexural strengths of the mortars prepared with the coarse GP (GP0.5h and GP1h) were lower than that of the
control mortar, the residual flexural strengths of former were higher than that of later, which indicates that the
positive effect due to the addition of GP was not attributed to the higher initial flexural strength. Furthermore,
regardless of the initial or residual flexural strength, the cement mortars prepared with fine GP had comparable

strength to the FA blended mortar.
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Fig. 8 illustrates variation in compressive strength of the architectural mortar. After exposure to 800 °C, a
drastic reduction of strength occurred for the control mortar. Peng and Huang [52] attributed the strength loss
of concrete above 600 °C to the decomposition of C—S—H. On the other hand, the different thermal expansion
coefficients between the cement paste and the soda-lime glass aggregates may be another reason for the severe
deterioration in strength [53]. However, the inclusion of fine GP (GP2h and GP4h) could significantly enhance
the residual compressive strength although the fine GP blended mortars had similar initial compressive
strength to the control mortar. Also, the GP blended mortars showed equivalent performance to the FA blended
mortar after exposure to the high temperature. According to the study of Poon et al. [54], in the FA blended
concrete, an improvement of pore structure at elevated temperatures was responsible for the higher relative

residual compressive strength as compared to the pure cement concrete.

In order to understand the relationship between the microstructure of glass-based mortar after exposure to the
high temperature and the corresponding strength loss, characteristics of pore structure were determined by
using MIP (see Fig. 9). From the Fig. 9a, for the control mortar, a sharp increase in the average pore diameter
was noticed due to the coarsening of the pore structure, which explains why the control mortar suffered severe
strength loss after exposure to 800 °C. Such pore structure coarsening was also verified by SEM observations
[52]. However, significant decreases in the average pore diameter were observed in the mortars prepared with
GP, indicating that the mitigation of coarsening effect of the pore structure was considered to be the result of
the higher resistance to high temperature in the GP blended mortars. By contrast, a similar behavior occurred
in the case of the mortar prepared with FA. These findings are also consistent with the results reported in a

previous work [54].
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The differential pore size distribution results for the mortars before and after exposure to 800 °C are given in
Fig. 9b, which intuitively shows the coarsening effect of the elevated temperature on the pore structure. Before
exposure to 800 °C, more micropores (<50 nm) were observed in the GP and FA blended mortars compared
to the control mortar due to the pozzolanic reaction of GP and FA. However, after heating to 800 °C, such
micropores almost disappeared. In addition, the maximum peaks (critical pore diameter) located at the pore
diameter of about 70 nm shifted towards the right side after exposure to the high temperature, which means
that the pore structure of mortars became coarser. Meanwhile, it can be seen that the amount of pore volumes
of the capillary pores between 50 nm and 200 nm were higher in the GP and FA blended mortars than in the
control mortar. This behavior is probably because the additional C—S—H gel derived from pozzolanic reaction

of GP and FA was decomposed, and thus the gel pores and micropores (<50 nm) changed to larger pore sizes.

Also, significant alterations were observed in the range of pore diameter larger than 1000 nm (mesopores and
macropores). There were drastic increases after the mortars were subjected to the high temperature. The
beneficial effect of the addition of GP and FA can be identified from the smaller volumes of the large pores in
the blended mortars. Although the GP and FA blended mortars had larger numbers of fine pores (50~200
nm) when the temperature was elevated to 800 °C, the lower proportion of larger pores (=>1000 nm) in the
blended mortar were believed to be mainly responsible for the retention of strength. The reason for the
mitigation of the pore size coarsening by GP and FA may be due to the fact that the incorporation of pozzolanic

materials could reduce the thermal mismatch between the hardened cement paste and the aggregates [55].

3.3 Acid resistance

The mass changes of the cement mortars after immersion in the sulfuric acid solution are illustrated in Fig. 10.
It is clearly seen that the mass of all the mortars samples were increased during the initial week. This
phenomenon is consistent with the study of O’Connell et al. [56] and can be attributed to the formation of
additional ettringite and gypsum on the surface of the mortars [57]. However, after 4 weeks of exposure to the
acid, both the control mortar and FA blended mortars suffered rapid mass losses and similar cumulated mass
losses were recorded after immersion for 8 weeks. For the control mortar, the hydration products (e.g. calcium
hydroxide and C-S-H gel) could react with the sulfuric acid to form the expansive gypsum and ettringite,
which would disintegrate the mortar structure due to the internal swelling stresses [58,59]. For the case of FA
mortar, the effect of FA on sulfuric acid resistance was almost negligible, which is in agreement with the
finding of ydin et al. [60].
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Fig. 10 Mass changes of architectural mortars with GP and FA

By comparison with the control and the FA specimens, the replacement of cement by GP effectively improved
the resistance of the architectural mortar to the sulfuric acid attack; the finer the GP particles used, the more
significant the improvements were. The mortars incorporating the coarse GP lost more than 2% of the initial
mass after 8-week of immersion, while the final mass of mortars containing the fine GP even exceeded the
initial mass before immersion. Sulfuric acid is particularly aggressive because not only the calcium hydroxide
and C-S-H, but also aluminate phases would be decomposed by the acid attack [61]. Therefore, several aspects
need to be taken into account for explaining the beneficial effects of GP on acid resistance: (1) the pozzolanic
reaction of GP could consume large amount of calcium hydroxide, which is usually the most vulnerable
cement hydration product with respect to acid attack [61]. Moreover, the formation of additional C-S-H
enabled better resistance to the sulfuric acid [58]. (i1) the reduction of calcium hydroxide and aluminate phase
contents due to the dilution effect reduced the amount of gypsum and ettringite formation, thus mitigated the
development of expansive pressure. In order to verify this interpretation, the total amount of gypsum and
ettringite remained in the eroded surface of the mortars after the sulfuric acid attack test was measured by
thermogravimetry. Fig. 11 shows that the weight loss before 200 °C (decomposition of gypsum and ettringite
[62]) followed the order of fine GP blended mortar, FA blended mortar, control mortar, which corroborated
well with the above discussion. (iii) the unreacted GP with a vitreous structure (as seen in Fig. 3) had a good

resistance against acid attack [63].
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3.4ASR

Fig. 12 shows that the influence of GP with different particle sizes and FA on the ASR expansion of the cement
mortars. Apparently, the expansion rate of the control mortar at 14 days far exceeded the 0.1% limit specified
by ASTM C1260 [49]. However, it can be noticed that the inclusion of GP and FA could effectively suppress
the expansion due to the ASR. In addition, the rate of expansion was decreased with reducing the GP particle
size used in the mortars. Also, it is worth noting that in this study all the aggregates were fully replaced by the
GC, the replacement of 20% cement by fine GP (GP2h and GP4h) could successfully eliminate the
deteriorative expansion caused by ASR of GC. Therefore, the results validate the feasibility of maximizing
the utilization of waste glass in architectural mortars by jointly using GC as aggregates and GP as binders.
When compared the case of M-GP4h to M-FA, it can be observed that GP behaved quite similarly to FA with
regard to mitigation of ASR expansion. Although the test age was extended to 28 days, the ASR expansion
rates of the fine GP and FA blended mortars still remained below the permissible limits (0.1%). SEM images
taken on the GP and the FA specimens are shown in Fig 13. It can be observed that the microstructures of the
samples show no signs of cracks due to ASR. However, as indicated in Fig. 13a, visible cracks are observed

on the periphery of the GC in the case of the control mortar.
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Based on the EDX results (Fig. 13e) of zones 1 and 2 in Fig. 13(a), the reaction rim (zone 2) shows much
higher Na/Si and Ca/Si ratios than the GC (zone 1). On the contrary, compared to the cement paste matrix
(zone 3), the reaction rim had much lower calcium contents (Fig. 13e). It is believed therefore that these alkali-
calcium-silicate products were the expansive ASR gel, which led to expansion by adsorption of water in the
vicinity of GC. From Fig. 13c, the fine glass particles were eroded and formed additional products on the
surface or around the rim of the glass particles. These secondary products were mainly due to the pozzolanic
reaction between the GP and the calcium hydroxide. As evidenced by the EDX analysis (see Fig. 13e), the
Ca/Si of the products was 1.152, indicating that the inclusion of GP in the mortar could significantly reduce
the Ca/Si in the C-S-H in comparison with the zone 3. The high content of silica in the glass was responsible
for the reduced Ca/Si ratio. Also, it is interesting to notice that the C-S-H contained a high amount of alkali
(Na/Si was 0.758). According to the work of Monteiro et al. [64], C-S-H with low Ca/Si ratio had capacity to
incorporate a significantly higher quantity of alkalis than normal C-S-H. Therefore, it can be deducted from
the above that, the production of secondary C-S-H by addition of GP may partly contribute to mitigation of
ASR expansion. Furthermore, due to the pozzolanic reaction, sufficient amounts of fine siliceous GP in the
mortar could inhibit the ASR by absorbing most of Ca** ions, which were necessary for the formation of
swelling gel [65-67]. Another explanation for the reduction of ASR expansion was proposed by Ichikawa [67],
who pointed out that the rate of ASR was highly controlled by the particle size of the reactive aggregate, and
the grain size less than 50 um (large specific surface area) would preferentially react with alkali hydroxide to
prevent the formation of expansive pressure after the formation of tight reaction rims. On the basis of this size
effect, introduction of alkali-reactive GP with small particle size is thus expected to suppress ASR even when
the mortar contained a certain amount of reactive glass aggregates. Because of the higher degree of pozzolanic
reaction and smaller particle size, the finer GP was highly effective in preventing the deleterious expansion as

compared to the coarser GP, which was also proven by the results of Idir et al. [24].

4 Conclusions

In this study, mixed color waste glass was employed to design a novel glass-based architectural mortar/tile.
The waste glass was used in two forms (i.e. cullet and powder), which not only made use of the aesthetic
nature of glass cullet as decorative aggregates, but also utilized its pozzolanic characteristic of the glass
powder as a replacement of cement. Surprisingly, partially replacing cement by GP has positive influences on
the durability performances of the architectural mortar containing 100% glass aggregates. The following

conclusions are drawn based on the experimental results from this investigation:

The incorporation of GP in the glass-based mortar as a cement replacement significantly reduced the drying

shrinkage. The reason may be related to the reduction of hydration degree due to the dilution effect. In addition,
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the impact of particle size of GP on the drying shrinkage was insignificant due to the similar degree of
hydration achieved. When exposed to high temperature, the replacement of cement by GP in the glass-based
mortar brought remarkable increases in the residual flexural and compressive strength as compared to the
control mortar. Furthermore, the fine GP (<50 um) had greater contribution to enhancing the resistance to
high temperature exposure due to the mitigation of coarsening effect on the pore structure. By comparison
with the control and FA mortar, the inclusion of GP effectively improved the resistance of glass-based mortar
to the sulfuric acid attack. In addition, the positive effect was more pronounced when the particle size of GP
was reduced. The replacement of 20% cement by fine GP (<50 pum) could successfully mitigate the
deteriorative ASR expansion caused by the glass aggregates. Due to the higher degree of pozzolanic reaction
and size effect, the finer GP was highly effective in preventing the expansion as compared to the coarser GP.
In conclusion, the durability performance of the architectural mortar prepared with 100% glass aggregates
were improved with decreasing the particle size of GP. Especially, the properties of architectural mortar
incorporating GP with a particle size of less than 50 pm were comparable or even superior to those of the
architectural mortar containing traditional supplementary cementitious material (i.e. FA). Moreover, unlike
FA, the nearly white color of GP would not stain the aesthetic appearance of architectural mortar. Consequently,
it is feasible to jointly using waste GP to partially replace white cement and waste GC as aggregates for the
production of architectural mortars/tiles with good durability. Compared with previous works, this study
extended the application of waste glass both as a decorative material and a pozzolanic material to a much

larger volume (more than 70%) in the architectural mortars/tiles.
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