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A B S T R A C T   

The large quantities of nondegradable waste glass led to landfill overflow, causing severe environmental harm. 
Measures need to be taken to reduce the environmental problems associated with waste glass. Limestone calcined 
clay cement (LC3) has excellent performance and a low-carbon footprint. However, its environmental benefits 
still require improvement. This study proposes a strategy to partially replace LC3 with recycled glass powder 
(RGP) to utilize waste glass while reducing CO2 emissions further. RGP replacement percentages are 10 and 20 
%. Experimental studies were systematically conducted to investigate the performance, product composition, 
and CO2 emission of RGP-LC3. Experimental tests on a macro scale include workability, mechanical properties, 
and ultrasonic pulse velocity. The composition and microstructure of the material were characterized using 
thermogravimetric, Fourier-transform infrared, X-ray diffraction, and scanning electron microscopy. The CO2 
emissions of LC3 at different stages of its lifecycle were compared and discussed how RGP can reduce these 
emissions. The results show that RGP helps to increase the workability of the slurry. LC3 containing 10 % RGP 
showed similar compressive strength to the control group, and 20 % RGP resulted in a decrease in strength. As 
the replacement percentages increase from 0 to 10 and 20 %, the CO2 emissions per unit volume decrease from 
606.46 to 545.14 and 484.43 kg m3/MPa.   

1. Introduction 

Waste glass accounts for 5 % of global waste, and approximately 130 
million tons of waste glass products are generated annually [1]. How-
ever, owing to its nondegradable properties, 75 % of waste glass is 
landfilled. This results in landfill overflow and requires measures to 
mitigate its environmental hazards. Recycled glass powder (RGP) is a 
powder material with an appropriate particle size that can be ground 
from waste glass. Carsana et al. showed that the pozzolanic activity of 
the RGP is sustained for up to seven years [2], and the activity increased 
as the particle size decreased [3,4]. Low-carbon and low-cost RGP can be 
applied as a supplementary cementitious material (SCM) in construction 
projects, providing significant ecological and economic benefits in terms 
of CO2 emissions, energy consumption, and economic costs [5,6]. 

Moreover, by promoting the application of RGP in the construction field, 
it can also reduce the space pressure of landfills and effectively reduce 
the negative impact of waste glass on the environment. 

Limestone calcined clay cement (LC3) is a high performance com-
posite material with a low-carbon footprint [7–9], and is capable of 
reducing CO2 emissions by 30–40 % per ton compared to traditional 
cement [10]. LC3 is currently being implemented in an increasing 
number of countries and regions, and is expected to occupy the largest 
cement market share as a substitute for OPC in the near future. LC3 

contains calcined clay and metakaolin, whose alumina and silica react 
with the clinker to form hydration products, improving the mechanical 
properties and durability of cement. Recent studies report techniques to 
improve the performance of LC3 systems, such as the use of nano-
materials [11], fiber [12], and CSH seedings [13]. However, producing 
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calcined clay requires a calcination process that involves heating the 
clay to a high temperature of 750 ◦C [8]. This process also leads to 
greenhouse gas emissions [14]. To achieve carbon neutrality by 2050, 
the cement industry must undergo deep decarbonization. Therefore, 
improving the environmental benefits of LC3 is crucial. This, however, 
requires continuous innovation and improvement. Combining 
low-carbon emission RGP with LC3 would be a practical approach. 

However, there are still some gaps in current research: (1) most 
existing conclusions are based on OPC tests, which are unsuitable for 
composite cement. LC3 has a low clinker proportion and contains clay or 
metakaolin with high pozzolanic activity, causing the hydration and 
microstructure of LC3 to differ significantly from those of OPC. (2) 
Previous studies have focused on a single property, such as strength 
development, durability, and reactivity [3,15–17]. A systematic and 
comprehensive analysis is still lacking to help understand the effects of 
RGP on the physicochemical properties of LC3. Furthermore, it is 
necessary to verify whether the workability and strength of RGP-LC3 

satisfy engineering needs through experiments. (3) Most previous 
studies analyzed CO2 emissions based on the 28 d compressive strength 
[6,18,19]. However, for the composite cement, the reactivity of some 
SCMs was extremely low after 28 d making CO2 emission analysis un-
reasonable. Carbon emissions should be analyzed based on longer age to 
ensure pozzolanic reactions function. 

To address the deficiencies of existing studies, this study used RGP to 
partially replace LC3 at ratios of 0, 10, and 20 %, denoted as RGP-LC3. 
The exothermic process was monitored by isothermal calorimetry, and 
the workability was tested. Mechanical properties were verified using a 
combined compressive strength test and ultrasonic pulse velocity (UPV) 
test. Changes at the microscopic level were analyzed using techniques 
such as thermogravimetric (TG), X-ray diffraction (XRD), Fourier- 
transform infrared (FT-IR), and scanning electron microscopy (SEM). 
Furthermore, the CO2 emissions of RGP-LC3 were evaluated based on the 
28 d and 90 d strengths, and the positive effect of the combination of LC3 

and RGP on environmental improvement was discussed. 

2. Material design and experimental details 

2.1. Materials 

The type I cement (OPC) was produced by the Sung Shin Cement 
Company and had an average particle size of 12.98 μm. Limestone (LS) 
with an average particle size of 4.41 μm was purchased from Daejung 
Chemical Co., Ltd. Metakaolin (MK) was provided by Anpeak Specialty 

Minerals Co., Ltd, and had an average particle size of 3.2 μm. FU HUA 
Mineral Co., Ltd. provided the RGP used in this study having an average 
particle size of 7.26 μm. As shown in Fig. 1, SEM analysis shows that RGP 
has a smooth morphology. Smooth surfaces often help reduce friction 
between particles of cementitious materials, thereby improving flow-
ability. RGP was also observed to have a dense micromorphology, 
indicating the stability of its structure. Fig. 2 shows the particle size 
distributions of the raw materials detected using a laser particle size 
tester. Table 1 lists the chemical compositions of OPC LS MK, and RGP 
analyzed using XRF. 

2.2. Mixture preparation 

LC3 in this study was made according to the LC3-55 recommended by 
Scrivener et al. [7], consisting of 55 % OPC, 15 % LS, and 30 % MK. The 
mass of total LC3 was partially replaced with RGP at two different per-
centages (10 and 20 %). The detailed design of the mixture ratios is 
listed in Table 2. A water/binder ratio of 0.6 was used for the prepara-
tion of all samples. The mixture slurries were prepared and cured ac-
cording to the parameters listed in Table 2 to evaluate their engineering 
properties. The samples prepared for SEM, TGA, XRD, and FTIR analysis 
are newly cast for microstructure purposes. Samples were sealed in 
plastic vials until the age of testing. 

The cement slurry was prepared using the following procedure: First, 
the weighed raw materials were placed into the mixer and dry mixed for 
60 s to ensure even distribution. The weighed liquid was then injected 
into a mixer and mixed at 60 rpm for 120 s. The residual slurry was 
scraped off from the inner wall and bottom of the mixer and stirred for 
120 s at a stirring speed of 120 rpm. 

2.3. Experimental 

2.3.1. Isothermal calorimetry 
The heat released from the fresh cement slurry was monitored using 

a multichannel isothermal calorimeter (TA Instruments, USA). Approx-
imately 5g of powder and water were added to a glass amine bottle, 
mixed quickly, and then sealed in an ampoule. The sealed ampoules 
were placed in an isothermal calorimeter for 168 h at a temperature of 
20 ± 0.2 ◦C. 

2.3.2. Workability test 
To characterize the workability of the slurry, a mini-slump test was 

conducted following the ASTM C1437 standard. The fresh slurry was 

Fig. 1. SEM microscopic images of the RGP.  
Fig. 2. Particle size distribution of OPC LS MK, and RGP.  
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stirred and placed in a round mold. The mold was lifted, allowing the 
slurry to flow. Once the slurry stopped flowing, the diffusion diameter 
was measured in two perpendicular directions and the average value 
was recorded. 

2.3.3. Mechanical properties test 
The mechanical properties were tested on days 3, 7, 28, 56, and 90 

d of sealing curing. The compressive strengths of the cubic samples were 
measured according to the ASTM C109 standard. The size of the cubic 
sample was 50 mm × 50 mm × 50 mm. Each group was tested three 
times and the average value was recorded to ensure reliability. 

2.3.4. UPV test 
The UPV change in LC3 was measured using a nondestructive digital 

tester (Pundit Lab, Procq Company, Switzerland) following the AASHTO 
T 358 standard. The UPV test sample was a cuboid with dimensions of 
40 mm × 40 mm × 160 mm. 

2.3.5. XRD analysis 
Samples for XRD, TGA, and FTIR analysis were prepared at 3 and 90 

d of curing, respectively. Hydration of the hardened cement paste must 
be stopped before compositional analysis is performed. The samples 
were finely ground into a powder, and hydration was stopped using the 
solvent exchange method [20]. Use isopropyl alcohol as the solvent to 
stop hydration. The filtered powder was placed in a vacuum box to 
remove the excess isopropanol. 

The diffraction of crystals was determined using a diffractometer 
model PANalytical X’Pert Pro MPD (The Netherland), by XRD technique 
at a scan rate of 0.05◦ 2θ/s, scanning in the range of 5–45◦ 2θ. 

2.3.6. TG analysis 
Approximately 20 mg of powder was heated from room temperature 

to 1000 ◦C at a heating rate of 15 ◦C/min under nitrogen purge using a 
Thermogravimetric analyzer (SDT Q600, TA Instruments, USA) with a 
synchronized DSC system. 

2.3.7. FTIR analysis 
The change in the functional group absorption band in the 500–4000 

cm− 1 band of the powder sample was detected using a Nicolet iN10 FT- 
IR spectrometer (Thermo Scientific, Germany). Each sample was scan-
ned 32 times. 

2.3.8. SEM analysis 
The hardened cement paste was crushed, and flake-like fragments 

were immediately used for SEM observation. A JSM-7900 F thermal 
field-emission scanning electron microscope (JEOL Ltd., Japan) was 
used for energy-dispersive X-ray spectroscopy (EDS). 

3. Results and analysis 

3.1. Workability 

The workability of the LC3 slurry was characterized using the flow 
diameter. The flow diameter increases as the amount of RGP increases, 
as shown in Fig. 3. Compared to R0, the relative flow diameters of R10 
and R20 increased by 3.18 % and 8.02 %, respectively. The fluidity can 
be optimized by considering the physical characteristics of RGP. Firstly, 
the smooth surface of RGP dispersed in the slurry can promote move-
ment by reducing the friction between particles. Secondly, the low water 
absorption of RGP can reduce the water required to lubricate its surface, 
and the released water helps increase the thickness of the water film 
around the gelled particles [21]. Therefore, the rheological properties 
and workability of LC3 can be optimized. 

3.2. Hydration heat 

Fig. 4 shows the release of hydration heat normalized by the mass of 
the binder and LC3. There are four distinct exothermic peaks in the 
hydration heat curve. Peak I is usually considered to be the rapid 
dissolution exotherm of the clinker after contact with water [9]. Peak II 
appeared at approximately 6 h, corresponding to the hydration of the 
silicate phase in the clinker [8]. Peak III is attributed to renewed 
dissolution of aluminate and accelerated precipitation of ettringite. 
Finally, a broad and somewhat indistinct peak, associated with the 
formation of carboaluminate [22], appeared at approximately 48–60 h. 

When the hydration heat is normalized by mass per g binder (Fig. 4 
(a)), the II, III, and IV peaks decrease with an increase in the RGP sub-
stitution level. First, this is due to the lower pozzolanic activity of RGP in 
the early stage. Second, the dissolution of silicate phase in clinker is the 
primary source of heat flow [23]. The decrease of clinker can explain the 
reduction in heat flow at the peak at the end of the dissolution of the 
silicate phase. Additionally, added RGP produced a dilution effect, and 
the filler effect (nucleation sites) of limestone was crippled. Therefore, 
the main reason for the heat flow reduction is the dilution of the LC3 

gelling material, which is consistent with previous research results [24]. 

Table 1 
Chemical compositions of OPC LS MK, and RGP.  

Oxide (%) Al2O3 MgO CaO SiO2 SO3 Na2O K2O Fe2O3 LOI. 

OPC 5.18 2.32 64.15 20.89 2.26 0.06 0.97 2.58 1.62 
LS 0.32 1.57 54.35 1.64 – 0.05 – – 42.09 
MK 45.66 – 0.35 52.32 – – 0.08 0.25 1.35 
RGP 0.13 3.43 9.58 72.2 0.26 12.9 0.32 0.11 1.19  

Table 2 
Mixture proportions of the mixture (wt %).  

Mix Unit Mass 

RGP OPC LS MK w/b 

R0 0 55 15 30 0.6 
R10 10 49.5 13.5 27 0.6 
R20 20 44 12 24 0.6  

Fig. 3. Flow diameter and Relative flow diameter of the paste.  
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In addition, Fig. 4 shows that RGP slightly delays hydration by 
almost 1 h. Liu et al. [25] studied the effects of cleaned and unwashed 
glass powder on OPC hydration. They claim that unwashed glass powder 
can cause delayed hydration due to organic contaminants such as sugar. 
In addition, limestone in LC3 can accelerate the hydration of the system 
by providing nucleation sites for CSH [7]. As the RGP substitution level 
increases, the limestone content decreases, and the nucleation is weak-
ened, resulting in delayed LC3 hydration. 

Fig. 5 shows the cumulative heat normalized by the masses of the 
binder and LC3. Fig. 5(a) shows that the cumulative heat release in the 
first 6 h increased with an increase in the RGP substitution level, which 
was caused by the exothermic RGP dissolution in the initial stage after 
stirring. Subsequently, the cumulative heat decreased with a reduced 
substitution rate, leading to an interesting crossover effect between the 
curves. The intersection point was located at approximately 6 h, which 
corresponds to the appearance of peak II in Fig. 4. Combined with the 

Fig. 4. (a) Heat flow curve and (b) Normalized to LC3 mass.  

Fig. 5. (a) Cumulative heat flow and (b) Normalized to LC3 mass.  

Fig. 6. (a) Compressive strength and (b) Relative Compressive strength for 3, 7, 28, 56, and 90 d.  
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decreased intensity of peaks II and III, the decrease in cumulative heat 
can be attributed to the reduction in hydration owing to the decline in 
clinker and metakaolin. 

For R0, R10, and R20, the LC3 content was 100 %, 90 %, and 80 %, 
respectively. When normalized by the mass per gram of LC3, the cu-
mulative heat increased with increasing RGP content, as shown in Fig. 5 
(b). Compared with previous studies, it was found that adding glass 
powder to LC3 and OPC both increased the normalized cumulative heat 
[26]. In addition to the exothermic phenomenon of RGP dissolution in 
the initial stage, some studies have suggested that an increase in the 
sodium concentration caused by RGP dissolution can increase the 
alkalinity of the pore solution, thereby promoting the dissolution and 
exotherm of clinker [26,27]. In summary, as shown in Fig. 5(a), the 
negative correlation between the 168 h cumulative heat of LC3 and the 
substitution rate is due to the dilution effect of RGP. In Fig. 5(b), the 
positive correlation between the normalized cumulative heat and sub-
stitution rate is related to RGP dissolution and improved clinker hy-
dration by RGP. 

3.3. Compressive strength 

Fig. 6(a) summarizes the variation changes in compressive strength 
during the experiment. The partial replacement of LC3 with RGP resul-
ted in a decrease in strength, similar to the effect of RGP on OPC [3,28]. 
Combined with the results of the reduction in the cumulative heat (Fig. 4 
(a)), it can be speculated that the main reason for the difference in 
strength between the control group and RGP-LC3 is the reduction of 
components, such as clinker and metakaolin. The early activity of RGP 
was relatively low, whereas the clinker and activated alumina in met-
akaolin contributed more to the early strength of LC3. Additionally, a 
previous study explained that adding RGP to the mixture exerted a 
dilution effect [26], implying that the effective water-cement ratio 
increased. A higher water-cement ratio increases the distance between 
the cement particles in fresh cement slurries, which increases the vol-
ume and size of the capillary pores created during hydration [29]. 

Owing to the low activity of RGP in the early stages and the dilution 
effect, the early strength growth of RGP-LC3 was slow. The pozzolanic 
reaction of RGP mainly occurs at a later age, which can significantly 
enhance the later strength growth. Fig. 6(b) shows that the relative 
strength growth of R10 and R20 was only 1.81 % and 4.43 %, respec-
tively, after curing for 3–28 d. During curing from 28 to 56 d, the relative 
strengths of R10 and R20 increased by 7.25 % and 12.7 %, respectively. 
Notably, when the curing age is extended to 90 d, the strength of R10 is 
equivalent to that of R0, which is attributed to the slow volcanic reaction 

of the RGP with the strength increase in the later stage [3]. However, the 
relative strength of R20 was the lowest at 90 d. This could be related to 
the content of calcium hydroxide (CH) as well as the reductions in 
clinker and metakaolin. Reducing the clinker content leads to decreased 
CH produced by hydration, whereas the pozzolanic reactions of meta-
kaolin and RGP rely on CH activation. Considering the strong compe-
tition of metakaolin with higher and faster pozzolanic activity for CH, 
this may lead to insufficient CH for activating RGP to generate the C(A) 
SH gel in the later stage. 

3.4. UPV 

Fig. 7 summarizes the changes in UPV of the cured slurries during the 
experiment. As the development of the hydration reaction progresses, 
hydration products precipitate in the porous cement matrix, and the 
UPV increases with curing time. However, the UPV decreased with an 
increase in the RGP substitution level due to the dilution effect resulting 
from the partial replacement of LC3 with RGP, which reduced the for-
mation of solid hydration products [30]. The addition of RGP resulted in 
a decrease in the UPV and strength of the mixture, and the two devel-
opmental trends were similar. In this study, UPV can be mutually veri-
fied with compressive strength to confirm the reliability of the test. 
Fig. 8 shows the relationship between the test values obtained in the 
experiment. A correlation between UPV and strength was obtained by 
linear regression with an R2 value of 0.93. This indicates that the UPV of 
the mixture with the addition of RGP is highly correlated with the 
strength development. 

3.5. XRD 

Fig. 9 shows the results of the crystalline phase characterization in 
the LC3 hydration product after curing for 3 and 90 d. The typical 
cement hydration products, such as ettringite (AFt) and CH, can be 
detected. Monocarbonate (Mc) and hemicarbonate (Hc) were produced 
under the synergy of metakaolin and limestone, and quartz from met-
akaolin and calcium carbonate from limestone were detected. 

At day 3, the peak intensities of AFt, CH, and MC decreased slightly 
with a decrease in the clinker phase, metakaolin, and limestone content. 
Carbonoaluminate reduction may also lead to decreases in strength. 
Previous studies have shown that Hc and Mc can refine pores, reduce the 
diffusion coefficient of chloride ions, and improve the strength of the 
mixture [31,32]. At 90 d, the CH diffraction peaks were difficult to 
identify owing to the large consumption of metakaolin and the RGP 

Fig. 7. UPV of the hardened cement paste for 3, 7, 28, 56, and 90 d.  

Fig. 8. Relationship between compressive strength and UPV.  
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pozzolanic reaction. This is consistent with the results observed in the 
study by Krishnan et al. [33]. However, as reported in the study [26], 
when RGP is incorporated into OPC, a large amount of CH still exists 
even if it is hydrated for 300 d. Differences in CH content may result in 
different degrees of pozzolanic reaction of RPG in LC3 and OPC systems. 
The decrease in AFt and calcium carbonate peaks were attributed to Hc 
formation. At the same time, the Mc diffraction peak decreased, indi-
cating that when the CH available for the reaction is insufficient, Mc and 
Hc can also be consumed to provide Ca2+ to form strätlingite [34]. 

3.6. TG-DTG 

TG and DTG curves were used to study the relationship between the 
mass loss of LC3 paste and temperature. The DTG curve was obtained 
from the first derivative of the TG curve with respect to temperature, and 
the results are shown in Fig. 10. Initially, the free water in the cement 
paste was released as the temperature increases, before reaching 105 ◦C. 
C(A)SH loses interlayer water in a wide temperature range, primarily 
between 50 and 200 ◦C. The water molecules contained in AFt were 
released at approximately 130 ◦C [35]. The DTG peak generated by the 
dehydration of the AFm phase can be observed at approximately 170 ◦C. 
As the temperature continued to increase, weight loss due to the 
decomposition of CH to calcium oxide and the release of water vapor 
was monitored between 400 and 500 ◦C. When the temperature reaches 
620–800 ◦C, the calcium carbonate in the limestone decomposes into 
calcium oxide, resulting in the release of CO2 [36]. 

At day 3, the amount of generated hydration products, such as CH, 
decreased sequentially with an increase in the substitution level of 
clinker, metakaolin, and limestone, primarily due to the dilution effect 
of RGP. At 90 d, the loss on ignition of C(A)SH + AFt in R0 and R10 was 

Fig. 9. XRD patterns of the hardened LC3 paste for 3 d (a) and 90 d (b). AFt = Ettringite, Hc = Hemicarbonate, Mc = Monocarbonate, Q = Quartz, CH = Calcium 
hydroxide, Strät. = Strätlingite, and CĈ = Calcium carbonate. 

Fig. 10. TG-DTG curves of hardened LC3 paste for 3 d (a) and 90 d (b).  

Fig. 11. The change of functional group absorption peak of hardened LC3 paste 
in 500–4000 cm− 1 band. 
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similar and greater than that of R20. This is consistent with the results of 
the compressive strength tests. It can be inferred that the pozzolanic 
reaction of the RGP contributed to the increase in the C(A) SH content in 
R10. Mejdi et al. [26] reached the same conclusion in their study of glass 
powder replacing OPC. However, the pozzolanic reaction in R20 failed 
to significantly increase the C(A) SH content, and the fundamental 
reason may be that the RGP was not thoroughly activated owing to the 
lack of CH. The pozzolanic reaction of metakaolin and RGP made the CH 
in the paste almost completely consumed at 90 d. The TG results 
confirmed our hypothesis regarding the influence of the CH content on 
late strength development with the lowest CH generation and highest 
SCM content of R20 leading to difficulties in late strength improvement. 

3.7. FT-IR 

Fig. 11 shows the absorption bands of the functional groups in the 
original RGP and LC3 hydration products detected using the FT-IR 
analyzer at 90 d. Pristine RGP exhibits main absorption bands for Si–O 
bonds and Si–O–Si at 770 cm− 1 and 890–1090 cm− 1, respectively [37]. 
The absorption band derived from the asymmetric stretching of the Si–O 
bond in C(A)SH in the hydration product of R0 is located at approxi-
mately 951 cm− 1 [38]. With the incorporation of RGP, the positions of 
the Si–O bonds remained fixed and their intensity increased, consistent 

with the results observed by Gao et al. [39]. This indicates that RGP can 
increase the total number of Si–O bonds in the product, but the struc-
tural change in the Si–O bonds is not apparent. The out-of-plane bending 
vibration of CO3

2− in limestone causes sharp signals at 874 cm− 1 and 712 
cm− 1. The absorption band at 1416 cm− 1 corresponds to the asymmetric 
stretching vibration of the O–C–O bond of the CO3

2− group [40]. The 
signal for CO3

2− decreases with increasing RGP dosage. 

3.8. SEM-EDS 

Fig. 12 shows the microstructure of the hardened LC3 paste after 
curing for 90 d. The presence of the AFm phase in the matrix was 
observed in the microscopic image of R0. Residual hexagonal sheet-like 
CH and dehydrated RGP particles encapsulated in the matrix are also 
observed in R10 and R20. It can be observed that there is a narrow ITZ 
between the RGP particles and the cement matrix, which may be related 
to the smooth surface of the RGP. A narrow ITZ leads to a decrease in the 
mechanical interlock between the cement matrix and the RGP [41], 
which is one of the reasons for the reduced mechanical properties of the 
mixture. 

EDS technology can be used to determine the elemental composition 
of the samples. Based on the microscopic appearance of the observation 
position and the assistance of EDS, the area of the hydration product was 

Fig. 12. SEM of hardened LC3 paste for 90 d.  
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selected for elemental analysis. The mapping analysis of Ca and Si in the 
hydration products obtained by EDS is shown in Fig. 13. SCM materials 
typically have a high silica content, and the hydrated calcium silicate gel 
produced by the pozzolanic reaction has a high Si content and low Ca 
content [42]. Elemental analysis revealed that the reaction of RGP led to 
an increase in the total proportion of Si and a decrease in the Ca ratio in 
R10 and R20. In contrast, the higher proportion of Si in R10 indicates 
that the pozzolanic activity in R10 was more completely activated to 
generate a C(A) SH gel [40]. However, because of the low CH content, 
most of the RGP in R20 was not activated in the pozzolanic reaction, 
which is consistent with the previous TG analysis results. 

4. Discussion 

4.1. Effect of RGP on LC3 performance 

The smooth surface and low water absorption of RGP can facilitate 
particle flow and increase the workability of the LC3. The slower in-
crease in the early strength of RGP-LC3 was due to the lower early ac-
tivity of RGP and the dilution effect. The test confirmed that the 
compressive strength of RGP-LC3 with a replacement amount of 10 % 
was similar to that of the control sample at 90 d. Previous research [26] 
reported that the hydration of the OPC system produces an amount of 
CH, which can be used for the pozzolanic reaction of RGP. As the curing 
time increases, the pozzolanic reaction can increase the strength of OPC 
in the later stage [43]. Unlike OPC systems, the CH content in LC3 is low. 
Considering the competition between metakaolin with high pozzolanic 
activity and RGP for CH, there may not be sufficient CH for RGP to be 
consumed in the later stage. Therefore, considering the mechanical 
properties of building materials, when the substitution amount of RGP in 
LC3 is maintained below 10 %, a mixture with similar mechanical 
properties and higher workability can be obtained. 

4.2. Sustainability 

4.2.1. Carbon emission assessment 
The increase in CO2 emissions is one of the leading causes of climate 

change. The production of cement clinker is a high energy- and carbon- 
intensive process. The LC3 design significantly reduces the use of the 
clinker phase and has the potential for rapid market integration. How-
ever, metakaolin, which is one of the LC3 materials, needs to be obtained 
by calcination of kaolin at 750 ◦C. This process leads to fuel consumption 
and greenhouse gas emissions. Performing the deep decarburization of 
LC3 on an existing basis is necessary. The RGP exhibited pozzolanic 
activity and has a low-carbon footprint. Using it as a partial replacement 
for LC3 is an effective way to reduce cement CO2 emissions further and 
improve environmental benefits. 

According to a previous study [44], CO2 emissions from concrete 
consist primarily of materials, material transportation, and concrete 
production. In the actual production process, the CO2 emissions caused 
by the transportation and production processes of the material are 
insignificant compared to the material itself. Therefore, this study 
focused on CO2 emissions generated by the materials themselves. 
Equation (1) was used to calculate the CO2 emissions of RGP-LC3 [44]. 

mCO2 =
∑n

ⅈ+1
(CO2i ×Mi) (1)  

where mCO2 represents the CO2 emission per 1 m3 of concrete (kg⋅CO2/ 
m3); CO2i represents the CO2 emission coefficient of various materials. 
The CO2 emission factors of OPC, LS, MK, and RGP are 0.863, 0.008, 
0.33 [45,46], and 0.02 [24,47,48] respectively, and Mi represents the 
mass of the various materials per unit volume (kg/m3), which can be 
calculated using Equation (2), where ρi is the material density. The 
masses of the materials per unit volume are listed in Table 3. 

Fig. 13. SEM-EDS of paste for 90 d.  

Table 3 
Mixture proportions of paste (kg/m3).  

Mix Unit Mass 

OPC LS MK RGP Water 

R0 580.13 158.22 316.43 0.00 632.87 
R10 519.45 141.67 283.33 104.94 629.63 
R20 459.38 125.28 250.57 208.81 626.42  
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∑4

i=1

Mi

ρi
= 1 (2) 

In addition, when using alternative materials to reduce CO2 emis-
sions, considering CO2 emissions per unit strength is necessary. The CO2 
emissions were normalized according to the 28 and 90 d compressive 
strengths using Equations (3) and (4). 

mCO2− SC =
mCO2

SC28
(3)  

mCO2− SC =
mCO2

SC90
(4)  

where mCO2-SC represents the CO2 emission per unit compressive 
strength (kg CO2/MPa); and SC28 and SC90 represent the compressive 
strengths of LC3 after cured for 28 d and 90 d, respectively. A summary 
of the analysis results is shown in Fig. 14. 

Firstly, Fig. 14(a) shows that the CO2 emissions per cubic meter of 
LC3 decreased as the substitution rate of RGP increased. Secondly, when 
evaluating at 28 d, the CO2 emissions of R0, R10, and R20 were 19.38, 
18.62, and 21.15 kg⋅CO2/MPa, respectively. R10 had the lowest emis-
sions, whereas R20 had the highest, as shown in Fig. 14(b). 

Despite having the lowest CO2 emissions per cubic meter R20 was 
unable to assist LC3 achieve emission reduction at 28 d considering the 
strength. This was due to the dilution effect and the reduction of clinker 
and metakaolin, which caused the loss of 28 d strength. Finally, when 
evaluating at 90 d, as shown in Fig. 14(c), the CO2 emissions per unit 
strength of R10 were further reduced to 16.42 kg⋅CO2/MPa. Notably, at 
90 d, R20 CO2 emissions reduced to 16.79 kg⋅CO2/MPa, which was 
lower than R0, 18.05 kg⋅CO2/MPa. The significant difference in the CO2 
emissions of R20 between 28 and 90 d was attributed to the contribution 
of the slow volcanic reaction of the RGP to the later strength. Referring 
to the later strength development and XRD and TG analyses of the hy-
dration products, the RGP could not be fully activated owing to insuf-
ficient CH and clinker reduction. Consequently, the final strength of R20 

was much lower than that of R10; therefore, the emission reduction 
effect was slightly lower than that of R10. The analysis confirmed the 
positive emission reduction benefits of RGP. The effective addition of 
RGP could further reduce CO2 emissions while ensuring the performance 
of LC3. 

The use of building materials is a long-term process. When evalu-
ating the CO2 emission per unit strength of materials, most experimental 
studies only consider the 28 d compressive strength. This method may 
result in the contribution of pozzolanic materials to the later strength 
and CO2 emission reduction being ignored. Therefore, the age of eval-
uation needs to be carefully selected. From the analysis in this study, 
future work is recommended to include a more reasonable evaluation of 
the 90 d compressive strength when the mixture slowly incorporates 
pozzolanic reactive materials such as RGP. 

4.2.2. Improvements to landfill 
Approximately 130 million tons of waste glass are produced annu-

ally, 75 % of which is in landfills. Every ton of waste glass landfilled 
occupies approximately 1.5 cubic meters of space [49]. Currently, the 
available land area is limited, and traditional landfill methods have 
exacerbated the land crisis. The environmental hazards of expanding 
landfills to the surrounding areas include the generation of highly 
polluted and toxic leachate, the subsequent disposal of which is chal-
lenging. Moreover, when leachate leaks, the pollution of groundwater 
and the soil environment is devastating. In addition, the hazardous gases 
produced during the waste degradation process severely affect the 
quality of life of the surrounding residents. 

Society is moving towards green sustainability, and the sustainable 
management of solid waste is an area of continuous research. Owing to 
the high demand for building materials in the construction industry, 
using waste glass as a building material is a suitable option for its quick 
disposal. Recycled materials are more competitive in regions where SCM 
and landfills have limited availability. For example, the method pro-
posed in this study uses RGP as a partial replacement for LC3. This 
approach can potentially lead to a significant consumption of waste 

Fig. 14. (A) CO2 emissions per 1 m3, (b) per 28 d strength, and (c) per 90 d strength.  
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glass in various regions, especially as LC3 gradually gains market share 
in the cement industry. 

5. Conclusion 

This study investigated and evaluated the effects of RGP as an 
alternative to SCM on LC3. The hydration, mechanical properties, 
product composition, and microstructure of LC3 were comprehensively 
analyzed at RGP substitution levels of 0, 10, and 20 %, and the sus-
tainability of the approach was assessed. The conclusions of the study 
are summarized below.  

(1) RGP helped improve the workability of LC3 and substitutions of 
10 and 20 % increase the flow diameter by 3.18 % and 8.02 %, 
respectively. The 90 d compressive strength at a 10 % substitu-
tion level was similar to that of the control sample. A further 
increase of 20 % was detrimental to strength.  

(2) With an increase in the substitution level, the hydration heat 
increased in the early stage and decreased in the later stage. The 
cumulative heat curve showed a cross effect at approximately 6 h. 
Owing to the reduction in the clinker and metakaolin, the 10 and 
20 % substitutions reduced the cumulative heat reduction of the 
mixture for 168 h to 7.57 % and 14.65 %, respectively.  

(3) The content of the hydration products (C(A) SH + AFt) decreased 
with increasing substitution amounts at 3 d. The content of hy-
dration products in the mixture containing 10 % RGP at 90 d was 
the same as that in the control samples, as determined by TG 
analysis. EDX analysis showed that the proportion of Si in the 
hydration products increased, whereas that of Ca decreased.  

(4) CO2 emissions per 1 m3 decreased from 606.46 kg⋅CO2/m3 to 
545.14 and 484.43 kg⋅CO2/m3 with an increase in substitution 
rate. The 10 % substitution resulted in the lowest CO2 emissions 
per MPa at 28 and 90 d. To avoid ignoring the contribution of the 
pozzolanic reaction, the 90 d strength should be used as the 
standard when evaluating the CO2 emissions of cement contain-
ing SCM in future studies.  

(5) Considering various factors, such as strength development, 
workability, and CO2 emissions, a 10 % substitution rate of RGP 
in LC3 is the optimal choice. At this substitution level, the mixture 
showed similar strength to the control sample, but with higher 
workability, lower heat of hydration, and lower carbon footprint. 
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