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ABSTRACT

This work aims to utilize waste glass powder (WGP) as a plementary material to mitigate the strength shrinkage
caused by the alkaline accelerator. Waste glass power was used to replace cement by 0%, 10%, and 20% to evaluate
waste glass powder on the alkaline accelerator’s strength retrogradation. The results show that the strength
improvement effect of unitary glass powder is inconspicuous. Innovative methods have been proposed to use
sodium sulfate and waste glass powder synergism, using the activity of amorphous silica in glass powder. Com-
pared with the reference group, the compressive strength of 28d mortar increases by 67% when the sodium sulfate
content is 2.5%, and the replacement amount of waste glass powder is 10%. Besides, XRD and SEM analysis of
hydration products also confirmed that the synergistic effect of sodium sulfate and waste glass powder could
reduce strength inversion. The findings presented in this paper are pivotal for using waste glass to solve the pro-
blem of strength inversion caused by the alkaline accelerator.
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1 Introduction

Waste glass has been recognized as municipal solid waste. In China, 20 tons of waste glass will be
produced every year, while landfill is usually used to treat this waste [1,2]. Due to the high silicon
dioxide composition of waste glass, non-degradable, the landfill method often causes environmental
damage and destruction of resources [3]. Therefore, recycling waste glass as aggregates or as a partial
replacement cement in the construction industry has become an exciting topic in the construction industry.

The cooling process endows amorphous silica with different pozzolanic properties reactivity [4–8], such
as fly ash, slag, silica fume, which can reduce the cement consumption and modify the strength performances
of concrete. Meanwhile, it alleviated the environmental hazards caused by many waste glasses and expanded
the source of Supplementary Cementitious Materials [9–12]. Relevant literature shows that WG can replace
0%, 5%, 10%, 15%, 20%, and 30% of cement dosage in mortar mixture. The data showed that all
replacement levels’ compressive strength was lower than that of the control sample at 28 days of
age [13]. Generally, limiting the amount of glass powder to replace cement is less than 30%, reducing the
apparent loss of early strength. A 20% cement replacement rate can increase strength and even facilitate
expansion. Besides, Compared with ordinary paste, the water content of chemical bond is higher, and the
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hydration process C3S is accelerated after adding glass powder, that is low water absorption of waste glass
powder, increased the effective water-cement ratio of cement, and the contact surface between cement and
water is increased.

As the main component of waste glass is silica, sodium, and calcium, which are also the input
components of alkali activation. The researchers initially expressed concern that the alkali-silica reaction
(ASR) of amorphous silicon in WGP leads to the corresponding degradation. On the contrary, The
experimental results show that WGP can be used as an alkaline silicon reaction retardant, prevent ASR
expansion, and exhibit a specific mitigation effect on ASR expansion when the WG is ground to a
particle size of less than 75 um [14–16]. The particle size cannot reach the expected size, Considering the
energy consumption in the grinding process of waste glass. It is essential to select the appropriate reagent
to stimulate the activity of waste glass powder. Unfortunately, some research is on the excitation of waste
glass powder, unless the waste glass powder in alkali activated concrete. Furthermore, the Alkali
accelerator can cause concrete strength back shrinkage at a later stage, which is more evident in cement
mortar. This problem always persecutes to a tunnel and underground engineering construction.

Therefore, we innovatively propose to use the synergism of glass powder and activator to solve the
problem of strength inversion caused by the alkaline accelerator. In this study, this paper mainly
investigates the use of sodium sulfate and waste glass powder to improve the reduced strength caused by
the alkali accelerator, aiming to reveal the content of waste glass powder and sodium sulfate and
collaborative improvement mechanism. Scanning electron microscopy (SEM), X-ray diffraction (XRD)
were implemented.

2 Materials and Experimental Program

2.1 Materials
The ordinary Portland cement is used in this experiment, complying with Chinese standard

GB/T 4131-2014. Tab. 1, show its chemical compositions.

Alkali accelerator is provided by Shaanxi Youbang New Material Technology Co., Ltd., China. Fig. 1
provides granularity distribution, Tab. 1 provides Chemical properties of Cement and WGP.

2.2 Experimental Program
The cement mortar experiment was prepared by fixed the water to-binder ratios of 0.5, using a mix of

ordinary portland cement (P.O 42.5), and the mixing amount of alkaline accelerator (reliable content of 50%)
is 4% of cement quality. The waste glass powder is replaced by 10% and 20% of the cement quality. To
ensure the water-binder ratio remains unchanged, Weight sodium sulfate according to the percentage of
the mass of 450 g water. After demolding, the mortar specimens (40 cm × 40 cm × 160 cm) are cured to
the strength test’s corresponding age. Tab. 2 shows the mixed design proportions.

2.2.1 Compressive Strength Test Analysis
The mortar specimens (40 cm × 40 cm × 160 cm) were cast to evaluate compressive strength following

the Chinese standard. Since the Alkaline accelerator mainly causes 28d strength inversion, the compressive
strength tests were conducted at 1, 3,7, and 28 days to understand the synergism of sodium sulfate and waste

Table 1: Chemical compositions of cement and waste glass powder

Chemical compositions SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 Loss

Cement (%) 18.75 4.87 3.41 65.02 1.44 0.07 0.76 1.61 3.32

waste glass powder (%) 92.5 0.55 1.50 0.62 0.32 0.30 0.68 0.12 2.5
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glass powder mitigating strength retrogradation of alkali accelerator of this study. The improvement effect is
expressed by the relative compressive strength coefficient, Abbreviated as RSC.

RSC ¼ CSi�CS0ð Þ=CS0
CSi: Strength of mortar added with sodium sulfate or sodium sulfate and glass powder.

CS0: Reference specimen
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Figure 1: Particle size distribution of wgp and cement

Table 2: Mix design proportions

Mix ID Cement (g/m3) WGP (g) Na2SO4 (g) Water (g) Alkali accelerator (g) Water/Binder

CS0 900 0 0 432 36 0.5

CS1 900 0 0.5% 432 36 0.5

CS2 900 0 1.5% 432 36 0.5

CS3 900 0 2.5% 432 36 0.5

CS4 900 0 3.5% 432 36 0.5

CS0W10 810 90 0 432 36 0.5

CS1W10 810 90 0.5% 432 36 0.5

CS2W10 810 90 1.5% 432 36 0.5

CS3W10 810 90 2.5% 432 36 0.5

CS4W10 810 90 3.5% 432 36 0.5

CS0W20 720 180 0 432 36 0.5

CS1W20 720 180 0.5% 432 36 0.5

CS2W20 720 180 1.5% 432 36 0.5

CS3W20 720 180 2.5% 432 36 0.5

CS4W20 720 180 3.5% 432 36 0.5
Note: The amount of water added is deducted from the water in the accelerator.
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2.2.2 X-Ray Diffraction and SEM Test Analysis
According to the experimental mix proportion, the cement paste blocks were manufactured and cured to

the corresponding age. The hydration is then terminated after crushing, dried in vacuum at 40°C, ground to
200 mesh with an agate mortar. The X-ray diffraction pattern measurements of samples were performed
using a Rigaku Ultima IV and X-ray radiation source (40 kV and 40 mA). The scanning range was
5°C–70°C, the scan speed was 0.02 °C/s.The hydrate and microstructure were carried out using a
scanning electron microscope (SEM) technique of ZEISS.

3 Results and Discussion

3.1 Compressive Strength Test Results
Fig. 2 shows the influence of sodium sulfate and waste glass powder on the strength of mortar mixed

with the alkaline accelerator. As shown in (a), the mortar’s strength mixed with alkali accelerator is
affected by the dosage of sodium sulfate 0%, 0.5%, 1.5%, 2.5%, 3.5%. The results show that sodium
sulfate has hardly any effect on the compressive strength of mortar at 1d, 3d, and 7d but significant
influence 28d compressive strength. Compared with the blank group (the 28d compressive strength was
15.3 Mpa), the highest compressive strength was 21.7 Mpa, when the content of 2.5% is added.
Aluminates may cause this phenomenon will consume gypsum quickly and form hydrated
Sulphoaluminate (AFt or AFm) in the pores. Still, the stability of AFt or AFm is related to the sulfate
content in the liquid phase. When the content is sufficient, AFt will be formed, conversely AFm be
formed. The transformation from AFt to AFm results in the change of compactness (porosity) of mortar,
which leads to the change of strength [17]. Another reason may be that the alkaline accelerator increases
the alkali-aggregate reaction of mortar, resulting in decreased mortar strength. However, Waste glass
powder is an amorphous silica material with pozzolanic properties reactivity. Under identical conditions,
the strength of mortar was tested using waste glass powder instead of 10% and 20% cement, respectively.
The results are shown in Figs. 2b and 2c, mortar compressive strength had a little effect at 1d, 3d, and
7d, with significant influence at 28d by comparison with CS0W10 CS0W20; the strength was 25.52 MPa
and 21.31 MPa, respectively. The synergism of sodium sulfate and waste glass powder can improve the
strength inversion caused by the alkaline accelerator. Waste-Glass powder replacement 10% of cement,
the 28d strength of the mortar can be improved by adding 0.5%, 1.5%, 2.5%, and 3.5% sodium sulfate,
but 20% glass powder is not satisfactory. It may be that the activity of waste glass powder is low; when
the number of substitution increases, the adhesive material in the mortar will decrease, the strength
decreases. It would seem that in the mixing water containing sulfate, 10% glass powder is relatively
economical and safe for mortar mixed with the alkaline accelerator.

3.2 X-Ray Diffraction Test Results
According to the test results of mortar strength, the 28-day strength of mortar changed significantly. So

the hydration products of 28d were mainly analyzed by XRD. The analysis results of CS0, CS0W10, and
CS0W20 hydration products are shown in Fig. 3. The relationship between CH peak intensity is as
follows: CS0W10 > CS0W20 > CS0; the reason for this phenomenon may be that the amorphous silica
in waste glass powder reacts with CH, resulting in the decrease of peak strength. When the presence of
sodium sulfate, the regular pattern is consistent with CS3, CS3W10, and CS3W20. Also, compared with
CS0W10 and CS3W10, it was found that the intensity of the CH peak of the former is greater than that
of the latter. This result is consistent with the compressive strength of CS0W10 less than that of
CS3W10 in Fig. 2. As a result of the hydrolysis of sodium sulfate, The formation of OH- leads to the
disintegration of the tetrahedral three-dimensional network structure and the fracture of the Si-O bond,
which makes glass powder produce more C-S-H by pozzolanic effect [18–21].
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3.3 Scanning Electron Microscope Test results
Fig. 4 shows the SEM images of CS0, CS0W10, CS0W20, CS3, CS3W10 and CS3W20 curing for

28 days. For CS0, CS0W10, and CS0W20, the C-S-H and calcium hydroxide (CH) can be found. But the
development of crystal form of CS0W10 and CS0W20 is obviously different from that of CS0, and the
main performance is that the crystal shape of glass powder is obvious, and the hydration products are
rich. Among them, CS0W10 is the most obvious; the hydration products interweave with each other,
showing a more dense state, which is consistent with the compressive strength. It indicates that the waste
glass powder and calcium hydroxide (CH) react to produce a large amount of C–S–H (calcium–silicate–
hydrate) gels, but this does not mean that the higher the content of glass powder, the more gel it
produces. The activity of silica determines the degree of reaction. As shown in CS3, CS3W10, and
CS3W20, plenty of C–S–H gels are observed to the phenomenon of layer by layer coverage, which can
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Figure 2: Influence of dosage of sodium sulfate and WGP on mortar compressive strength: (a) Influence of
sodium sulfate content on mortar strength. (b) Influence of sodium sulfate and 10% glass powder on the
strength of mortar. (c) Influence of sodium sulfate and 20% glass powder on the strength of mortar.
(d) Influence of synergistic effect of sodium sulfate and waste glass powder on 28-day strength of mortar
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dedicate to the dense microstructures. By comparing the two groups of experiments, it is not difficult to
determine that the glass powder has a better pozzolanic effect under sodium sulfate’s synergistic effect.

It indicates that the sodium sulfate promotes the pozzolanic reaction of waste glass powder by
disintegrating the tetrahedral three-dimensional network structure and the fracture of Si-O bond, making
glass powder produce more C-S-H by pozzolanic effect as expressed by equations in Fig. 5.

As the density of AFt [1.73 g/cm3 (at 25°C) ]was lower than that of AFM [2.01 g/cm3 (at 25°C)],
therefore When the conversion of AFt to AFM, the void ratio of cement paste will increase, the
compressive strength will decrease. Therefore, inhibiting the conversion of AFt to AFm is one way to
improve the alkaline accelerator’s strength inversion.

Figure 3: XRD patterns of concrete samples at theage of 28 days
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4 Conclusions

The synergism of sodium sulfate and waste glass powder is investigated in this study. Based on the
experimental results and discussion, the following conclusions can be drawn up: 1. The addition of waste
glass powder or sodium sulfate can improve the 28-day strength retrogradation of mortar caused by the
alkaline accelerator. However, it has little effect on the early strength. 2. The improvement effect of single
addition of sodium sulfate or waste glass powder is lower than that of sodium sulfate and waste glass
powder. When the sodium sulfate content is 2.5%, and the replacement amount of waste glass powder is

Figure 4: SEM patterns of concrete samples at theage of 28 days

Figure 5: Schematic diagram of synergy between sodium sulfate and waste glass powder
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10%, The effect is pronounced. 3. The intensity of CH peak decreases obviously by XRD. SEM’s
microstructure characterization confirms that the pozzolanic result of waste glass powder is not equal to
sodium sulfate and waste glass powder 4. The synergistic effect of sodium sulfate and waste glass
powder is mainly reflected in the sodium sulfate promotion of the fracture of silicon-oxygen bond in the
glass powder’s three-dimensional network structure. It was making the activity of glass powder and the
volcano ash effect, which produces gel and makes the specimen structure denser. This can also be
confirmed from SEM.
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