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ABSTRACT

Glass powder of various particle sizes (2, 5, 10 and 15 μm) has been assessed as a possible cement substitute for
mortars. Different replacement rates of cement (5%, 10%, 15%, and 20%) have been considered for all particle
sizes. The accessible porosity, compressive strength, gas permeability and microstructure have been investigated
accordingly. The results have shown that adding glass powder up to 20% has a significantly negative effect on the
porosity and compressive strength of mortar. The compressive strength initially rises with a 5% replacement and
then decreases. Similarly, the gas permeability of the mortar displays a non-monotonic behavior; first, it decreases
and then it grows with an increase in the glass powder content and particle size. The porosity and gas permeability
attain a minimum for a 5% content and 10 μm particle size. Application of a Nuclear magnetic resonance (NMR)
technique has revealed that incorporating waste glass powder with a certain fineness can reduce the pore size and
the number of pores of the mortar. Compared with the control mortar, the pore volume of the waste glass mortar
with 5% and 10 μm particle size is significantly reduced. When cement is partially replaced by glass powder with a
particle size of 10 μm and a 5% percentage, the penetration resistance and compressive strength of the mortar are
significantly improved.
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1 Introduction

Cement is one of the essential building materials and is utilized extensively in construction projects and
other fields [1,2]. It is widely known that a significant portion of greenhouse gas emissions are caused by the
manufacture of cement [3,4]. In 2020, the emissions from cement production was 4.1 billion tons, this
corresponded to almost 9% of global CO2 emissions from burning of fossil fuels that year [5,6]. Many
studies have focused on the potential of replacing cement in cement-based materials with recycled
substance like glass powder, rice husk ash, fly ash, silica fume, and metakaolin [7–12]. As a typical
building and industrial material, glass production and consumption are increasing yearly, and the waste
glass produced is also increasing. Due to the chemical stability of waste glass, it is difficult to
decompose, landfill disposal will occupy a lot of land [13,14], and the utilization rate is only about 10%
[15]. Glass powder shows a potential for development because of its SiO2 content in amounts greater
than 70%. Due to its large particulate surface area, portlandite can react with it. Micron-sized glass
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powder has been demonstrated to have a number of benefits, including pozzolanic activity, strong durability,
good cementation, and minimal water absorption [16–19]. In addition, using 104 tons of glass powder instead
of cement can save 1.93 × 104 kW-h of electricity, reduce 800 tons of standard coal, and emit 21.11 × 104 tons
of CO2 and 27.8 tons of SO2 to the air less per year, etc. [20].

The ideal amount of glass powder replacement for cement and the size of its particles have a major
impact on the mechanical properties of mortar and concrete. Jang et al. [21] found that TFT-LCD glass
powder blended mortars demonstrated greater compressive strengths at up to 10% cement replacement
level compared with mortar without glass powder. Due to the pozzolanic reaction, the microstructure of
mortar containing glass powder was finer, with fewer and smaller pores. According to Calmon et al. [22],
at the age of 28 days, the compressive strength of mortar with various replacement rates (0%, 5%, 10%,
15%, and 20% by weight) was lower than the control sample. At 270 days, the compressive strength of
the mortars was roughly 6% higher than that of the control sample. Higher concentrations of Na2O
(15.41%) and Al2O3 (6.07%) in glass powder created some delayed ettringite, which was the explanation
for the decreases. Wang et al. [23] showed that the compressive strength did not significantly change
even at a 25% cement replacement level. In contrast, Du et al. [18] found that, concrete containing glass
powder showed a 12% improvement in compressive strength at a 60% cement replacement level after a
year. Mirzahosseini et al. [24] showed that mortar containing glass powder with particle sizes less than
25 μm demonstrated around 30% higher compressive strength than other particle sizes (63–75 μm and
25–38 μm) at comparable cement replacement levels and curing ages. According to Lu et al. [25], the
compressive strength of mortar containing glass powder of 28.3 μm was nearly 40% higher than that of
204 μm. Due to the stronger pozzolanic reaction and filler effect of the finer glass particles, some
researchers noted that utilizing very fine glass powder (particle sizes 20 μm) in concrete and mortar
increased compressive strength significantly [26–28]. However, Nassar et al. [29] reported that concrete
containing glass powder of median particle size 13 μm showed 3% lower compressive strength than the
control group.

Glass powder’s pozzolanic reaction was influenced by the type and color of the glass as well as its
content and particle size [30–34]. The cement paste, pore structure, and interfacial transition zone made
up the heterogeneous microstructure of the mortar and concrete. Enhancing these components improves
their durability and mechanical properties. Reactive particles had a significant influence on the expansion
induced by the alkali-silica reaction (ASR). Alkali and amorphous silica are both abundant in glass
powder, and as a result, when utilized as an additional cementitious material, glass powder can promote
the pozzolanic reaction or the development of expansive product [33–36]. The strength of mortar and
concrete are significantly influenced by cement paste porosity, whereas low durability is indicated by high
permeability and vice versa. According to several articles, the resistance to chloride attack mainly
depends on the content, fineness, and age of the glass powder used as a supplementary cementitious
material in mortar and concrete [18,23,29,37]. At 50% and 60% cement replacement with glass powder,
Du et al. [18] and Wang et al. [23] observed 76.2% and 92% higher resistance to chloride attack.
According to Nassar et al. [29], concrete containing fine glass powder with an average particle size of
13 μm had a higher resistance to chloride permeation. According to Carsana et al. [37], at the same
replacement level, the mortar with glass powder fineness of 600 m2/kg demonstrated better resistance
against chloride attack than the mortar with glass powder fineness of 400 m2/kg.

Many studies have been conducted on the use of glass powder as a supplementary binder for cement-
based materials. However, there is limited available literature analyzing the strength, permeability, and
microstructure of mortar containing very fine particle size taking into account their replacement levels.
Based on this motivation, an experimental study was carried out on mortar specimens. Glass powder with
particle sizes of 2, 5, 10 and 15 μm was selected as replacement for cement at levels of 5%, 10%, 15%,
and 20%. Parameters such as compressive strength, gas permeability, and microstructure were studied to
determine the optimal content-size combination.
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2 Materials and Methods

2.1 Raw Materials and Mortar Preparation
Mortar with a water/cement ratio of 0.5 was made with ordinary cement PO 42.5 and river sand with a

fineness modulus of 2.65, according to the procedures described in EN-196-1-2005. The gradation curve of
river sand is shown in Fig. 1. The chemical composition and physical properties of the cement are shown in
Tables 1 and 2. The glass powder was obtained by a process of crushing and dry grinding, after which the
particles were separated according to the size required; in this study particle sizes of 2, 5, 10, and 15 μm. The
XRD patterns of the glass powder is shown in Fig. 2. From the XRD image, the glass powder was
predominantly made of SiO2. The mortar specimens were prepared as shown in Fig. 3. The mix
proportion is presented in Table 3; the amount of glass powder substituted for cement, i.e., the
replacement level was 5%, 10%, 15%, and 20% by mass of the cement. The glass powder cement mortar
is prepared using four different particle sizes and four different contents for a total of 16 groups. The
cylindrical mortar specimens f 50 mm × 100 mm were prepared at room temperature for 24 h and then
demolded. All specimens were stored up to 28 days in water at a temperature of 22°C ± 2°C.

Figure 1: Gradation curve of the river sand

Table 1: Chemical composition of the PO 42.5 cement (%)

SiO2 Al2O3 Fe2O3 CaO MgO TiO2 Na2O K2O SO3 Cl−

20.27 5.02 2.60 62.2 1.64 0.42 0.68 0.39 1.35 0.05

Table 2: Physical properties of the PO 42.5 cement

Cement type PO 42.5

Normal consistency % 27.2

Initial setting time min 130

Final setting time min 195

3-day strength (flexural/compressive) MPa 5.4/29.5

28-day strength (flexural/compressive) MPa 8.0/46.8
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Figure 2: XRD pattern of the prepared glass powder

Figure 3: Mortar specimen preparations
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Table 3: Proportions of glass powder particle sizes used for cement replacement in the mortar mixtures

Specimen number Content (%) Particle sizes (μm) Glass powder (g) Cement (g) Water (g) Sand (g)

1 0 — 0 450 225 1350

2 5 2 22.5 427.5

3 10 45 405

4 15 67.5 382.5

5 20 90 360

6 5 5 22.5 427.5

7 10 45 405

8 15 67.5 382.5

9 20 90 360

10 5 10 22.5 427.5

11 10 45 405

12 15 67.5 382.5

13 20 90 360

14 5 15 22.5 427.5

15 10 45 405

16 15 67.5 382.5

17 20 90 360

2.2 Experimental Methods

2.2.1 Porosity Test
The porosity was measured by the mass loss method. The mortar specimen is totally re-saturated with

water by a vacuum pump, and then all mortar specimens were dried in a drying oven at 60°C to a constant
weight (about 30 days). The porosity Φ of the mortar specimen was calculated by weighing the mass at the
time of vacuum saturation and the mass after the complete drying process with an electronic balance with an
accuracy of 0.01 g. The equation for calculating the porosity was as follows:

VP ¼ MS �MD

qS
(1)

� ¼ VP

V
� 100% (2)

where VP in Eq. (1) represents the pore volume of the mortar specimen,MS andMD represent the mass of the
mortar specimen when it is completely saturated with water and the mass after complete drying treatment,
respectively, and ρs represent the density of water (1 g/m3); V in Eq. (2) represents the volume of the
mortar specimen in its natural state. The porosity of the mortar specimen can be calculated by combining
Eqs. (1) and (2).

2.2.2 Gas Permeability Test
The authors’ previous publications [38–40] elucidated the method of gas permeability measurement

used in this study. The instrument of gas permeability measurement included a confining cell, high-
pressure servo oil pump, and gas injection system, see Fig. 4. Argon was used for the test, which has a
dynamic viscosity of 2.2 × 10−5 Pa⋅s at 20°C. To ensure the safety and accuracy of the test, the inlet
pressure was set to 1.5 MPa, and the gas permeability was tested during loading confining pressures of 3,
5, 10, and 20 MPa, for each specimen.
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The gas permeability K indicates the connection of pore structure inside the material that allows the
passage capacity. According to Darcy’s law, the gas permeability is calculated by:

K ¼ 2lLDP1

A P2
avg � P2

0

� �
Dt

(3)

where K is the gas permeability; μ is the gas viscosity; L is the height of the mortar specimen; Δt is the time
variation; ΔP1 is the variation of the inlet gas pressure at Δt time; A is the cross-sectional area of the mortar
specimen; P0 is the atmospheric pressure; Pavg is the variation of the gas pressure at Δt time.

2.2.3 Compressive Strength Test
For the compressive strength test, an ETM series universal testing machine equipped with a capacity of

300 kN was used, as shown in Fig. 5. The measurements of axial stress and deformation were performed on
cylindrical specimens. A special ball joint, with the same diameter as the specimen, was placed between the
specimen and the upper plate of press to reduce the parasitic bending. The loading displacement speed was
controlled at a rate of 1 mm/min. According to the RILEM recommendations [41], the Young’s modulus was
measured after three loading/unloading cycles, characterized by a rise to 9 MPa, then an unload to 1 MPa.
Fig. 5 shows a picture of the compressive strength test.

Figure 4: Schematic diagram of the gas permeability and porosity measurement device

Figure 5: Picture of the compressive strength test
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2.2.4 Nuclear Magnetic Resonance (NMR) Test
The nuclear magnetic resonance (NMR) test is commonly used to measure the size of pores inside

porous media materials [42], which has the advantages of being fast and accurate. The Newmark’s NMR
analyzer (PQ-001, Manhattan, NY, USA) was used for the analysis to obtain the pore structure of all
mortars. The crushed pieces (approximately 1 cm × 1 cm), produced after the compressive strength test,
were selected and then subjected to vacuum saturation before the NMR test without any surface
preparation, as shown in Fig. 6. After saturation treatment, the pores of the specimen were completely
saturated by water, so the distribution of the hydrogen atom content of the mortar could be measured by
an NMR instrument, and the mass of water in the test could be deduced from the hydrogen atom content.
The internal pore volume could be calculated by combining it with the density of water, and the T2
spectrum of the mortar could be derived from the NMR analyzer. Eq. (4) gives the relationship between
relaxation time and pore volume:

1

T2
¼ q

S

V
(4)

where T2 is the relaxation time, ρ is the signal intensity, S is the pore surface area, and V is the pore volume.

2.2.5 Electron Microscope Scanning (SEM) Test
Electron microscope scanning (SEM) is a microscopic morphological observation means between

projection electron microscope and optical microscope, which can directly use the properties of the
sample surface for microscopic imaging, mainly used for microscopic analysis and composition analysis
of various materials. A ZEISS Gemini SEM 500 field emission scanning electron microscope was used to
characterize the microstructure and morphology of the mortar specimens. Before this SEM test, small thin
slices of about 5 mm × 5 mm were taken from the internal specimens of mortar, and after vacuum freeze-
drying and gold spraying treatment, the microstructure of mortar was imaged and analyzed by SEM test
to reveal the change pattern between the microstructure morphology and macroscopic properties of
mortar with different particle sizes and different blending amounts of glass powder. Fig. 7 shows the
mortar specimens for the SEM test.

Figure 6: Mortar specimens for the NMR test
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3 Results and Analysis

3.1 Porosity
The porosity of mortar with varying glass powder content of different particle sizes are shown in Fig. 8

and Table 4. The porosity increased with increasing glass powder content and decreased with increasing
glass powder particle size compared with the control group. The porosity of mortars containing glass
powder of particle sizes 5 and 15 μm were comparable with the control group whatever the content.
Because the cement was replaced by glass powder by mass, with the latter having a smaller specific
gravity, the volume fraction of cement pastes increased, which resulted in slight increases in porosity
[18]. The glass powder replaced cement with a smaller average particle size, producing a less dense
matrix with higher porosity. However, the use of 10 μm glass powder reduced the porosity by 18.7%,
7.3%, 5.9%, and 1% at increasing contents. The lowest value was obtained with 5% replacement and
10 μm particle size. This finding supports the compressive strength results. On the other hand, when
ultra-fine glass powder was used, the pore refinement by the pozzolanic reaction increased the porosity
with increasing content. In the case of the 2 μm particles, with increasing content, there was a marked
increase in the porosity (which has a negative effect on the strength of the mortar), which could be
related to the maturation time.

3.2 Gas Permeability
The gas permeability coefficients for each group at different confining pressures were calculated

according to Eq. (3) and showed in Figs. 9 and 10.

Fig. 9 shows the effect of glass powder content at each particle size on the gas permeability of mortar.
The effect of confining pressure on gas permeability was more significant, and the gas permeability gradually
decreased with the increase in confining pressure, whatever the content of glass powder. The change in gas
permeability was very sudden, up until 10 MPa of confining pressure. Over 10 MPa, the gas permeability
was restricted to a very narrow band. There was an initial microcrack closure phase that should be
distinguished from the following confining pressure. The lowest gas permeability was obtained with 5%
replacement whatever the particle size and confining pressure. In the case of 3 MPa of confining pressure,
the gas permeability for the control group was 4.93 × 10−17 m2, that decreased to 2.25 × 10−17 m2 for
glass powder mortar having 10 μm particle size. This behavior was confirmed with the results of porosity
presented in Fig. 2. With the increase of glass powder content, the internal pores of mortar are filled by

Figure 7: Mortar specimens for the SEM test
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the appropriate amount of fine glass powder, the gas permeability decreased significantly due to the
pozzolanic reaction and filler effect of the finer glass particles. However, exceeding the appropriate
amount of finer glass powder had a negative result and restrained the pozzolanic reactivity. Hence, with
the increase in the amount of glass powder, mortar gas permeability first reduced and then increased. The
gas permeability of mortar for all mixes decreased gradually with the increase of the confining pressure.

Fig. 10 shows the relationship between the particle size of glass powder and gas permeability. A
consistent trend with different particle sizes was observed whatever the confining pressure. With
increasing the particle size, the gas permeability of mortar decreased and then increased at same confining
pressure and content. The lowest gas permeability was obtained with 10 μm, and highest gas permeability
with 2 μm. The mortar containing 10 μm glass powder particles improved the pozzolanic reaction and
produced a more compact cement paste with all replacement level. The gas permeability mainly depends
on porosity, pore size distribution, and connectivity. The gas permeability of mortar at the confining
pressure of 3 MPa is fitted with the initial porosity; as shown in Fig. 11, the gas permeability of mortar

Figure 8: Porosity of all the prepared mortars with different contents particle sizes of glass powder

Table 4: Porosity of all the prepared mortars (%) with different glass powder content and particle size

Content Control group Particle size

2 μm 5 μm 10 μm 15 μm

0% 17.63 - - - -

5% 17.34 16.91 14.86 17.74

10% 19.62 17.35 16.43 16.79

15% 19.97 18.04 16.68 16.83

20% 21.72 18.88 17.47 18.04

FDMP, 2023, vol.19, no.10 2647



fits well with the porosity (R2 = 0.92258), and the change of mortar gas permeability is closely related to the
porosity.

3.3 Compressive Strength
Fig. 12 and Table 5 show the influence of glass powder particles sizes and content on compressive

strength. With the increase of glass powder content, the overall compressive strength of glass powder
mortar showed a trend of increasing first and then decreasing. Compressive strength of mortar containing
5% cement replacement with 2, 5, 10, and 15 μm sized particles increased by 1%, 16.3%, 36%, and
18.3%, respectively. The highest compressive strength was obtained with the 5% replacement level for all
particle sizes compared with the control group, moreover the compressive strength of the 10 μm particle
size mortar increased most significantly. The mortar with 10% replacement with glass powder particles of
10 and 15 μm size showed that the compressive strength of mortar increased by 22.5% and 11.9%,
respectively, compared with the control group. The other groups showed that the compressive strength
decreased with higher replacement level. Previous research used glass powder having similar particle size

Figure 9: Effect of the different glass powder contents of uniform particle size on gas permeability
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distribution as that of cement. However, in this study, the mortar was replaced by only one particle size of
glass powder for each content, meaning that the binder material had more fine powder. Due to the
replacement of cement by glass powder, the water to cement ratio increased. The reductions in
compressive strength were proportional to the glass powder content. This could be attributed to the fact
that glass powder has no such hydraulic reaction compared with cement. However, the early strength
depended mainly on the glass powder microfilling ability. This result is in accordance with a previous
study [34]. The compressive strength of mortar was fitted exponentially with the gas permeability of
mortar when the confining pressure is 3 MPa. As shown in Fig. 13, the compressive strength of mortar
fitted well with the gas permeability (R2 = 0.92806), which could better reflect the relationship between
the compressive strength of mortar and gas permeability. The particle size of glass powder and the
content had a significant effect on the compressive strength of mortar, therefore the content of fine glass
powder can improve the compressive strength of cement mortar.

Figure 10: Effect of the different particle sizes of glass powder at uniform content on gas permeability
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3.4 NMR T2 Spectra

3.4.1 Effect of Particle Size on NMR Results
To analyze the microstructure, the mortars containing 5% glass powder were selected. In the T2 spectrum

of the NMR graph, the horizontal coordinate relaxation time can reflect the pore distribution of the specimen,

Figure 11: Relationship between porosity and gas permeability

Figure 12: Compressive strength of mortar with different admixtures and particle sizes
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and the longer relaxation time represents the larger pore diameter. The more significant the signal intensity in
the vertical coordinate means the greater amounts of pores [43,44].

As shown in Fig. 14, there were mainly three distinct wave peaks in the control group, two wave peaks in
the specimens with particle sizes of 2, 5, and 15 μm, and only one distinct wave peak for 10 μm. The T2
curves were divided into three parts according to the wave distribution [45], where the first part with a
relaxation time of 0.01 to 5 ms represents small pores, the second part with a relaxation time of 5 to
100 ms represents medium pores, and the third part with a relaxation time of 100 to 10000 ms represents
large pores. In the first part, the relaxation times corresponding to the wave peaks were similar, and the
wave peaks of the control group were significantly higher than those of the specimens that contained
glass powder, among which the wave peaks of the 10 μm particle size specimens are the smallest,
indicating that the replacement of glass powder can significantly reduce the amounts of small pores. The
specimens of 10 μm had the least amounts of small pores. From the second part, it can be seen that the

Table 5: Compressive strength of mortar with different contents and particle sizes of glass powder (MPa)

Content Control group Particle size

2 μm 5 μm 10 μm 15 μm

0% 35 - - - -

5% 35.4 40.7 47.6 41.41

10% 29.93 33.46 42.86 39.16

15% 26.7 32.3 34.8 32.86

20% 26.2 31.3 33.43 31.84

Figure 13: Relationship between compressive strength and gas permeability
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wave peaks of the samples mixed with glass powder were shifted to the left compared with the control group,
and the wave peaks of the control group were the longest, which indicates that the glass powder can reduce
the internal pore size of mortar and will reduce the amounts of medium pores. It can be seen from the third
part that only the control group and specimens of 2 μm sized particles showed significant peaks, the peak of
the control group was much larger than the other, and the relaxation time corresponding to the wave peak of
the control group is the largest, which indicates that the number of large pores inside the specimens with 5,
10 and 15 μm particle size of glass powder is smaller. The glass powder can effectively reduce the amounts of
large pores and the pore diameter simultaneously. The area of the T2 spectral region refers to the T2
distribution curve and the area surrounded by the horizontal axis, and the T2 spectrum area
(dimensionless) can reflect the pore volume.

In Table 6, the reduction in the total area of the T2 spectrum attributed to the incorporation of glass
powder, and the total area of the T2 spectrum increases and then decreases as the particle size of glass
powder increases, and the minimum value was obtained at the particle size of 10 μm. Compared with the
control group, the total area of the T2 spectrum of the 10 μm specimen was reduced by 947.85%,
indicating that the 10 μm glass powder could significantly reduce the pore area inside the specimen. This
result is in accordance with the variation of porosity presented in Fig. 2.

Figure 14: T2 spectra under different particle size conditions

Table 6: Effect of particle size on the area and percentage of each part of the area

Particle size Part I (small pores) Part II (medium pores) Part III (large pores) Total area

Area Area share (%) Area Area share (%) Area Area share (%)

Control group 72.31 1.12 272.91 4.21 6135.32 94.67 6480.54

2 μm 55.27 1.57 15.84 0.45 3460.48 97.99 3531.59

5 μm 51.48 5.84 108.13 12.26 722.09 81.90 881.70

10 μm 33.10 5.35 50.17 8.11 535.19 86.54 618.46

15 μm 45.50 0.97 176.14 3.75 4477.77 95.28 4699.41
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3.4.2 Effect of Content on NMR Results
The T2 spectrum curves for different glass powder contents are shown in Fig. 15. The control group had

three pronounced peaks, the glass powder content of 15% and 20% had two pronounced peaks, while the
specimens with contents of 5% and 10% had only one pronounced peak. The T2 spectrum showed that
the relaxation time of the wave peaks in the first part was similar, and the wave peak of the control group
was the largest. In the second part, the control group had the most significant pores and relatively larger
pore size with a content of 20% in the specimens. From the third part, it can be seen that the control
group has the most significant amounts of large pores. The area and percentage of each part of the area
are presented in Table 7.

As shown in Table 7, with the increase of glass powder content, the total area first decreased and then
increased, and the minimum value was obtained at the particle size of 5%. Compared with Fig. 14 and
Table 6, among the three sizes of pore area, the area of large pore area accounts for the most significant
proportion. With 5% and 10% content, the proportion of large pore area decreased.

Figure 15: T2 spectrum under different contents

Table 7: Influence of content on the area and percentage of each part of the area

Content Part I (small pores) Part II (medium pores) Part III (large pores) Total area

Area Area share (%) Area Area share (%) Area Area share (%)

Control group 72.31 1.12 272.91 4.21 6135.32 94.67 6480.54

5% 33.10 5.35 50.17 8.11 535.19 86.54 618.46

10% 31.08 2.67 65.83 5.65 1068.56 91.68 1165.47

15% 47.55 1.83 62.32 2.40 2483.40 95.76 2593.27

20% 74.17 1.26 325.24 5.51 5504.52 93.23 5903.93
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The signal amplitude in the vertical coordinate of the NMR T2 spectrum represents the amounts of
pores, and the larger the signal amplitude, the larger the number of pores in the mortar and thus the more
significant the pore volume of the mortar, which indirectly affects the porosity, gas permeability, and
compressive strength of the mortar. The signal amplitude of T2 spectrum was fitted exponentially with the
gas permeability and compressive strength under the condition of the confining pressure of 3 MPa. As
shown in Figs. 16 and 17, the signal amplitude of the mortar NMR T2 spectrum was highly correlated
with the gas permeability (R2 = 0.94395), and the signal amplitude of the mortar NMR T2 spectrum fits
well with the compressive strength (R2 = 0.8505), and the variation of the mortar. The variation of gas
permeability and compressive strength were closely correlated with the signal amplitude of the NMR T2
spectrum.

Figure 16: Relationship between T2 spectrum signal amplitude and gas permeability

Figure 17: Relationship between T2 spectrum signal amplitude and compressive strength
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3.5 Electron Microscope Scanning (SEM) Results and Analysis
SEM was used to examine the microstructure of the mortars with different replacement of glass powder

and particle size. Fig. 18a shows that the control group had a denser microstructure with a few rod-shaped
calcium vanadinite crystals, well developed hydration product crystals of Ca(OH)2 in the form of plates and
layers stacked together, and C–S–H gels in the form of flocculent with a few pores inside Figs. 18b–18e
showed the 5% glass powder mortar with different particle sizes. The mortar mixed with glass powder
had a more denser microstructure than the control mortar, with no obvious pores and cracks, and a small
amount of rod-like calcium vanadinite crystals precipitated, and its hydration product crystals Ca(OH)2
are well developed and stacked together in plate or layer form. As the particle size of glass powder
increases, the hydration product C–S–H was distributed in a large area and closely, and the overall
C–S–H gel showed a trend of first increasing and then decreasing, especially the waste glass mortar with
a particle size of 10 um had the most hydration product C–S–H, while the waste glass mortar with a
particle size of 2 um had only a small distribution of hydration product C–S–H. This is consistent with
the above experimental explanation of the effect of particle size on mortar gas permeability (particle size
is correlated with the activity of glass powder). Fig. 19 shows the SEM images of the control group and
mortar replaced by 10 μm glass powder with different contents. The reduction of the hydration products
Ca(OH)2 and C–S–H gel was observed with the increase of glass powder. The pores and microcracks
inside the paste gradually increased and became larger with the increase of content, see Figs. 19a, 19c,
and 19d. The optimum percentages of cement replacement by glass powder were 5% and 10% due to the
fact of filling with the appropriate amount of finer. The SiO2 in the glass powder combined with the Ca
(OH)2 produced by cement hydration results in the pozzolanic reaction to generate C–S–H. However,
above 10%, there was a restraining effect on the pozzolanic reaction as the microstructure of the glass
powder mortar became loose and porous. The SEM results can help understand and explain the
development of the compressive strength and gas permeability.

Figure 18: (Continued)
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4 Conclusion

The use of glass powder as a cement replacement in mortar was proposed in this study. An experimental
program was conducted to investigate the compressive strength, gas permeability, and microstructure of such
mortar. The following conclusions can be obtained:

1. The particle size of glass powder is one of factors with greatest impact in the porosity, gas
permeability and compressive strength. The use of glass powder with a size of 10 μm and 5%

Figure 18: Scanning electron micrograph of glass powder mortar with different particle sizes

Figure 19: Scanning electron micrograph of glass powder mortar with different content
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replacement produced a compact paste with lower porosity and led to a pore structure which allowed
higher compressive strength and lower gas permeability.

2. Analysis from SEM and NMR tests showed that the glass powder in mortar exhibited pozzolanic
reaction and filling effect, both of which induced pore size decreases. The pozzolanic reactivity of
glass powder was dependent on its fineness. The microstructure became denser with particle sizes
of 5 and 10 μm. However, high replacement level of cement by glass powder led to a restraining
effect on the pozzolanic reaction. Above 10% replacement, the mortar showed higher porosity
than the control group. The highest value was obtained with 20% replacement, and this finding
was in accordance with the low compressive strength and high gas permeability.

3. From the experimental results, we can conclude that the use of 10% glass powder with particle size of
10 μm as replacement for cement in mortar is the best combination. It can improve the impact of the
mortar in terms of performance and to determine the possibility of using glass powder in various
forms in cement-based materials.
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