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A B S T R A C T

Using industrial waste in controlled low-strength material (CLSM) offers many benefits and ad-
dresses waste management issues. However, identifying optimal CLSM design while balancing 
environmental impacts and engineering properties poses a notable challenge. Herein, new alkali- 
activated CLSM formulations based on urban waste glass and red mud (RM) are proposed for the 
first time with systematic investigations into the material properties and sustainability. The 
formulations involve the ternary blends of slag, glass powder (GP) and RM as the binders and 
crushed glass as aggregate. Our observations show RM has a clay-like texture with complex 
crystalline phases rich in Al and Fe. Increasing the proportion of RM to GP notably decreases the 
flowability, extends the setting time and impairs the mechanical properties. Nevertheless, red 
mud demonstrates a crucial role of reducing bleeding level especially for the mixtures with high 
proportions of glass aggregate. The standard leachate tests as per toxicity characteristic leaching 
procedure (TCLP) show the heavy metals leached from the CLSM are below the concentration 
limits and exhibit low mobility. The microstructural and thermodynamic analyses reveal the 
precipitation of calcium-(sodium-)aluminosilicate hydrate (C-(N-)A-S-H) as the major binding 
material. The reactive Fe and Al in red mud most probably contribute to the formation of 
hydrogarnet phases. Moreover, the suggested CLSM formations typically exhibit reduced carbon 
emissions and lower costs compared to the traditional CLSM produced with cement and fly ash, 
underlining their environmental sustainability and cost-effectiveness. This study provides a po-
tential guideline for the flowable fill construction in the regions with bauxite producers.
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1. Introduction

Controlled low strength materials (CLSM), originally defined by the American Concrete Institute (ACI) Committee 229, have 
evolved into a group of versatile and functional construction materials with many alternative terminologies: controlled density fill, 
unshrinkable fill, flowable fill, flowable mortar, soil-cement slurry, plastic soil-cement, K-Krete and various other names [1–3]. The 
typical material properties for CLSM include the highly flowable, easily pumpable, self-compacting and self-leveling characteristics, 
and it is engineered to have a low compressive strength (less than 8.3 MPa), making it suitable for various applications where high 
strength is not a critical requirement [1,4]. In fact, the majority of present CLSM applications usually mandate compressive strengths of 
2.1 MPa or even lower. This reduced strength criterion is essential to favor potential future excavation of CLSM [5,6]. In general, CLSM 
is widely used as a backfill material in utility trenches and around structures because the high flowability makes it easy to fill voids and 
irregular spaces [1,7]. Its applications also involve embedding utility pipes and even filling abandoned underground structures (i.e., 
tunnels, tanks etc.) [8]. Table 1 summarizes the advantages of using CLSM in construction applications.

The typical formulations of CLSM involve a mix of several key ingredients (i.e., 8–20 wt% cement, 20–50 wt% fly ash, 20–40 wt% 
water, 30–60 wt% fine aggregate and chemical admixtures) to obtain the desired properties, while specific formulations can vary 
significantly based on different construction requirements [9]. To facilitate the utilization and sustainable disposal of waste, the 
outcomes of recent studies appear to justify industrial byproducts or waste from various industrial processes, depending on the 
physical and chemical properties, may be suitable for preparing and/or modifying CLSM [1,10]. However, when incorporating in-
dustrial waste into CLSM, it is crucial to implement thorough testing and assessment to ensure that the resulting mixture meets the 
required engineering specifications [11,12]. The proportions of industrial waste should be carefully managed and controlled to achieve 
the required performances in terms of workability, strength and durability ([11]; Siddique. 2009). In general, both the binders and 
aggregate can be potentially replaced by waste materials. For example, Kuo et al. [13] formulated CLSM by substituting 20 % of 
Portland cement with fly ash as the binder and incorporating waste oyster shell sand as the aggregate which effectively enhanced the 
resistance to sulfate attack. Naganathan et al. [4] investigated the CLSM prepared by cement, quarry dust and industrial waste 
incineration bottom ash. The results showed quarry dust decreased the water required for constant flow consistency and improved 
mechanical properties. Wu et al. [14] proposed integrating solid waste from paper mills into CLSM in which fly ash served as a 
replacement for cement, bottom ash was introduced by partially substituting fine aggregate, and paper sludge functioned as a fibrous 
admixture.

In recent years, the clinker-free alkali-activated material (AAM) (or sometimes called geopolymer) has been investigated as the 
sustainable alternative biner which can possibly replace the energy-intensive Portland cement [15–17]. The process of synthesizing 
AAM generally entails the alkali-activation of aluminosilicate precursor materials, typically sourced from industrial byproducts [18]. 
The commonly utilized raw materials include class C and class F fly ash, slag and metakaolin. In recent years, more materials such as 
waste glass, red mud, palm oil fuel ash, natural pozzolan, etc. have also been investigated [19–23]. AAM has demonstrated superior 
durability properties and comparable compressive strength when compared to ordinary Portland cement (OPC) [18,24,25].

The development of AAM appears to show its potential application in CLSM for enhanced environmental friendliness and waste 
utilization. In this study, we propose a new OPC-free and cost-effective formulation of CLSM using alkali-activated ternary blends of 
ground granulated blast-furnace slag, waste glass powder and red mud as the binding material. In the formulation, red mud, 
increasingly referred to as bauxite residue, is an industrial waste produced in the processing of bauxite into alumina through the Bayer 
process [26]. The glass powder was produced by crushing urban waste glass which has long been listed as a common municipal solid 
waste (MSW) [27]. Natural fine aggregate in the CLSM is replaced by crushed waste glass cullet. The specific effects of each ingredient 
on the engineering properties of CLSM are systematically discussed. The reasons for selecting these three precursor materials are 
threefold: (1) the hydration of blast-furnace slag as the high calcium precursor is known to facilitate the hardening of AAM at ambient 
temperature, which is essential to CLSM [28]; (2) urban waste glass, regardless of its source, has a stable chemical composition (~70 % 
amorphous SiO2), and the incorporation of 0–50 % glass powder into alkali-activated slag does not significantly impair the 
compressive strength [29]; [30]; (3) The improper disposal of these three materials poses a huge threat to environment. Typically, the 

Table 1 
Advantages of using CLSM in construction applications.

Advantages of CLSMs Description References

Ease of placement The self-compacting and flowable attribute of CLSM simplifies the placement process, reducing the need for 
extensive compaction efforts.

[1,63]

Labor savings, time efficiency and 
cost-effectiveness

The self-leveling properties of CLSM minimize the need for manual labor during placement, contributing to 
reduced labor requirements, construction timeline and cost.

[1,64]

Improved soil stabilization and 
reduced settlement

CLSM can enhance soil stability when used as backfill. It provides support to underground structures, reduces 
settlement, and helps prevent soil erosion.

[65,66]

Consistent material properties CLSM can be engineered with consistent material properties, ensuring uniformity and reliability in civil 
engineering applications.

[67]

Reduced environmental impact The use of CLSM minimizes the need for excessive excavation and replacement of soil, reducing the 
environmental impact associated with traditional backfill methods.

[5]

Adaptable mix designs The mix designs can be tailored to meet specific project requirements, allowing for flexibility in engineering 
applications.

[1,3]

Waste utilization and sustainable 
construction

Incorporating fly ash and other possible waste into CLSM mixtures contributes to waste utilization and 
sustainable and environmentally friendly construction practices.

[1,11];
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value-added large-scale utilization of red mud is still a big challenge due to its alkaline nature and the presence of various chemicals. 
Therefore, this study can potentially contribute to the waste management and the production of environmentally friendly CLSM for 
sustainable construction.

2. Materials and experimental procedures

2.1. Materials

The cement-free alkali-activated CLSM mixtures were prepared using four industrial byproducts and waste: ground granulated 
bast-furnace slag (SG), crushed glass powder (GP) and red mud (RM) from two different sources (labeled as RM1 and RM2). The SG, 
RM1 and RM2 were sourced from China (i.e., Leijiang Co., Ltd. in Hebei, Xinfa Group in Shandong and Xinkuangyuan Co., Ltd. in 
Guizhou, respectively). The GP was produced by crushing local waste glass containers using a ball mill, and the detailed procedures are 
described in our previous studies [29,31]. Sine the majority of glass commodities worldwide are made of soda-lime glass, the chemical 
composition of GP is fairly stable according to previous studies [19,20]. A commercial sodium hydroxide in pellet form (purity >98 %, 
Fisher Scientific) was dissolved in Milli-Q water to make NaOH solution as the alkaline activator. Two types of fine aggregate were used 
in this study including crushed glass aggregate (GA) and virgin aggregate (VA). Fig. 1(a–b) illustrate the particle size distributions of all 
the raw materials and the gradation of fine aggregate.

Table 2 summarizes the oxide compositions of the four materials determined by X-ray fluorescence (XRF). Both RM1 and RM2 are 
rich in Al2O3 and Fe2O3, which is different from other common byproducts used in cementitious materials. The results also indicate 
that red mud sourced from different places may have very different chemical compositions. Fig. 2(a–h) depict the microstructure and 
mineralogical compositions of the raw materials by scanning electron microscopy (SEM), X-ray diffraction (XRD) and thermogravi-
metric analysis (TG). The detailed experimental procedures are described in section 2.3. Based on the SEM micrographs, smooth 
surfaces could be found in GP, and both GP and SG particles showed irregular shapes (Fig. 2a–d). RM1 and RM2 appeared to have much 
finer particles. The XRD patterns of GP and SG showed the presence of amorphous phase (indicated by the diffuse peak) which is 
responsible for the hydration and hardening upon alkali-activation [17,32] (Fig. 2e). Some typical minor phases such as calcite, quartz, 
gehlenite etc. were also found in SG. By careful examinations, the XRD patterns of RM1 and RM2 exhibited much more complicated 
Al2O3- and Fe2O3-rich crystalline phases such as boehmite, corundum and hematite (Fig. 2f). Also, the results suggested that RM 

Fig. 1. (a) Particle size distributions of the raw materials and (b) gradation of fine aggregate.

Table 2 
Oxide compositions of SG, GP, RM1 and RM2 by XRF.

Oxide components SG GP RM1 RM2

 Wt.% SD Wt.% SD Wt.% SD Wt.% SD
Na2O 0.041 0.002 5.828 0.340 7.585 0.214 2.890 0.160
MgO 6.424 0.380 0.988 0.085 0.247 0.048 1.560 0.085
Al2O3 8.296 0.334 2.087 0.083 23.839 0.414 20.423 0.307
SiO2 29.190 1.077 74.589 0.723 26.871 1.453 19.000 0.742
P2O5 0.044 0.002 0.055 0.023 0.570 0.007 0.288 0.003
SO3 2.446 0.048 0.360 0.005 0.625 0.004 1.350 0.020
K2O 0.425 0.014 0.438 0.018 0.075 0.004 0.990 0.015
CaO 51.239 1.004 14.468 0.333 1.678 0.009 21.083 0.064
TiO2 0.687 0.019 0.104 0.004 7.010 0.101 4.679 0.033
Cr2O3 0.007 <0.001 0.003 <0.001 0.176 0.005 0.062 0.001
Mn2O3 0.224 0.009 0.018 <0.001 0.315 0.009 0.050 0.002
Fe2O3 0.762 0.030 0.946 0.030 30.840 0.777 27.379 0.286
ZnO – – 0.004 <0.001 0.012 0.001 0.003 <0.001
SrO 0.065 0.003 0.062 0.002 0.045 0.002 0.151 <0.001

Note: SD = standard deviation.
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Fig. 2. SEM micrographs, XRD patterns and TG analyses of the raw materials (SG, GP, RM1 and RM2.
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originating from different locations can exhibit significantly varied mineralogical compositions. In this study, the RM2 had several 
distinct phases including magnetite, kaolinite, perovskite and SrTiO3. The TG results suggested SG and GP were nearly stable under 
high temperatures (Fig. 2g). The slight drop of SG between 50 ◦C and 200 ◦C might indicate a tiny amount of hydration products 
(C-(N-)A-S-H) formed due to the reaction between SG and the moisture in the air. By contrast, both RM1 and RM2 underwent 
decomposition and showed continuous mass loss under high temperatures, indicating the presence of complicated hydrous minerals 
consistent with the data reported by Wang and Liu [33] (Fig. 2h). The mass loss of RM1 between 50 ◦C and 200 ◦C was very similar to 
the performance of C-S-H in OPC, and the mass losses from 200 ◦C to 575 ◦C deserve more careful investigations. The mass loss of RM2 
between 650 ◦C and 800 ◦C was attributed to the calcite phase which agreed with the sharp calcite peak in the XRD pattern (Fig. 2f).

2.2. Mixture design

Table 3 summarizes the formulations of all the CLSM mixtures. Generally, the mixing procedures started with the pre-blending of 
solid precursor materials and fine aggregate, followed by adding alkaline activator (NaOH solution) and then additional water to adjust 
workability. A Hobart mixer was employed for the mixing compliant to ASTM C305 standard. To be specific, the ternary blends of SG, 
GP and RM1 (or RM2) were activated by 5 % Na2O (by total mass of the precursors) to form the binders. This step was achieved by 
adding NaOH solution to the blends while the equivalent Na2O content was strictly controlled. The binder-to-aggregate mass ratio was 
controlled at 1 : 2.25 in this study. The water-to-binder mass ratio was adjusted by adding additional water to different mixtures to 
meet the high flow consistency requirements for CLSM (i.e., 200 mm in terms of the ACI 299). Here, different water contents were used 
considering flowability should be prioritized, although a higher water-to-binder ratio may imply a lower compressive strength of the 
mixture.

2.3. Experimental procedures

Following the mixing stage, the flowability of the fresh CLSM was promptly assessed through the flow consistency test in 

Table 3 
Formulations of the CLSM. RM1 incorporated mixtures are shown in the shaded area. The water-to-binder ratio was adjusted by the flow consistency 
requirements for CLSM.

Mix No. SG: GP: RM (by mass) Precursor mass percentage in the solid 
components (%)

VA: GA (by mass) Aggregate mass 
percentage (%)

Water-to-binder ratioa

SG + Na2O GP RM1 RM2 VA GA

1 40 %: 60 %: 0 % 13.2 17.5 – – 100 %: 0 % 69.2 – 0.65
2 40 %: 60 %: 0 % 13.2 17.5 – – 50 %: 50 % 34.6 34.6 0.65
3 40 %: 60 %: 0 % 13.2 17.5 – – 0 %: 100 % – 69.2 0.65
4 40 %: 48 %: 12 % 13.2 14.0 3.5 – 100 %: 0 % 69.2 – 0.75
5 40 %: 48 %: 12 % 13.2 14.0 3.5 – 50 %: 50 % 34.6 34.6 0.75
6 40 %: 48 %: 12 % 13.2 14.0 3.5 – 0 %: 100 % – 69.2 0.75
7 40 %: 48 %: 12 % 13.2 14.0 – 3.5 100 %: 0 % 69.2 – 0.7
8 40 %: 48 %: 12 % 13.2 14.0 – 3.5 50 %: 50 % 34.6 34.6 0.7
9 40 %: 48 %: 12 % 13.2 14.0 – 3.5 0 %: 100 % – 69.2 0.75
10 40 %: 36 %: 24 % 13.2 10.5 7.0 – 100 %: 0 % 69.2 – 0.80
11 40 %: 36 %: 24 % 13.2 10.5 7.0 – 50 %: 50 % 34.6 34.6 0.80
12 40 %: 36 %: 24 % 13.2 10.5 7.0 – 0 %: 100 % – 69.2 0.85
13 40 %: 36 %: 24 % 13.2 10.5 – 7.0 100 %: 0 % 69.2 – 0.75
14 40 %: 36 %: 24 % 13.2 10.5 – 7.0 50 %: 50 % 34.6 34.6 0.75
15 40 %: 36 %: 24 % 13.2 10.5 – 7.0 0 %: 100 % – 69.2 0.80
16 40 %: 24 %: 36 % 13.2 7.0 10.5 – 100 %: 0 % 69.2 – 0.87
17 40 %: 24 %: 36 % 13.2 7.0 10.5 – 50 %: 50 % 34.6 34.6 0.90
18 40 %: 24 %: 36 % 13.2 7.0 10.5 – 0 %: 100 % – 69.2 0.90
19 40 %: 24 %: 36 % 13.2 7.0 – 10.5 100 %: 0 % 69.2 – 0.80
20 40 %: 24 %: 36 % 13.2 7.0 – 10.5 50 %: 50 % 34.6 34.6 0.85
21 40 %: 24 %: 36 % 13.2 7.0 – 10.5 0 %: 100 % – 69.2 0.85
22 40 %: 12 %: 48 % 13.2 3.5 14 – 100 %: 0 % 69.2 – 1.03
23 40 %: 12 %: 48 % 13.2 3.5 14 – 50 %: 50 % 34.6 34.6 1.05
24 40 %: 12 %: 48 % 13.2 3.5 14 – 0 %: 100 % – 69.2 1.05
25 40 %: 12 %: 48 % 13.2 3.5 – 14 100 %: 0 % 69.2 – 0.92
26 40 %: 12 %: 48 % 13.2 3.5 – 14 50 %: 50 % 34.6 34.6 0.95
27 40 %: 12 %: 48 % 13.2 3.5 – 14 0 %: 100 % – 69.2 0.95
28 40 %: 0 %: 60 % 13.2 – 17.5 – 100 %: 0 % 69.2 – 1.22
29 40 %: 0 %: 60 % 13.2 – 17.5 – 50 %: 50 % 34.6 34.6 1.25
30 40 %: 0 %: 60 % 13.2 – 17.5 – 0 %: 100 % – 69.2 1.25
31 40 %: 0 %: 60 % 13.2 – – 17.5 100 %: 0 % 69.2 – 0.95
32 40 %: 0 %: 60 % 13.2 – – 17.5 50 %: 50 % 34.6 34.6 0.95
33 40 %: 0 %: 60 % 13.2 – – 17.5 0 %: 100 % – 69.2 1.00

a The water to binder ratios corresponding to 69.2 % VA were used for the binder assessment.
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accordance with ASTM D6103. A standard steel cylinder for the test measuring 150 mm in height and 75 mm in inner diameter was 
filled with fresh CLSM specimens and positioned on level ground. Subsequently, the cylinder was elevated in a vertical direction, and 
the resulting spread diameter of the CLSM was measured and recorded as its flowability (mm). Incrementally increased water-to- 
binder ratios were applied to each CLSM specimen until the achieved flowability values reached 200 mm or slightly exceeded this 
threshold. Afterwards, the selected fresh CLSM specimens were subjected to the tests of bleeding (ASTM C940) and initial setting time 
(ASTM C430).

The fresh CLSM specimens with the required flowability were cast in 100 mm × 200 mm and 150 mm × 300 mm cylindrical plastic 
molds, respectively and cured at 25 ◦C and relative humidity >95 %. Unconfined compressive strength was measured using the 100 
mm × 200 mm specimens at 28 d according to ASTM D4832. The 28-d splitting tensile strength was performed on the selected 
specimens (150 mm × 300 mm cylinders) in terms of ASTM C496/C496M. A constant loading rate of 1.0 MPa/min was applied until 
failure of specimen. The splitting tensile strength (T) was calculated as Eq. (1). 

T=
2P

πDL
(1) 

Where P: maximum applied load (N); D: diameter (mm) of the cylindrical specimen and L: length (mm) of the cylinder.
Slake durability index (SDI) tests were performed as per ASTM D4644 to simulate exposure of the CLSM to nature’s continual 

wetting and drying cycles. After the strength test, the fragments (~50 g) of the CLSM were collected and oven-dried, and the dust was 
brushed off the fragments. Then, the specimens were soaked in water and rotated in a drum at 20 rpm for 10 min. When the rotation 
was complete, the fragments were oven-dried again, and this process was repeated for two consecutive cycles. The weight of the 
specimens retaining on a 2-mm sieve after the whole process was used to characterize the SDI (Eq. (2)) 

SDI=
Wf − C
Wi − C

× 100% (2) 

Where Wf : mass (g) of drum and oven-dried specimens after rotation; C: mass (g) of drum and Wi: mass (g) of drum and oven-dried 
specimens before the first cycle.

Leachate test was performed as per toxicity characteristic leaching procedure (TCLP) EPA method to assess the toxic elements 
coming from the CLSM, simulating the conditions of a landfill by subjecting a waste sample to a series of extraction procedures using an 
acidic solution. This is done to determine the amount of specific toxic constituents that could potentially leach out of the waste and 
contaminate groundwater or soil if disposed of in a landfill. The raw materials (SG, GP, RM1 and RM2) and the alkali-activated binding 
materials (without aggregate) after curing for 28 days were used in the experiment, and the hydrated binders were ground into powder 
(passing No. 100 sieve). The oven-dried powder specimens were mixed with unbuffered acetic acid solution (pH 2.88 ± 0.05) (solid-to- 
liquid ratio = 1 : 20) in a beaker which was placed at 25 ◦C and periodically agitated by a magnetic stirrer for 18 h. Afterwards, the 
obtained solution was filtered and diluted by 5 % HNO3. The toxic metals in the diluted solution was tested by Inductively coupled 
plasma mass spectrometry (ICP-MS). The original concentration was calculated using the dilution factor and the measured ion con-
centration of the diluted solution. The average value of three test results was taken as the final result.

To analyze the hydration products in the CLSM, the binder in each mixture was subjected to X-ray diffraction (XRD), thermog-
ravimetric (TG) analysis, Fourier-transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) with energy 
dispersive X-ray spectroscopy (EDS) analysis. The XRD was implemented by Empyrean X-ray diffractometer generating Cu Kα X-ray (λ 
= 1.54 Å) under the working conditions of 40 kV and 40 mA, and each scan (from 5◦ to 90◦ (2θ)) took around 30 min to complete. TG 
was performed using PerkinElmer 400 thermogravimetric analyzer. For each measurement, approximately 30 mg powder specimen 
was heated from 25 ◦C to 950 ◦C in a crucible at a rate of 15 ◦C/min in the N2 gas environment. FTIR was conducted by PerkinElmer 
Frontier, and the spectra from 500 cm− 1 to 2500 cm− 1 were collected to assess the evolution of molecular bonds. SEM-EDS was 
performed using NOVA 230 NanoSEM, and backscattered imaging (BSE) mode was used to analyze the epoxy impregnated bulk CLSM 
binders after being polished.

2.4. Thermodynamic modeling

In addition to the experiments, Gibbs free energy minimization principle was used to study the phase equilibrium of the reaction 
process [34]. Typically, the hydration process of AAMs involve the chemical equilibrium between the aqueous and solid phases 
governed by thermodynamics. GEM-Selektor with PSI/Nagra and CEMDATA 18.01 database was utilized to simulate the hydration of 
the CLSM binders at 25 ◦C and one atmospheric pressure across different RM reactivities (0%–30 %) [34]. The reactivities of SG and GP 
were assumed to be 50 % [29]. The Truesdell-Jones form of the extended Debye-Hückel equation (Eq. (3)) was used to determine the 
activity coefficients of the aqueous species in the simulation. 

log10γi = − Az2
i

( ̅̅
I

√

1 + Bao
i

̅̅
I

√

)

+ biI (3) 

In Eq. (3), γi and zi are the activity coefficient and valence of the ion i; I represents the ionic strength of the aqueous phase; A and B 
are temperature- and pressure-dependent coefficients; ao

i = 3.31Å and bi = 0.098 are the semi-empirical ionic-specific parameters to 
simulate a NaOH-dominated solution.
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3. Results and discussion

3.1. Flow consistency and fresh density

Fig. 3(a–f) depict the flowability results of the fresh CLSM specimens across water-to-binder mass ratio, RM (wt.%) and GA (wt.%). 
The extensive investigation of flowability was conducted in this study also for the purpose of determining the suitable water-to-binder 
mass ratio for each mixture (Table 3). For all the RM1 and RM2 mixtures, the measured flowability decreased with increasing dosage of 
RM (see Fig. 3a–f), indicating the addition of RM was detrimental to the workability of fresh CLSM. This is probably due to the clay-like 
texture and much smaller particle size of RM (Fig. 1a). The selected mixtures at a fixed w/b = 0.75 were shown as an example in Fig. 4 
(a), indicating when the RM weight percentage increased from 0 % to 60 %, the flowability of RM1 and RM2 mixtures decreased from 
235 mm to 78 mm and 235 mm–115 mm, respectively. Such a sharp decrease implies more mixing water is needed to achieve the 
required flowability value (200 mm) for CLSM. In comparison, the influence of the aggregate type was much smaller, and it appears 
that the incorporation of GA only slightly decreased the flowability (Fig. 4b). In general, the influence of crushed glass aggregate on the 
workability of cementitious materials is controversial and appears to be related to the aggregate gradation [19,35,36]. This study 
showed that the fine glass aggregate with the representative size distribution shown in Fig. 1 (b) tended to decrease the workability 
probably because the irregular surfaces of GA made the materials harder to flow. According to the results (Fig. 3a–f), however, it is 

Fig. 3. Flowability values of the fresh CLSM across water/binder mass ratio, RM (wt.%) and GA (wt.%): (a) RM1 mixtures with 0 % GA, (b) RM1 
mixtures with 50 % GA, (c) RM1 mixtures with 100 % GA, (d) RM2 mixtures with 0 % GA, (e) RM2 mixtures with 50 % GA and (f) RM2 mixtures 
with 100 % GA.

Fig. 4. Effects of (a) RM content and (b) GA content on the flowability of CLSM mixtures at a fixed w/b = 0.75.
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clear that all CLSM formulations could obtain the desirable flowability by adding additional mixing water.
Fig. 5(a–b) show the fresh density results of both RM1 and RM2 mixtures. In general, the fresh density is highly related to the 

density of each component in the mixture. Since the water-to-binder ratios also varied in the prepared CLSM, the trend of fresh density 
here is more complicated. As shown in Fig. 5(a–b), the density of both types of mixtures decreased with increasing dosage of RM, and 
the trend was much more significant for the RM1 specimens. The observed results were mostly attributed to the increasing water-to- 
binder ratio as the RM content increased, which significantly reduced the fresh density. Also, a decrease in density could be observed as 

Fig. 5. Fresh density results of (a) RM1 and (b) RM2 mixtures across the RM (wt.%) by mass of binder and GA (wt.%) by mass of aggregate.

Fig. 6. Bleeding (%) of (a) RM1 and (b) RM2 mixtures across the RM (wt.%) by mass of binder and GA (wt.%) by mass of aggregate.

Fig. 7. Initial setting time of (a) RM1 and (b) RM2 mixtures across the RM (wt.%) by mass of binder and GA (wt.%) by mass of aggregate.
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the GA (wt.%) increased, indicating a lower density of GA than that of VA could contribute to a lower fresh density.

3.2. Bleeding

Bleeding is quantified as a percentage, calculated by dividing the volume of bleed water (i.e., excessive water released to the top 
surface) by the initial volume of the CLSM mixture. As shown in Fig. 6(a–b), the bleeding results for all the mixtures ranged from 0 % to 
7 % and were sensitive to the CLSM ingredients. Most mixtures achieved a bleeding value smaller than 5 %, which conformed to the 
bleeding requirements and could be considered as the stable CLSM formulations [5]. According to the results, the bleeding level 
decreased significantly with increasing RM content. While a larger percentage of GA caused more serious bleeding, the influence was 
much less significant. It should be noted that the RM-free mixtures were not compliant to the bleeding requirement of CLSM, high-
lighting the role of both RM contributing to a more stable CLSM mixture during the fresh state.

3.3. Initial setting time

Fig. 7(a–b) show the initial setting time of all the CLSM mixtures. Although both RM1 and RM2 contributed to a lower bleeding 
level, an increasing amount of RM1 or RM2 always led to a more delayed setting based on the results. Previous studies of AAMs 
suggested that setting time was more related to the calcium content in the binding materials, since calcium compounds have been 
investigated as the nucleation sites for the hydration products of AAMs [37,38]. In terms of the XRF results, GP, RM1 and RM2 had a 
CaO content up to 14.468 %, 1.678 % and 21.083 %, respectively (Table 2). Therefore, a higher mass percentage of RM1 over GP 
definitely resulted in a lower Ca content and hence the longer setting time. Interestingly, the mixture with a higher RM2 content also 
showed a more delayed setting, although the CaO content increased. The possible reason is that the Ca in RM2 was mostly in the form 
of crystalline phases (e.g., calcite, perovskite etc.), the function of which was not comparable to that of the Ca in the form of network 
modifiers in amorphous GP. In addition, it was found that the use of GA also caused a longer setting time, but again, the influence of 
aggregate was much smaller.

Fig. 8. 28-d unconfined compressive strength results of (a) RM1 and (b) RM2 mixtures across the RM (wt.%) by mass of binder and GA (wt.%) by 
mass of aggregate. 0.5 MPa is considered as the lowest strength required for pedestrian traffic. (c) Correlation between unconfined compressive 
strength and water-to-binder ratio.

Fig. 9. 28-d splitting tensile strength results of (a) RM1 and (b) RM2 mixtures across the RM (wt.%) by mass of binder and GA (wt.%) by mass of 
aggregate. (c) Linear correlation between unconfined compressive strength and splitting tensile strength.
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3.4. Mechanical properties

Fig. 8(a–b) depict the unconfined compressive strength results of all the prepared CLSM specimens. Different from OPC, the hy-
dration of AAMs generates Na and Al incorporated calcium-(sodium) aluminosilicate hydrate (C-(N-)A-S-H) and sodium- 
aluminosilicate hydrate (N-A-S-H) which function as the major strength-giving and binding materials [18,39]. In this study, the hy-
dration of the ternary blends (i.e., SG, GP and RM) was involved, and the measured strengths were in the range of 0.04 MPa–2.69 MPa, 
below the upper bound limit for CLSM (i.e., ~8.3 MPa) [1,4]. It should be noted that the strengths were generally much lower than 
those of many reported AAMs because (i) the specimens were cured at ambient temperature, and (ii) much higher water-to-binder 
ratios were used to ensure the flowability and self-leveling properties of the CLSM. It was interesting to see the RM-free specimens 
still yielded the highest compressive strength while the bleeding potential was high (Fig. 6a–b). When RM content is lower than 36 % 
(by mass of binder), most specimens achieved a strength higher than 0.5 MPa which is the minimum strength required for pedestrian 
traffic [14]. In terms of the formulations, significant trends are evident: for both RM1 and RM2 mixtures, the compressive strength 
decreased with increasing percentage of RM and GA. However, the strength was actually more related to the water-to-binder ratio (see 
Fig. 8c) since a higher water content results in a higher porosity in cementitious materials, thereby impairing the mechanical properties 
[40]. The addition of RM reduced the flowability, and a considerably more water was required for the CLSM preparation, which might 
be the major reason for the strength reduction as the RM content increased.

Fig. 9(a–b) show the splitting tensile strength of the CLSM specimens after 28 days of curing, potentially reflecting the CLSM’s 
resistance to cracking, shrinkage and thermal stresses. The results of the mixtures with over 36 % RM by mass of binder were not shown 
because the measured strengths were too low (~10 KPa) with high uncertainty. It can be seen that the splitting tensile strength ranged 
from 0.52 MPa to 0.01 MPa, and the trends were similar to those of the compressive strength suggesting a higher RM or GA content 
always yielded a lower splitting tensile strength. It appears that the use of GA significantly impaired the tensile strength, which could 
be attributed to a much lower adhesion between glass cullet and the binders [39]. As shown in Fig. 9 (c), a fair linear correlation can be 
established between the compressive strength and splitting tensile strength (Eq. (4)) 

ft =0.2164 × fc − 0.1135 (4) 

Where, ft: splitting tensile strength (MPa); fc: unconfined compressive strength (MPa).

3.5. SDI test

Fig. 10(a–b) depict the SDI test results of all the CLSM specimens. In general, SDI can assess the susceptibility of a rock- or soil-like 
material to disintegrate upon exposure to water, and the materials with low SDI values are more susceptible to weathering. The 
performance after two consecutive cycles of SDI test can be classified as “high” (SDI = 95 %–100 %), “medium-high” (SDI = 85 %–95 
%), “medium” (SDI = 60 %–85 %) and “low” (SDI <60 %) [41,42]. As shown in Fig. 8(a–b), the SDI results ranged from 42.1 % to 96.0 
%, and the SDI generally decreased with increasing RM and GA contents. When the RM content was low (<~36 % for RM1 mixtures 
and < ~48 % for RM2 mixtures), the SDI values maintained at high and medium-high levels and were not very sensitive to the 
components of the CLSM. However, significant reduction in SDI could be observed if the RM content further increased. Fig. 10 (c) 
shows the correlation between the unconfined compressive strength and SDI results, suggesting the SDI was much more sensitive for 
the mixtures with lower strength values (<1 MPa). For the higher-strength mixtures (>1 MPa), the SDI values were similar and stayed 
at higher level. Therefore, the produced CLSM with a very high RM content should be carefully managed and may not be used for the 
construction of long-term infrastructure.

3.6. Toxic metal mobility

The TCLP hazardous waste limit and the US drinking water standard were used to compare with the measured results [43,44]. To 

Fig. 10. Slake durability index (%) of (a) RM1 and (b) RM2 mixtures across the RM (wt.%) by mass of binder and GA (wt.%) by mass of aggregate. 
(c) Correlation between unconfined compressive strength and slake durability index (%).
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set a baseline, the concentrations of metals leached from the raw materials (i.e., SG, GP, RM1 and RM2) were tested. As shown in 
Table 4, SG and GP generally had much lower mobile heavy metals than those of RM1 and RM2. Also, RM1 had the highest chromium 
concentration up to 1.74 ppm, and the second highest concentration was found to be lead (0.74 ppm in RM1 and 0.81 ppm in RM2). 
The leachates of SG, RM1 and RM2 under the TCLP conditions did not meet the requirements for the US drinking water standard. 
However, the results suggest the toxic metals of all the raw materials were not readily mobile with the measured concentrations below 
the TCLP hazardous waste limit (Table 4). The possible explanation is that most of the toxic elements are present in stable crystalline 
phases as evidenced by the XRD patterns (Fig. 2b).

Tables 5 and 6 summarize the metal concentrations in the leachate of the hardened RM1 and RM2 binders. It can be seen that even 
smaller concentrations of toxic metals were detected after the alkali-activation of the raw materials. It is expected to be attributed to 
the immobilization of ions in the hydrated products (i.e., C-(N-)A-S-H, zeolitic phases etc.) [45,46]. Also, the hydration products 
around the waste material particles might form a diffusion barrier to impede the further dissolution of the grains [47]. Although the 
standard test method revealed that the CLSM leachate might not cause serious environmental issues, the long-term leaching test under 
different pH and temperatures and the presence of radionuclides still deserve more investigation.

3.7. Phase assemblages of the reaction products

Fig. 11(a–b) show the XRD diffractograms of the binders in RM1 and RM2 mixtures after the curing for 28 d. Upon alkali-activation, 
the aluminosilicate raw materials are dissolved, and then the aqueous Ca, Na, Si and Al species will form new hydration products to 
glue the particles together and enhance the mechanical properties over time [48]. Similar to other reported AAMs, the XRD patterns of 
the SG-GP-RM-based binders show the C-(N-)A-S-H peak at around 29.5◦ (2θ) which resembles the poorly crystalline riversideite-type 

Table 4 
Toxic metals present in the leachate of raw materials.

Heavy metals SG (ppm) GP (ppm) RM1 (ppm) RM2 (ppm) TCLP hazardous waste limit (ppm) US drinking water standard (ppm)

As 0.07 <0.01 <0.01 <0.01 5 0.01
Be <0.01 <0.01 0.08 <0.01 0.1 0.004
Cd 0.02 <0.01 0.05 0.04 1 0.005
Cr 0.14 <0.01 1.74 0.09 5 0.1
Hg <0.01 <0.01 <0.01 <0.01 0.2 0.002
Ni 0.06 <0.01 0.09 0.14 7 –
Pb 0.18 <0.01 0.74 0.81 5 0.015
Se <0.01 <0.01 0.02 0.02 1 0.05
Sb <0.01 <0.01 <0.01 <0.01 1 0.006

Table 5 
Toxic metals present in the leachate of RM1 binders.

Heavy 
metals

0 % 
RM1

12 % 
RM1

24 % 
RM1

36 % 
RM1

48 % 
RM1

60 % 
RM1

TCLP hazardous waste limit 
(ppm)

US drinking water standard 
(ppm)

As <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 5 0.01
Be <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.1 0.004
Cd <0.01 <0.01 <0.01 <0.01 0.01 0.01 1 0.005
Cr 0.01 0.02 0.16 0.21 0.37 0.45 5 0.1
Hg <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.2 0.002
Ni <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 7 –
Pb 0.04 0.03 0.07 0.08 0.17 0.16 5 0.015
Se <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 1 0.05
Sb <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 1 0.006

Table 6 
Toxic metals present in the leachate of RM2 binders.

Heavy 
metals

0 % 
RM2

12 % 
RM2

24 % 
RM2

36 % 
RM2

48 % 
RM2

60 % 
RM2

TCLP hazardous waste limit 
(ppm)

US drinking water standard 
(ppm)

As <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 5 0.01
Be <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.1 0.004
Cd <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 1 0.005
Cr 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 5 0.1
Hg <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.2 0.002
Ni <0.01 <0.01 0.01 <0.01 0.02 0.02 7 –
Pb 0.04 0.05 0.05 0.12 0.17 0.26 5 0.015
Se <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 1 0.05
Sb <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 1 0.006
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C–S–H [29]. These C-(N-)A-S-H peaks generally overlapped with the calcite peaks present in the raw materials (Fig. 2e–f). Mg-Al 
layered double hydroxide (LDH) as a common secondary hydration product of slag was found at around 11.5◦ (2θ). Most of the Fe- 
and Al-rich phases in RM (hematite, magnetite, boehmite etc.) were embedded in the final reaction products in the same crystalline 
forms probably functioning as the inert fillers in the skeleton.

Fig. 11(c–d) depict the TG results of the binders in this study. Generally, the hydration products in cementitious materials can be 
distinguished by TG due to the different inherent decomposition temperatures. For the RM-free binders, (C-(N-)A-S-H exhibited 
degradation in the temperature range of 100–200 ◦C, and the Mg-Al-LDH phases typically underwent degradation at temperatures 
ranging from 200 to 450 ◦C, which is in good agreement with the previous studies [29,49]. The mass drops after 500 ◦C were associated 
with the carbonate phases present in the binders [50]. Here the alkali-activated binder based on GP and SG show the similar TG curve 
in agreement with the previous studies, suggesting the existence of the typical hydration products in AAMs [29,51]. However, by the 
TG analyses, it appeared to be very challenging to single out the contribution of RM to the hydration processes in the RM-dosed binders 

Fig. 11. XRD, TG and FTIR results of the RM1 and RM2 binders.
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considering the significant decomposition of unreacted RM under high temperatures (Fig. 2h). Here only the results of RM2 binders 
seemed to justify the contribution of RM2 to the formation of C-(N-)A-S-H phases, since the mass loss of the raw RM2 between 50 ◦C 
and 200 ◦C was small while the addition of RM2 slightly increased the amount of C-(N-)A-S-H (Fig. 11d).

Fig. 11(e–f) depict the FTIR spectra of the hardened RM1 and RM2 binders. All the spectra showed the distinct bending vibrations of 
the T–O–T bonds (T = Si or Al) as the main band at round 983 cm− 1 – 931 cm− 1, suggesting the formation of the typical high-calcium C- 
(N)-A-S-H phases in AAMs [39,52]. Interestingly, as the RM1 content increased, the T–O–T signals shifted to higher frequencies (960 
cm− 1 to 983 cm− 1) while a higher RM2 content tended to lower the band frequency (965 cm− 1 to 931 cm− 1) (Fig. 9e–f). In general, the 
shift of the main band to a lower frequency indicates the de-polymerisation of SiO2 network and the incorporation of Al3+ ions with the 
charge balanced by the network modifiers (i.e., Ca2+ and Na + etc.). Therefore, the results here might suggest RM2 was more reactive 
than RM1, providing more Al incorporated into the silica network. The signal at round 809 cm− 1 was ascribed to the symmetrical 
stretching vibrations of the O-Si-O bonds [70]. The weak vibration brand located at around 1637 cm− 1 was attributed to the bending 
vibrations of hydroxy groups adsorbed on the hydration products AAMs [53]. In addition, the spectra also included the signals cor-
responding to other secondary phases. For example, the bands located at about 1436 cm− 1 (RM1 binders) and 1439 cm− 1 (RM2 
binders) correspond to the ν3[CO3

2− ] while the bands at around 882 cm− 1 was associated with ν2[CO3
2− ] and ν4[CO3

2− ] [39]. The band 
at around 669 cm− 1 was ascribed to the stretching vibrations of the Al–O bonds (AlO4 groups) which was influenced by the Al in RM 

Fig. 12. BSE images of the RM-free, RM1-incorporated (24 % and 60 % RM1) and RM2-incorporated (24 % and 60 % RM2) binders, and the 
elemental mapping showing the materials are rich in Na, Ca and Si.

Fig. 13. Elemental mapping showing the distribution of Al and Fe in the RM-free and RM1-incorporated binders with 24 % and 60 % RM1.
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[16]. The Fe-O bonds in hematite and magnetite of the RM were reflected by the narrow bands at around 620 cm− 1 and 601 cm− 1 [54].

3.8. BSE-EDS

Fig. 12 shows the BSE images of the RM-free and RM1-and RM2-incorporated (24 % and 60 % RM by mass) binders in this study and 
the elemental mapping of Na, Ca and Si Fig. 11(a–f) depict the distribution of Al and Fe elements in the matrices as RM1 (or RM2) 
content increased. The polished specimens embedded in epoxy were utilized in the BSE imaging for the elemental mapping. As shown 
in Fig. 12, the binding materials, irrespective of the RM incorporation, were generally rich in Na, Ca and Si, reflecting the presence of 
the C-S-H phases upon NaOH activation. Moreover, Fig. 13 reveals the addition of RM significantly enriched the Al and Fe in the 
matrices, although the XRD patterns showed that most of the Al and Fe elements stayed in the crystalline phases (Fig. 11a–b). In fact, Al 
either in major or minor quantities contribute to the formation of AFt and AFm phases and can be incorporated into C-S-H [17,55]. 
Also, recent studies suggested that Fe was expected to be present in the iron-bearing phases in cementitious materials such as 
mackinawite, Fe-AFt, Fe-AFm and even amorphous silicate network [56,57].

To further analyze the binders by BSE imaging, compositional plots of the phases were constructed based on the EDS data 
(Fig. 14a–e). As shown in Fig. 14 (a), the precipitation of hydrotalcite phases (Mg/Al = ~1.7) in the RM-free binder was shown by the 
dashed line, which agrees with previous studies [29,58]. At the intercept point with Mg/Si = 0, the Al/Si atomic ratio was about 0.05, 
indicating the approximate Al/Si ratio in the mixed C-(N-)A-S-H and AFm phases. Here the Al/Si ratio was considerably lower than the 
result (Al/Si = 0.4) reported by Ye et al. [58] probably because the incorporation of GP decreased the total Al content in the binder. 
Fig. 14(b–c) reveal that as the RM content increased, the bulk Si/Al and Si/Fe decreased due to the presence of more Al and Fe from 
RM. Also, strong linear relationship could be established in the elemental plot between Si/Ca and Al/Ca, suggesting the replacement of 
tetrahedral Si4+ by Al3+ in C-(N-)A-S-H gels, and the imbalance of charge is compensated by the alkali metals available in the system (i. 
e., Ca, K, Na etc.) [59]. Fig. 14 (c) might suggest the formation of increasing Fe-hydrogarnet as the Fe content increased. Similarly, the 
Fe-incorporated C-S-H could exit in the products, but the Fe/Si ratio was generally lower than 0.0003 since the pre-precipitation of the 
other iron-rich phases significantly restricted the Fe uptake in C-S-H [60]. In terms of the Al/Ca versus S/Ca plot, the results showed the 
adsorption of sulfate on the hydration products (Fig. 14d). It appeared that ettringite was not detected, although the Al content 
significantly increased with increasing RM. In comparison, the Fe/Ca versus S/Ca plot as shown in Fig. 14 (e) revealed the possible 
existence of mackinawite, Fe-AFm and Fe-ettringite in the binders. Previous study has shown these Fe-containing phases might exist in 
the hydration products of AAMs, and mackinawite was even thermodynamically more stable than Fe-AFm and Fe-ettringite in AAMs 
[56]. However, these phases were not conspicuously shown by the XRD results probably due to the low amount.

3.9. Thermodynamic modeling

Fig. 15(a–d) exhibit the thermodynamic modeling results of four different RM-incorporated mixtures (with 24 % and 60 % RM) in 

Fig. 14. Compositional plots of the phases in the binders with 0 % RM, 24 % RM1, 60 % RM1, 24 % RM2 and 60 % RM2. The BSE-EDS analyses of 
each specimen involved the acquisition of 60–80 points.
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this study across the reactivity of RM. It can be seen that RM1 and RM2 binders showed the similar trends. For example, a higher RM/ 
GP mass ratio results in a less amount of precipitated C-(N-)A-S-H in the system, and more secondary phases (i.e., monosulfate, 
hemicarbonate and monocarbonate) are predicted at 60 % RM. Therefore, the decreasing strength of the CLSM specimens with 
increasing RM% could be also on account of the less binding phases in the hydration products (Fig. 8a–b). The hydrotalcite phases (Mg- 
Al-LDH) are always predicted and governed by the Mg content in SG, which is not influenced by RM. No magnesium aluminosilicate 

Fig. 15. Thermodynamic simulation of four typical RM-incorporated reaction systems and the Ca/Si ratio of the predicted C-(N-)A-S-H assuming 
different reaction degrees of RM (0 %–30 %). The reactivities of GP and SG were assumed to be 50 %.

Table 7 
Unit emission and cost of the raw materials for CLSM.

Materials Unit emission a (kg CO2/ton) Unit cost ($/ton)

Cement 830 117.46
Fly ash 9 38.69
Waste glass – –
Slag 19 55
Red mud 15 11.08
Solid NaOH 1200 400
Sand 10 46.10
Water 0 2.5

a The data were sourced from literatures: Xiao et al. [29]; Yan et al. [68]; Maddalena et al. [69]; Samarakoon 
et al. [62].
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hydrates (M-A-S-H) are predicted. Based on the simulation, the iron in RM mostly contributed to the formation of Fe-hydrogarnet 
(Ca3(AlxFe1-x)2(SiO4)y(OH)4(3-y)) as the reactivity of RM increases [61]. However, no mackinawite, Fe-ettringite or Fe-AFm are pre-
dicted, and the sulfur content tend to be in aqueous form when the reaction degree of RM is high. In addition, the reaction of RM caused 
the decalcification of C-(N-)A-S-H (see the decreasing Ca/Si ratio in Fig. 15a–d). Taken together, these results generally reveal SG has 
more synergistic effect with GP than with RM for the synthesis of AAMs. However, when RM content is not overly high (e.g., 24 % as 
shown in Fig. 15a–c), the influence of RM on the decalcification of C-(N-)A-S-H is actually negligible.

4. Carbon emission and cost analysis

The basic cost and carbon footprint of the proposed CLSM formulations are compared to those of the traditional CLSM based on 
OPC, fly ash and natural aggregate. The unit CO2 emission and the cost of the relevant materials are summarized in Table 7. The 
crushing process of waste glass is considered to consume electricity at 50 kWh/ton, and the cost and emission for 1 kWh are 0.28 $ and 
1.08 kg CO2 [62]. It is assumed that all the materials are locally available, so the cost and CO2 emissions associated with transportation 
are not included here. For the conventional CLSM with OPC and fly ash, Monte Carlo simulation is conducted assuming a wide range of 
mass ratios for the solid ingredients: 8–20 wt% OPC and 20–50 wt% fly ash [9]. The rest of the solid material is assumed to be natural 
sand, and a water-to-binder ratio ranging from 0.4 to 1 is considered. An even probability distribution for each input is tentatively used 
in the modeling.

As shown in Fig. 16(a–f), the lower and upper bounds for the carbon emission and cost were found to be 38.40–123.05 kg CO2/ton 
and 25.61–42.29 $/ton, respectively. Also, the CO2 emission and cost of the traditional CLSM formulations are more sensitive to the 
OPC content due to the high unit emission and unit cost of cement (Table 6). It can be seen that the average CO2 emission drastically 
increases from around 45 kg CO2/ton to 103 kg CO2/ton when the cement (wt.%) increases from 8 % to 20 % (Fig. 16a). In comparison, 
the increase in cost is less significant (Fig. 16d).

Fig. 17(a–d) exhibit the CO2 emission and cost of the proposed CLSM formulations across the RM and GA contents. As shown in 
Fig. 17(a–b), the estimated carbon emission data were lower than the average emission of the traditional OPC-based CLSM, high-
lighting the environmental friendliness of the materials. Also, the new formulations can contribute to the waste management and 
upcycling of industrial waste. It can be seen that the CO2 emission decreases with increasing RM content since RM is a ready-to-use 
waste material while waste glass needs to be crushed. It appears that the cost the RM-incorporated CLSM with virgin aggregate is 
similar to that of the traditional CLSM, implying the cost of the AAM was close to that of the OPC-fly ash-based binders (Fig. 17c–d). 
However, the addition of GA remarkably reduces the overall cost, and the mixtures with 100 % GA generally have a lower cost than the 
estimated minimum cost of the traditional CLSM. Therefore, the use of glass aggregate plays the most important role in controlling the 
cost of the proposed formulations. Taken together, the results suggest the use of RM and waste glass in CLSM reduce the environmental 
impacts and cost of the construction, and the proposed CLSM formulations can potentially replace the traditional ones produced by 

Fig. 16. Monte Carlo simulation-derived CO2 emission of the traditional CLSM formulations across (a) cement (wt.%), (b) fly ash (wt.%) and (c) 
sand (wt.%), and the corresponding cost across (d) cement (wt.%), (e) fly ash (wt.%) and (f) sand (wt.%). Ten thousand datasets are included in 
the simulation.
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OPC and fly ash.

5. Conclusions

New alkali-activated CLSM formulations based on urban waste glass and red mud are proposed for the waste upcycling. The re-
action mechanism, engineering properties and environmental impacts of the materials were systematically investigated. The outcomes 
show a wide range of these formulations conform to the typical standards of CLSM and can be potentially utilized for more sustainable 
construction applications. The main conclusions are summarized as below: 

• Waste glass powder exhibited a high content of amorphous silica, whereas red mud contained complex crystalline phases abundant 
in aluminum and iron, such as boehmite, corundum, and hematite. Additionally, red mud as a ready-to-use waste material had a 
much finer particle size and clay-like texture, necessitating a higher water demand for the RM-incorporated CLSM to meet the flow 
consistency requirement.

• Increasing the proportion of red mud to glass powder notably decreased the workability of the CLSM and extended the setting time. 
Nevertheless, red mud demonstrated high efficacy in enhancing bleeding performance, thereby functioning as a crucial constituent 
in the suggested formulations.

• The unconfined compressive strength, splitting tensile strength, and slake durability index exhibited a consistent pattern, indi-
cating that a higher content of red mud compromised the mechanical properties. This was attributed in part to the elevated water 
content necessary to achieve the desired flow consistency.

• Employing glass aggregate typically had negative effects on various engineering properties of the tested CLSM, including reduced 
flowability, prolonged setting time, increased bleeding potential, and inferior mechanical properties. However, the proper design 
of CLSM with glass aggregate can still ensure compliance with engineering specifications.

Fig. 17. CO2 emission of the CLSM formulations with (a) RM1 and (b) RM2, and the cost of the CLSM formulations with (c) RM1 and (d) RM2. The 
upper and lower bounds and the average CO2 emission (or cost) of the traditional CLSM are shown in each plot.

R. Xiao et al.                                                                                                                                                                                                            Journal of Building Engineering 98 (2024) 111202 

17 



• The standard TCLP test showed the toxic metals in the CLSM were not readily mobile, and the concentrations were below the TCLP 
hazardous waste limit. After the alkali-activation, even lower concentrations of toxic metals were identified, suggesting the 
immobilization of the harmful ions in the hydration products.

• The microstructural analyses and thermodynamic modeling revealed the precipitation of C-(N-)A-S-H as the major binding ma-
terial. The reactive Fe and Al from red mud most probably contributed to the formation of hydrogarnet phases. Slag has more 
synergistic effect with glass powder than with red mud for the synthesis of AAMs.

• The suggested CLSM formulations typically exhibit reduced CO2 emissions and lower costs compared to the traditional CLSM 
produced with OPC and fly ash, highlighting their environmental sustainability and cost-effectiveness.
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