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A B S T R A C T

The extensive use of Ordinary Portland cement (OPC) in foamed lightweight concrete (FLC) 
contributes significantly to its carbon footprint. Concurrently, the disposal of industrial by- 
products carbide residue slag (CRS) and ground granulated blast furnace slag (GGBS) poses 
challenges. This study developed a sustainable foamed lightweight concrete system employing 
CRS-activated GGBS as a complete OPC substitute to address both engineering performance and 
environmental concerns. An optimal CRS/GGBS ratio (10/90) was determined for achieving the 
maximum compressive strength in the binder system. Compared to OPC, the CRS/GGBS binder 
exhibits remarkably low heat of hydration, enabling safer large-volume placements and effec
tively mitigating the risk of early-age thermal cracking. The prepared CRS/GGBS foamed concrete 
has much higher compressive strength than those made with cement due to refined air void 
structure with increased sphericity and improved flexural strength of the solid matrix. The life 
cycle assessment demonstrated that CRS/GGBS foamed concrete has the ability to decrease car
bon emissions by as much as 80 % when compared to cement foamed concrete. This work es
tablishes CRS/GGBS as a technically viable and environmentally superior binder for foamed 
lightweight concrete, offering enhanced compressive strength, lower thermal cracking risk, and a 
reduced carbon footprint compared to conventional cement systems in civil engineering.

1. Introduction

Foamed lightweight concrete (FLC) is a lightweight and porous material possessing densities in the range of 300 and 1650 kg/m3 

[1], which has been extensively utilized in prefabricated structures, insulation components, roadways, backfill engineering and other 
fields [2–4].

Ordinary Portland cement (OPC) has been the primary binder material used in foamed lightweight concrete so far. However, the 
production of cement is related to significant resource requirements, energy consumption as well as results in carbon emissions. In 
general, producing one ton of OPC consumes about 6100 MJ of energy and emits about 0.8–1.0 tons of CO2 into the environment [5]. 
For foamed lightweight concrete to develop sustainably and to facilitate the low carbon transition, new low carbon binding materials 
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must be developed.
Ground granulated blast-furnace slag (GGBS) is a valuable by-product that emerges from the iron production process [6]. 

Numerous studies have been conducted exploring the partial or complete replacement of OPC with GGBS [7–9]. Although GGBS can 
hydrate on its own, it does so at a relatively slow rate. Generally, to expedite the hydration process of GGBS, chemical activators such as 
alkaline hydroxides, soluble silicates, and sulfates are utilized [10–12]. The type and dosage of activators play a pivotal role in 
determining the composition and physical characteristics of the hydration products. Consequently, these factors exert a profound 
impact on the engineering performance of the GGBS binder [13,14]. However, the use of strong alkalis like sodium hydroxide (NaOH) 
in GGBS activation presents several practical challenges, including rapid setting times, economic inefficiencies, and the hazards 
associated with handling materials of high pH [15,16]. Consequently, the application of alkaline earth activators, such as magnesium 
hydroxide and calcium hydroxide, in GGBS activation has garnered significant interest. This is attributed to their cost-effectiveness and 
robust activation efficacy [17,18].

Research on alkali-activated slag (AAS) binders, including those utilizing waste-derived activators like carbide residue slag (CRS), 
has demonstrated their potential as sustainable alternatives to OPC [19]. Carbide residue slag (CRS) is a by-product generated during 
the production of acetylene [20]. Generally, CRS consists of calcium hydroxide (>80 %), calcium carbonate (<10 %) and minor carbon 
and silicates [21]. CRS can result in land occupation and environmental pollution if not disposed of correctly [22,23]. Given their 
similar mineral composition, CRS could potentially replace calcium hydroxide in the activation of GGBS. Studies investigating 
CRS-activated GGBS systems, often blended with supplementary materials like fly ash (FA), have reported achieving compressive 
strengths typically in the range of 10–30 MPa [24]. Recent research has further highlighted that the activation efficiency of Ca-based 
activators on GGBS is strongly dependent on the Ca(OH)2 content and particle size of the activator [16]. However, these investigations 
have primarily focused on bulk pastes or mortars, with significantly less attention paid to their applicability in lightweight cellular 
systems like foamed concrete.

The hardened properties of FLC, particularly its thermal insulation efficiency and mechanical strength, are dominantly governed by 
its unique air-void structure, characterized by pore volume, size distribution, sphericity, connectivity, and wall thickness [25–28]. 
Optimal performance often requires a finely dispersed, uniform pore structure with minimal interconnection for enhanced mechanical 
strength, alongside a high proportion of small, closed pores for superior insulation [29]. While substantial research has been dedicated 
to characterizing the pore structure of conventional OPC-based FLC, studies focusing on the pore architecture of FLC produced with 
alternative binders, especially those derived from solid wastes, are remarkably scarce [30].

To this end, this study proposes a foamed lightweight concrete system that employs CRS-activated GGBS as the primary binder. The 
optimal binder ratio was first determined to maximize performance, and the associated hydration mechanisms were elucidated. 
Subsequently, a series of FLCs with varying densities were designed and fabricated. The 3D pore structure of these materials was 
characterized using X-ray computed tomography (X-CT) and then correlated with their mechanical properties. Furthermore, the CO2 
reduction potential was quantitatively evaluated through life cycle assessment (LCA). By enabling the synergistic utilization of solid 
wastes, this work aims to promote the wider application of sustainable and economical foamed lightweight concrete in civil 
engineering.

2. Materials and methods

2.1. Materials

Ground granulated blast furnace slag (GGBS) and carbide residue slag (CRS) were used as binder materials. The CRS was dried in a 
vacuum oven and then grounded before tests. The density of GGBS and grounded CRS is 2900 kg/m3 and 2185 kg/m3, respectively. 

Fig. 1. Particle size distribution of CRS and GGBS.
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The particle size distribution of GGBS and CRS measured by laser diffraction particle size analyzer is shown in Fig. 1. Table 1 displays 
the specific surface area (SSA) and median particle diameter of both GGBS and CRS, providing a detailed comparison of their physical 
properties. The grounded CRS has larger particles and smaller SSA than GGBS. Table 2 presents the oxide compositions of CRS and 
GGBS as measured by X-ray diffractometer. CaO occupies 94.35 % of CRS by weight. CaO and SiO2 account for 37.11 % and 30.49 % of 
the weight of GGBS, respectively. Fig. 2 shows the XRD spectra of GGBS and CRS. CRS mainly contains Ca (OH)2 and GGBS is mainly 
composed of a large amount of glassy phase.

2.2. Preparation and characterization of CRS/GGBS paste blends

Both GGBS and CRS were considered as the binder. In order to determine the optimal CRS/GGBS ratio, four mixtures were 
designed. Their CRS/GGBS ratios were 5/95, 10/90, 15/85, 20/80 respectively. The water/binder ratio for each of the mixtures was 
0.50. The CRS and GGBS were firstly mixed using a mixer for 2 min. Distilled water was added and mixed at low speed for 2 min, then 
mixed at high speed for another 2 min. Afterwards, the fresh mixtures were prepared for further test.

For the compressive strength measurement, 40 mm × 40 mm × 40 mm cubes cured for 3, 7, and 28 days were prepared. The fresh 
mixtures were poured in mold and vibrated. Cling film was used to seal the specimen. The specimens were demolded and cured in an 
environmental chamber with 95 % relative humidity and 20 ◦C temperature until the age for the measurement, following a 24-h 
sealing period at a temperature of 20 ± 1 ◦C. Three specimens were tested for each condition, and the average result was deter
mined as the compressive strength. The error bar around each data point is the standard deviation.

For the chemical phases and microstructure characterization, the fresh mixture was first poured into a plastic cylindrical mold (Φ 
50 mm × 100 mm) and sealed. The samples were rotated for 24 h to minimize bleeding. Afterwards, they were stored at a temperature 
of 20 ◦C under sealed conditions for further analysis. After 7- and 28-days curing, each cylinder was first cut into small pieces with 
thickness smaller than 1 mm. The hydration was arrested using isopropanol. The samples were then dried in vacuum oven at a 
temperature of 40 ◦C until they reached a constant weight.

The X-ray spectra of the powders were obtained by an X-ray diffractometer with Cu-Kα radiation and the samples were scanned in 
the range of 5◦ ≤ 2θ ≤ 90◦ with a step rate of 2◦. Thermogravimetric analysis (TGA) of powders was performed with a resolution of 10 
mg. Samples were heated at a rate of 10 ◦C/min in nitrogen atmosphere from 20 ◦C to 1000 ◦C. Fourier transform infrared spectroscopy 
(FTIR) was conducted using the conventional KBr disc method (1.0 mg of sample to 300.0 mg of KBr). A frequency range of 4000–400 
cm− 1 was scanned.

Isothermal calorimetry (set point 22 ◦C) was used to assess the hydration of CRS/GGBS blends. The heat evolution was measured 
with an isothermal calorimeter (CALMETRIX I-CAL 8000HPC). The water/binder ratio used was 0.50 for all mixtures. The fresh 
mixture was mixed, then poured into a plastic vial and then put inside the calorimeter chamber. The heat evolution rate was 
continuously monitored and recorded for up to 72 h for the analysis.

2.3. Preparation and characterization of foamed lightweight concrete

2.3.1. Preparation of foamed lightweight concrete
For the preparation of foamed lightweight concrete, the detailed mixture proportions are given in Table 3. The CRS was first 

initially mixed with water and mixed at 62 rpm for 30 s. GGBS was then incorporated into the mixture, and mixing continued at the 
same speed for another 60 s. Subsequently, the mixture was stirred at 125 rpm for another 60 s to ensure homogeneity. Prior to 
foaming, the composite polymer foaming agent was diluted with water at a mass ratio 1:49. The resulting foam, generated by a 
foaming machine operating at a compressed air pressure of 0.4 MPa and 25 ◦C, had a density of 40 kg/m3. Foam was then added to the 
mixture within 1 min and blended uniformly by stirring at 62 rpm for approximately 120 s. The wet density and flowability of the 
mixture were first measured, after which the fresh slurry was carefully transferred into molds. The cling films were used to cover the 
specimens, and they were cured for 48 h at standard condition. After demolded, they were packed with plastic bags and kept at 20 ±
1 ◦C until testing. The density was determined using 28 day cured specimens. Each specimen was dried in an oven at 60 ◦C till its 
weight remained for the measurement.

2.3.2. X-ray computed tomography and image processing
With a source voltage of 150 kV and current of 72 mA, a single cylindrical sample (Φ 50 mm × 150 mm) that had been cured for 28 

days was used for microstructure acquisition using a high resolution micro-XCT system (ZEISS Xradia 510 Versa). The sample was 
rotated from 0◦ to 360◦. A total of 1000 shadow projections with 50 μm pixel size were obtained (1004 × 1024 pixels). An exposure 
period of 1.2 s was averaged for each projection image. A 25 mm cubic region of interest (ROI) was meticulously selected from the 
specimen’s core for threshold determination. This threshold was then employed to distinguish between the pore and solid phases 
within the sample, thereby mitigating the effects of beam hardening observed in the X-ray computed tomography (X-CT) scans, as 

Table 1 
Specific surface area (SSA) and median particle diameter (Dv50) of raw materials.

Material SSA (m2/g) Dv50 (μm)

GGBS 0.683 13.15
CRS 0.599 19.03
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Table 2 
Chemical composition of GGBS and CRS.

Oxides CaO SiO2 Al2O3 MgO Fe2O3 Na2O Na2O SO3 Other

GGBS 37.11 30.49 17.33 8.46 1.16 1.06 1.06 2.09 0.38
CRS 94.35 2.75 2.00 0.06 0.22 0.09 0.09 0.35 0.14

Fig. 2. X-ray spectra of CRS and GGBS.

Table 3 
Mixture design of foamed lightweight concrete.

Wet density (kg/m3) CRS (kg/m3) GGBS (kg/m3) Water (kg/m3) Foam (kg/m3)

600 33.78 304.03 236.46 25.73
700 41.00 369.00 266.50 23.50
800 47.93 431.34 299.54 21.19
900 55.07 495.60 330.40 18.94

The compressive strengths at 3, 7, and 28 days were tested using an electronic universal testing machine with a constant loading rate set at 0.5 kN/s. 
Three specimens for each mixture were tested.

Fig. 3. An example cross sectional XCT image of ROI.
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illustrated in Fig. 3. For the sake of simplicity, the foamed lightweight concrete was regarded as a two-phase material consisting of 
porous phase and hydrated paste phase. The cumulative distribution and logarithmic cumulative distribution of grayscale value were 
derived and the intersection of the two curves was used as the threshold for the image segmentation, see Fig. 4. Fig. 5 compares the 
image before and after segmentation of the ROI. The volume ratio between the ROI and pore phase was used to determine the porosity.

2.3.3. Rheology
The rheology of the slurry was assessed using a Brookfield RST-CC rheometer equipped with the CCT-40 coaxial cylinder mea

surement system. This instrument configuration has shear rate, shear stress, and viscosity ranges of 0.0215–2790 s− 1, 0.89–594 Pa, and 
0.3–2.7 × 107 mPa s, respectively. For testing, the outer cylinder was fixed, and the sample and rotor were loaded into the cylindrical 
chamber. The testing software controlled the rotor rotation speed.

Fig. 6 illustrates this testing sequence. Rheological properties were measured for both fresh mixtures with and without foam. Each 
test began with a constant shear rate applied for 90 s to disrupt the mixture structure and ensure uniform initial conditions. This was 
followed by a 30-s rest period to allow sample recovery. Subsequently, the shear rate was linearly increased from 0 to 100 s− 1 (upward 
sweep) and then decreased from 100 to 0 s− 1 (downward sweep) to generate flow curves. Yield stress and plastic viscosity were 
determined by applying the Bingham plastic model to the shear stress-shear rate data collected specifically during the 180–240 s 
interval of shearing (within the downward sweep phase). This approach was applied to characterize both the fresh paste blends and the 
foamed lightweight concrete.

In accordance with the Chinese standard JGJ/T 341–2014, the fluidity of the foamed lightweight concrete mixture was evaluated. 
Fresh mixture was placed into an Φ80mm × 80 mm cylinder. After allowing it to spread spontaneously for 60 s, the cylinder was lifted. 
The maximum spread diameter and the vertical diameter of the collapsed concrete mass were measured using a vernier caliper. The 
fluidity value was calculated as the average of these two measurements.

2.4. Life cycle assessment

The environmental impact of CRS/GGBS and OPC foamed lightweight concrete was analyzed life cycle assessment (LCA) [31,32]. 
The foamed lightweight concretes mixture with density of 600–900 kg/m3 were picked for comparison, and their mixture proportions 
are presented in Table 4.

The LCA mainly consists of four steps: defining the functional unit and system scope, conducting a life cycle inventory analysis 
(LCI), conducting a life cycle impact assessment (LCIA), and life cycle interpretation. This methodology adheres to the ISO 14040: 2006 
standard [33]. For 1 m3 foamed lightweight concrete, the functional unit and system scope for life cycle were defined as “cradle-
to-gate” with Fig. 7 illustrating the key processes [34]. The three main stages of the system are raw material production, transportation, 
and production of foamed lightweight concrete. Cement was produced in cement plants, GGBS was generated in the steel plant, foam 
agent was produced in chemical plants, and water was abstracted from a municipal water treatment facility during the raw material 
production stage. According to the “cut-off” principle, CRS was regarded as waste, and the environmental impact of its “manufacture” 
was seen as zero [35]. The transportation distances of CRS and GGBS were both set as 200 km. The processes include powder mixing, 
foam preparation, and the preparation and curing of the foamed lightweight concrete itself are involved in the manufacturing of 
foamed lightweight concrete. As indicated in Table 5, Tables 6 and 7, the LCI data for each stage were obtained from Chinese Life Cycle 
Database and relevant literature.

Fig. 4. Determination of thresholds.
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Fig. 5. Comparison of the image before and after image segmentation of the ROI. (a) Original grayscale image; (b) after image segmentation.

Fig. 6. The testing scheme of rheological behavior.

Table 4 
Mixture proportions of OPC and CRS/GGBS foamed lightweight concrete for LCA.

Materials Cement (kg/m3) GGBS (kg/m3) CRS (kg/m3) Foam agent (kg/m3) Total water (kg/m3)

OPC-600 386.0 ​ ​ 0.410 213.090
OPC-700 454.0 ​ ​ 0.376 245.424
OPC-800 521.0 ​ ​ 0.344 277.856
OPC-900 589.0 ​ ​ 0.310 310.190
CRS/GGBS-600 ​ 304.03 33.78 0.5146 261.6754
CRS/GGBS-700 ​ 369.00 41.00 0.4700 289.5300
CRS/GGBS-800 ​ 431.34 47.93 0.4238 320.3062
CRS/GGBS-900 ​ 495.60 55.07 0.3788 348.9612
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3. Results and discussion

3.1. CRS/GGBS paste blends

3.1.1. Strength
The measured compressive strengths are presented in Fig. 8. The compressive strength is the highest when the CRS/GGBS ratio is 

Fig. 7. System scope of life cycle assessment for foamed lightweight concrete.

Table 5 
LCI of raw materials and energy derived from Refs. [31,35,36].

Materials Global Warning Potential

Value Units

Cement 0.726 kg CO2 eq/kg
GGBS 0.085 kg CO2 eq/kg
Water 0.000106 kg CO2 eq/kg
Foaming agent 0.779 kg CO2 eq/kg
Electricity 0.804 kg CO2 eq/kWh

Table 6 
LCI of transportation.

Materials Distance (km) Means of Transport

Cement 161 Light diesel trunk
GGBS 200 GWP: 0.410 kg CO2 eq/(t⋅km)
CRS 200 ​
Foaming agent 849 ​
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10/90 for all ages. This optimal CRS/GGBS ratio for compressive strength is in accordance with the observation in Ref. [37]. However, 
compared with OPC 42.5, the compressive strength of CRS/GGBS mixtures are approximately 65 % and 45 % lower at 7 days and 28 
days, respectively [38]. The measured flexural strengths are presented in Fig. 9. The flexural strength of the mixtures exhibits a pattern 
analogous to that of compressive strength. Mixture with CRS/GGBS ratio of 10/90 has the highest flexural strength of 9.4 MPa which is 
higher than that of OPC (about 8.9 MPa at 28 days) [38].

3.1.2. Hydration heat
Figs. 10 and 11 show the heat flow and cumulative heat release curve of blends with different CRS/GGBS ratios. Two exothermic 

peaks appear in all blends. One appears at about 2.8 h and the other at 7 h. They are all related to the formation of C-A-S-H-type gel. 
The main source of silicate is from GGBS dissolution [39]. As the content of CRS in the blends increases, the exothermic peak appears 
earlier and the amount of released heat increases. This is due to the dissolution of CRS: the increased alkalinity in the system results in a 
higher rate of slag reaction, generating more hydration products and releasing more heat. It is worth mentioning that the 3-day cu
mulative heat of CRS/GGBS blends is about one-third of that of OPC [40]. This could be beneficial in applications where temperature 

Table 7 
LCI of foamed lightweight concrete manufacturing.

Foamed concrete manufacturing process Details Energy

Foam generating Foam generator 0.2 kW h/m3

Foamed concrete mixing Foamed concrete mixer 2.2 kW h/m3

Foamed concrete pumping Pumping machine 0.5 kW h/m3

Fig. 8. Influence of CRS/GGBS ratio on the compressive strength at 3, 7 and 28 days.

Fig. 9. Influence of CRS/GGBS ratio on the flexural strength at 3, 7 and 28 days.
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Fig. 10. Heat flow curve of blends with different CRS/GGBS ratios.

Fig. 11. Cumulative heat release curve of blends with different CRS/GGBS ratios.
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control in concrete is an issue such as mass concrete.

3.1.3. Hydration products
The XRD patterns of CRS/GGBS samples at 28 days are depicted in Fig. 12 with identified phases. Calcium silicate hydrate (CSH, 

primarily identified at 2θ = 22.4◦ and 29.6◦), hydrotalcite (HT, typically represented as Mg6Al2CO3(OH)16⋅4H2O, identified at 2θ =
11.5◦) and calcium hydroxide (CH, identified at 2θ = 18.1◦, 34.0◦ and 50.8◦) are present in all mixtures. Hydrotalcite is a kind of Mg- 
Al-rich mineral with layered double hydroxide structure [41], and is advantageous in terms of mechanical properties and shrinkage 
reduction [42]. The presence of calcite (2θ = 48.5◦) may result from the carbonation of calcium hydroxide during curing process. As 
the content of CRS increases, the diffraction peaks of CH are notably intensified. CASH in the form of katoite (Ca3Al2(SiO4) (OH)8) 
observed at the reflection of 2θ = 32.4◦, which is attributed to the incorporation of aluminum released from GGBS into CSH [37]. As 
the CRS content increases from 5 % to 20 %, the intensity of CH peaks significantly increases [43]. The high CH content in CRS provides 
an alkaline environment for the system, but excessive addition (as in 20/80) results in an insufficient dissolution rate of GGBS to 
consume all CH, leaving residual CH in crystalline form. The weak interfacial bonding between this residual CH and the gel phase leads 
to reduced mechanical performance [44]. In 15/85, an optimal OH− concentration promotes the synergistic dissolution of CaO, SiO2, 
and Al2O3 in GGBS, forming C-A-S-H gel. Its three-dimensional network structure significantly enhances matrix compactness. HT 
promote the development of more uniform and dense C-A-S-H gel network by consuming aluminum ions, thereby synergistically 
optimizing the pore structure and permeability resistance of the matrix.

The results of TGA and derivative of thermogravimetry analysis (DTG) for CRS/GGBS samples at 28 days are presented in Fig. 13. 
The weight loss observed between 30 and 200 ◦C is mainly attributed to the decomposition of CSH and CASH [45,46], which are 
known to contribute significantly to the development of strength [46]. The broader peaks in DTG curves, ranging from 200 to 380 ◦C, 
are indicative of the decomposition of hydrotalcite and hydrotalcite-like phases [47]. The weight loss observed within the temperature 
range of 400–500 ◦C is attributed to the dehydration of calcium hydroxide. With the increase of CRS content in CRS/GGBS mixtures, 
more C-S-H, HT and calcium hydroxide are found. The mass loss within the 400–500 ◦C range directly correlates with CRS content, 
indicating incomplete consumption of excess CH by GGBS. This residual CH exhibits inadequate bonding with the gel phase, thereby 
contributing to the observed reduction in compressive strength. Additionally, minor mass loss detected from 600 to 900 ◦C results from 
natural carbonation due to ambient CO2 exposure, consistent with XRD analytical results.

The FTIR results for the CRS/GGBS samples at 28 days are plotted in Fig. 14. The O-H band at 3644 cm− 1 corresponds to the 
presence of Ca (OH)2 [48]. The band at 3435 cm− 1 and 1638 cm− 1 can be attributed to hydroxyl bands through hydrogen bands and 
H-O-H bending vibrations in water, respectively [49,50]. The presence of these bands is due to crystalline H2O in CSH [51]. Absorption 
peak of CO3

2− at 1432 cm− 1 indicates the presence of calcite and hydrotalcite [52]. The Si-O band at 972 cm− 1 indicates the presence of 

Fig. 12. XRD patterns of 28 days cured samples with different CRS/GGBS ratios.
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CSH [53]. Al-O or Mg-O band around 663 cm− 1 suggests the formation of hydrotalcite [54]. The broad component at 483 cm− 1 can be 
assigned to O-Si-O bending modes of SiO4 tetrahedra of the GGBS [55], indicating the presence of unreacted GGBS in the samples.

The XRD, TGA, and FTIR analysis results indicate that the calcium hydroxide in CRS promotes the hydration of GGBS, generating 
more hydration products, including CSH, CASH, and hydrotalcite phases. On the other hand, if too much CRS was added, the crystal 
calcium hydroxide concentration in the matrix would rise and the GGBS content which is the primary source of hydration products 

Fig. 13. TG-DTG curves of 28 days cured samples with different CRS/GGBS ratios.

Fig. 14. FTIR curves of 28 days cured samples with different CRS/GGBS ratios.
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would drop, resulting in a reduction in strength [37].

3.2. Foamed lightweight concrete

3.2.1. Fresh and mechanical properties
Table 8 shows the fresh properties of foamed lightweight concrete. The measured wet density aligns closely with the target density. 

For all mixtures, the measured flowability falls between 170 mm and 190 mm, satisfying the standards for in-place casting. The dry 
density is observed to decrease as the foam content increases.

The compressive strengths of foamed lightweight concrete at 3, 7, and 28 days are presented in Table 9. The compressive strength 
increases with curing time and densities as predicted. The strength grows much faster after 7 days. The ratio between the measured 7 
and 28 days compressive strength are 0.175, 0.255, 0.242, 0.233 for WD600, WD700, WD800 and WD900, respectively, which is much 
higher than normal concrete and cement paste [56]. Furthermore, it is noted that although the standard mortar strength of CRS/GGBS 
is only about half of 42.5 OPC, the compressive strength of CRS/GGBS foamed lightweight concrete exceeds that of OPC foamed 
lightweight concrete. Compared with OPC foamed lightweight concrete [57], at a wet density of 700 kg/m3, the 28 d compressive 
strength of CRS/GGBS foamed lightweight concrete is 20.98 % greater than that of OPC foamed lightweight concrete.

The elastic modulus is presented in Table 9. It gradually increases with wet density. Compared with OPC, CRS/GGBS foamed 
lightweight concrete shows a lower elastic modulus at the same density [58]. The ratio between compressive strength and modulus is 
around 2.13–2.24 × 10− 3. This indicates that the CRS/GGBS blends foamed lightweight concrete is more deformable at the peak stress 
state.

3.2.2. Rheology behavior
Figs. 15 and 16 illustrate the fitted results after applying the Bingham model for fresh paste blends and foamed lightweight concrete 

to the data collected between 180 and 240 s of shearing. For blends with no foam, as the water/binder ratio decreases, the plastic 
viscosity and yield stress increase. Specifically, Table 10 shows that the yield stress escalates from 1.430 Pa to 9.166 Pa, and the plastic 
viscosity increases from 0.107 Pa s to 0.184 Pa s with a reduction in the water/binder ratio from 0.7 to 0.6. The incorporation of foam 
leads to a marked increase in both plastic viscosity and yield stress (see in Table 10). This is attributed to the physical obstruction of 
bubble interfaces restricting particle mobility [59], and increased interparticle friction within the confined paste matrix. The dominant 
influence of foam content over water-to-binder ratio aligns with observations that entrained air significantly alters the paste’s 
shear-thinning behavior and yield stress threshold [60]. The increase rate is defined as the ratio between the measured rheological 
parameters after and before adding the foam. The decreasing rate of yield stress increase with rising foam content suggests a critical 
volume fraction effect. Beyond this threshold, bubble coalescence and reduced inter-bubble spacing diminish the interfacial resistance 
per unit volume [61], while increased lubrication from surplus air may offset viscous effects [62].

3.2.3. Pore structures
Fig. 17 shows the average plane porosity of foamed lightweight concrete along height. It is shown that the variation coefficient of 

the plane porosity of each mixture is within 2 %, indicating that the spatial distribution of introduced air voids is relatively uniform. 
The average porosity of foamed lightweight concrete falls from 0.3354 to 0.2670 when the density increases from 600 kg/m3 to 900 
kg/m3. This reported porosity value is significantly lower than the actual porosity, which also includes capillary and gel pores, because 
of the limitation of X-CT resolution.

Paste specimens with the same dimensions (100 mm × 100 mm × 100 mm) and without foam were cast, adopting the identical mix 
proportions as those listed in Table 3. Three parallel specimens were prepared for each mix proportion to ensure test reproducibility. 
After standard curing for 28 days, the specimens were dried to a constant weight, and their dry density was subsequently determined. 
Based on this dry density data, the introduced porosity (P) of the foamed lightweight concrete was calculated using the following 
formula. 

P=1 −
ρFLC

ρPaste 

where, ρFLC and ρPaste represent the dry densities of the foamed lightweight concrete specimen and the cement paste specimen, 
respectively. As noted earlier, due to the limitations of X-CT resolution, pores with diameters smaller than this resolution cannot be 
effectively identified. Thus, the porosity determined via X-CT is lower than the actual introduced porosity, and detailed data regarding 
this comparison are presented in Table 11.

A statistical analysis is performed on the foamed lightweight concrete pore size distribution, and the findings are displayed in 

Table 8 
Fresh properties of foamed lightweight concrete.

Wet density (kg/m3) Measured wet density (kg/m3) Flowability (mm) Dry density (kg/m3)

600 609 ± 15 167 ± 4 437 ± 8
700 691 ± 12 171 ± 5 514 ± 11
800 801 ± 11 189 ± 3 602 ± 7
900 890 ± 8 196 ± 3 680 ± 16
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Fig. 18. Similar pore size distributions are found for all mixtures. It can be seen that most of the pores fall in the range of 50–100 μm. 
Compared with OPC foamed lightweight concrete whose pore size is concentrated between 200 μm and 800 μm [58], the CRS/GGBS 
foamed lightweight concrete has a much finer pore structure. A smaller and more uniform pore size distribution is conducive to 
enhance the strength of foamed lightweight concrete at equivalent densities [63]. This partly explains why CRS/GGBS foamed 
lightweight concrete at the same density has higher strength compared to the OPC counterpart.

The performance of foamed lightweight concrete is somewhat influenced by the shape of pores. Herein, we adopt a shape factor to 
describe pore morphology. The shape factor is made up of the flatness index and the elongation index. These indices are determined 
using ImageJ software by correlating the lengths of the pore axes in three orthogonal directions to the axes of an ellipsoid. The three 
axes are perpendicular to one another, though they do not necessarily intersect at a single point [64]. The elongation index is 
traditionally quantified by the ratio l/L, where L denotes the longest dimension and l is the dimension that is the longest and 
perpendicular to L, whereas the true flatness index is more accurately represented by the ratio S/l, with S being the smaller dimension 
that is perpendicular to both L and l.

A typical Zingg diagram of the foamed lightweight concrete is seen in Fig. 19. Four areas are identified based on the dividing line of 
0.67: discoid, spheroid, blade, and rod. These regions correspond to the flatness and length of pores. Table 12 displays the precise 
division rules [65]. It can be seen that most of the pores are in the shape of spheroid and rod. Fig. 20 illustrates the frequency dis
tribution of pore shapes in foamed lightweight concrete across various densities. It can be seen from the figure that the pore shape 
distribution of foamed lightweight concrete with different wet densities is similar, and about 55 % of the pores are spheroid, 35 % of 
the pores are rod shaped. More than half of the voids are approximately spheroid, and they have lower stress concentrations around 
compared to sharp elongated pores. The CRS/GGBS foamed lightweight concrete has much more spherical pores than cement foamed 
lightweight concrete as reported by Guo et al. [66]. This results in higher strength of CRS/GGBS foamed lightweight concrete.

Table 9 
Mechanical properties of foamed lightweight concrete.

Wet density (kg/m3) Compressive strength (MPa) Elastic modulus (MPa) Ratio between compressive strength and modulus

3-day 7-day 28-day

600 0.142 0.484 2.763 1250.1 2.210 × 10− 3

700 0.216 0.884 3.460 1547.3 2.236 × 10− 3

800 0.288 1.056 4.356 2034.5 2.141 × 10− 3

900 0.355 1.302 5.586 2610.6 2.139 × 10− 3

Fig. 15. Shear stress-shear rate curve of blended pastes along time.

Z. Ge et al.                                                                                                                                                                                                              Journal of Building Engineering 114 (2025) 114390 

13 



The pore sphericity distribution of foamed lightweight concrete is depicted in Fig. 21. It is evident that the sphericity of foamed 
lightweight concrete with different wet densities is concentrated at 0.8–1.0, accounting for about 65 % in total. By comparing the pore 
size distribution, it is found that the proportion of voids with sphericity of 0.9–1.0 is approximately the same as that of the voids with a 
size of 50–70 μm, that is, the smaller voids have higher sphericity. This is in accordance with the observation reported by Yang et al. 
[67]. This can be attributed to the fact that large voids in general form due to bubble ripening and coalescence making them irregular.

The mechanical performance of the porous materials is significantly influenced by the pore size and spatial distribution of the 
pores, as can be discerned from the segmented pore phase within ROI. Pore spacing, defined as the minimum distance between pores 
[58], is depicted in Fig. 22, which shows the distribution of pore spacing in foamed lightweight concrete. It can be seen from the figure 
that the distribution range of pore spacing is 0–150 μm, about 75 % of it is concentrated within 0–15 μm, while the spacing within 
50–150 μm is less than 2 %, which reflects the uniformity and compactness of pore distribution of the prepared foamed lightweight 
concrete.

The pore structure of foamed lightweight concrete exerts a direct and pronounced influence on its mechanical properties. To 
quantitatively assess how various pore structure parameters affect compressive strength, this study leverages the theory of grey 
relational analysis (GRA) to calculate the grey relational grade between multiple pore characteristic parameters of foamed lightweight 
concrete and its compressive strength, thereby quantifying the correlation between these parameters and compressive strength. GRA 
assesses the correlation degree between different factors by analyzing the similarities or dissimilarities in their developmental patterns 
[67]. A key advantage of this method is that it eliminates the need to consider the specific distribution of data; even when data 
availability is limited or data sets are incomplete, it can still unveil the intrinsic relationships between factors by computing their 
relational degrees. The essence of GRA resides in identifying whether various factors exert an influence on a specific target variable. 
Through systematic quantitative calculations, GRA compares the grey relational degrees between individual sequences (representing 

Fig. 16. Shear stress-shear rate curve of foamed lightweight concrete.

Table 10 
The yield stress and plastic viscosity of blended pastes and foamed concrete.

Wet density (kg/ 
m3)

W/b 
ratio

Foam content 
(%)

Yield stress (Pa) Plastic viscosity (Pa⋅s)

Blend Foamed 
concrete

Increase degree 
(%)

Blend Foamed 
concrete

Increase degree 
(%)

600 0.7 7.62 1.430 8.444 490.49 0.107 0.168 57.01
700 0.65 5.73 3.935 13.330 238.75 0.119 0.231 94.12
800 0.625 4.42 6.136 14.807 141.31 0.149 0.269 80.54
900 0.6 3.44 9.166 17.137 86.96 0.184 0.327 77.72
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Fig. 17. Porosity of foamed lightweight concrete at different height. (a) 600 kg/m3, (b) 700 kg/m3, (c) 800 kg/m3, (d) 900 kg/m3.
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Fig. 17. (continued).
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different factors) and a reference sequence (representing the target variable), ultimately determining the extent of each factor’s impact 
on the target variable [68].

The compressive strength of foamed lightweight concrete is set as the reference sequence Y, and the pore structure parameters as 
the comparison sequence X, where Y =

{
yi|i = 0, 1, 2, ⋯

}
, X = {xi|i = 0, 1, 2, ⋯}, yi(k) ∈ Y, xi(k) ∈ X, k = 1, 2, ⋯. The steps for 

calculating the grey relational grade are as follows. 

xi(t)=
xi(k) − xi min

xi max − xi min

/

yi(t) =
yi(k) − yi min

yi max − yi min 

xi min/yi min, xi max/yi max represent the minimum and maximum values of xi/yi respectively; xi(k) is the parameter value; yi(k) is the 
strength value. 

Δxi(t)= |yi(t) − xi(t)|

ξ(xi(k), yi(k))=
minminΔxi(t) + ζmaxmaxΔxi(t)

Δxi(t) + ζmaxmaxΔxi(t)

ζ is generally taken as 0.5; ξ
(
xi(k), yi(k)

)
is the grey relational coefficient between the strength and the pore structure parameter. 

r(xi(k), yi(k))=
1
n
∑n

k=1
ξ(xi(k), yi(k))

Table 13, Tables 14, and Table 15 present the calculated grey relational grades between pore structure parameters (i.e., pore size, 
pore sphericity, and other pore characteristics) and the compressive strength of foamed lightweight concrete. The results indicate that 

Table 11 
The X-CT porosity and the introduced porosity of foamed lightweight concrete.

Wet density (kg/m3) The X-CT porosity (%) The introduced porosity (%)

600 33.54 51.67
700 31.17 50.03
800 29.07 48.56
900 26.70 46.27

Fig. 18. Pore size distribution of foamed lightweight concrete.
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Fig. 19. Zingg diagram of foamed lightweight concrete. (a) 600 kg/m3, (b) 700 kg/m3, (c) 800 kg/m3, (d) 900 kg/m3.
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Fig. 19. (continued).
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pores within the size range of 50–100 μm exhibited the highest relational grade with the compressive strength of FLC, reaching 0.7225. 
This finding suggests that increasing the proportion of small-sized pores constitutes the primary factor governing the material’s 
compressive strength. Among the different pore sphericity intervals, the interval corresponding to a sphericity of 0.9–1.0 (i.e., the 
highest sphericity category) showed the strongest relational degree with compressive strength, reaching 0.6639. This implies that 
pores with high sphericity exert the most significant influence on the strength of FLC, which can be attributed to the fact that pores 
with a shape closer to spherical facilitate more uniform stress distribution within the material, thereby enhancing compressive 
strength.

Additionally, spheroid and discoid pores, specifically those with the elongation index (l/L) exceeding 0.67, exhibited the highest 
relational grade with the compressive strength of FLC, further confirming their dominant role in regulating strength. Notably, with an 
increase in wet density, the compressive strength of FLC increases, whereas its porosity decreases. In the grey relational grade 
calculation, the focus is on quantifying the similarity of change trends between variables, rather than distinguishing between positive 
and negative correlations. It is important to note that the decrease in porosity and the increase in compressive strength exhibit a 
negative correlation. In grey relational analysis, however, calculations are performed using absolute differences. Specifically, 
following data normalization, trends that are asynchronous are classified as non-synchronous, which justifies the observed low 
relational degree between porosity and compressive strength. In conclusion, foamed lightweight concrete exhibits higher compressive 
strength when its pores have a shape closer to spherical and the material possesses higher compactness.

3.3. Global warming potential

Table 16 displays the global warming potential (GWP) for 1 m3 foamed lightweight concrete for raw materials, transportation, and 
production, in that order. In the whole life cycle, the GWP of CRS/GGBS foamed lightweight concrete is about 56.5–90.1 kg/m3, while 
the CO2 equivalent of OPC foamed lightweight concrete is 308.5–469.2 kg/m3. The GWP of CRS/GGBS foamed lightweight concrete in 
the whole life cycle is significantly lower than that of OPC foamed lightweight concrete, about one fifth of it. The preparation stage for 

Table 12 
Pore shape classification based on shape factor.

Class Elongation index (l/L) Flatness index (S/l) Shape

1 >0.67 <0.67 Discoid
2 >0.67 >0.67 Spheroid
3 <0.67 <0.67 Blade
4 <0.67 >0.67 Rod

Fig. 20. Shape factor distribution of foamed lightweight concrete.
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Fig. 21. Sphericity distribution of foamed lightweight concrete.

Fig. 22. Pore spacing distribution of foamed lightweight concrete.
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the raw materials is the main cause of the decrease. According to Fig. 23, the production of OPC accounts for about 91 % of CO2 
emission in 1 m3 OPC foamed lightweight concrete, whereas CRS/GGBS foamed lightweight concrete accounts for 47 % of the mis
sions. For CRS/GGBS foamed lightweight concrete, transportation accounts the most carbon emission. When the construction site is 
close to the plants with solid wastes, the carbon reduction advantage of CRS/GGBS foamed lightweight concrete become more obvious.

Typically, cement transportation distances range from 50 to 350 km. Based on relevant literature [31], the distance for cement in 
this study was set at 161 km. Transportation distances for CRS and GGBS from 70 to 500 km; following literature review and 
consideration of actual conditions, 200 km was selected in this study [36]. Under the worst-case scenario, transportation distances 
were set to 50 km for OPC and 500 km for CRS and GGBS. The LCA results for foamed lightweight concrete (FLC) at different stages, 
derived from calculations, are detailed in Table 17. Crucially, even under the worst-case scenario, FLC with equivalent wet density 
using the CRS/GGBS system exhibited a global warming potential (GWP) approximately 35 % that of OPC formulations. This sig
nificant reduction underscores the substantial potential of CRS/GGBS to replace cement in FLC production for mitigating carbon 
emissions.

Furthermore, analysis revealed that transportation-related carbon emissions contributed only about 3 % to the total GWP in the 
cement system under this worst-case scenario. In contrast, transportation emissions accounted for a dominant 70 % of the total GWP in 
the CRS/GGBS system. This highlights the non-negligible impact of transportation distance on LCA outcomes. In conclusion, despite 
the significant sensitivity of the CRS/GGBS system to transportation distance, replacing OPC with CRS/GGBS in FLC production 
yielded a 65 % reduction in GWP even in the most unfavorable scenario. This demonstrates the considerable potential of this sub
stitution strategy for carbon emission reduction within the civil engineering.

The substitution of OPC foamed lightweight concrete by CRS/GGBS to obtain comparable strength would lead to the reduction of a 
large amount of CO2 emissions. In-depth development of the potential and sustainability benefits of applying CRS/GGBS foamed 
lightweight concrete in large infrastructure projects will mitigate the greenhouse gas emissions associated with cement production and 
enhance the resource recovery of industrial solid waste.

4. Conclusions

This study demonstrates the application of a novel CRS/GGBS binder system for producing sustainable foamed lightweight con
crete, revealing the following key findings. 

(1) An optimal CRS/GGBS ratio (10/90) is obtained for achieving the maximum compressive strength in the binder system. While 
the 28-day compressive strength of this blend is significantly lower than OPC, it exhibits superior flexural strength, indicating 
enhanced toughness and crack resistance.

Table 13 
Grey correlation between pore size and compressive strength of foamed lightweight concrete.

Pore size (μm) 50–100 100–150 150–200 200–250 >250

Compressive strength 0.7225 0.5951 0.6000 0.6299 0.6062

Table 14 
Grey correlation between sphericity and compressive strength of foamed lightweight concrete.

Sphericity 0–0.6 0.6–0.7 0.7–0.8 0.8–0.9 0.9–1.0

Compressive strength 0.5196 0.44225 0.5016 0.5349 0.6639

Table 15 
Grey correlation between pore structure parameters and compressive strength of foamed lightweight concrete.

Pore structure parameters Porosity Spheroid Discoid Rod Blade

Compressive strength 0.5460 0.6565 0.7221 0.5755 0.5616

Table 16 
LCA of foamed lightweight concrete at different stages.

Materials Raw materials (CO2 eq kg) Transportation (CO2 eq kg) Foamed concrete production (CO2 eq kg) Total (CO2 eq kg)

OPC-600 280.6 25.6 2.3 308.5
OPC-700 329.9 30.1 2.3 362.3
OPC-800 378.5 34.5 2.3 415.3
OPC-900 427.9 39.0 2.3 469.2
CRS/GGBS-600 26.3 27.9 2.3 56.5
CRS/GGBS-700 31.8 33.8 2.3 67.9
CRS/GGBS-800 37.0 39.4 2.3 78.7
CRS/GGBS-900 42.5 45.3 2.3 90.1
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(2) The CRS/GGBS binder exhibits remarkably low heat of hydration compared to OPC, primarily attributed to its distinct hy
dration products dominated by calcium silicate hydrate (CSH), calcium aluminate silicate hydrate (CASH), and hydrotalcite 
phases. This low hydration heat enables safer large-volume placements and effectively mitigating the risk of early-age thermal 
cracking.

(3) Foam content is the predominant factor governing the rheological properties specifically yield stress and plastic viscosity and 
flowability of CRS/GGBS foamed lightweight concrete, exerting a greater influence than water-binder ratio. The rate of increase 
in yield stress progressively diminishes as foam content rises, offering crucial insights into mixture design for achieving target 
workability.

(4) CRS/GGBS foamed lightweight concrete develops a significantly refined pore structure compared to conventional OPC foamed 
lightweight concrete. The majority of pores in CRS/GGBS foamed lightweight concrete fall within a finer range (50–100 μm), 
with notably smaller pore spacing (concentrated within 0–15 μm), exhibiting more spherical pore morphology and a denser 
spatial distribution. Grey relational analysis reveals that pores within 50–100 μm and sphericity >0.9 exhibit the highest 
correlation grades (0.7225 and 0.6639, respectively). This optimized pore structure is the primary factor responsible for 
delivering higher compressive strength in CRS/GGBS foamed lightweight concrete.

(5) CRS/GGBS foamed lightweight concrete achieves an approximately 80 % reduction in global warming potential over its entire 
life cycle compared to OPC foamed lightweight concrete. Moreover, while raw materials dominate carbon emissions >90 % in 
OPC foamed lightweight concrete, their contribution drastically decreases to around 47 % in CRS/GGBS foamed lightweight 
concrete, shifting the main emission source to transportation. This dramatic shift underscores the substantial inherent decar
bonization potential of employing the CRS/GGBS binder system.

Fig. 23. GWP of foamed lightweight concrete at different stages.

Table 17 
Under the worst-case scenario, LCA of FLC at different stages.

Materials Raw materials (CO2 eq kg) Transportation (CO2 eq kg) Foamed concrete production (CO2 eq kg) Total (CO2 eq kg)

OPC-600 280.6 8.06 2.3 290.96
OPC-700 329.9 9.44 2.3 341.64
OPC-800 378.5 10.8 2.3 391.6
OPC-900 427.9 12.18 2.3 442.38
CRS/GGBS-600 26.3 69.43 2.3 98.03
CRS/GGBS-700 31.8 84.21 2.3 118.31
CRS/GGBS-800 37.0 98.39 2.3 137.69
CRS/GGBS-900 42.5 113.01 2.3 157.81
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In conclusion, this research establishes the CRS/GGBS binder system as a low-carbon alternative for producing foamed lightweight 
concrete, offering a unique combination of enhanced flexural strength, reduced thermal cracking risk, superior pore structure leading 
to higher compressive strength, and a remarkable lifetime carbon footprint reduction.
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