
ww.sciencedirect.com

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 3 ; 2 5 : 5 4 9 4e5 5 0 5
Available online at w
journal homepage: www.elsevier .com/locate/ jmrt
Sustainable cementitious composites with 30%
porosity and a compressive strength of 30 MPa
Siyu Wu 1, Kebede Alemayehu Moges 1, Prabhat Vashistha, Sukhoon Pyo*

Department of Urban and Environmental Engineering, Ulsan National Institute of Science and Technology (UNIST),

Ulsan 44919, Republic of Korea
a r t i c l e i n f o

Article history:

Received 13 May 2023

Accepted 4 July 2023

Available online 7 July 2023

Keywords:

High-strength foamed geopolymer

Lime mud

Fly ash

Porosity

CO2 emissions
* Corresponding author.
E-mail address: shpyo@unist.ac.kr (S. Pyo

1 These authors contributed equally to the
https://doi.org/10.1016/j.jmrt.2023.07.036
2238-7854/© 2023 The Author(s). Published
creativecommons.org/licenses/by-nc-nd/4.0/
a b s t r a c t

Many researchers have tried to increase the porosity of cement-based materials for

different applications, but a limitation of the existing technology is that it is difficult to

achieve more than 30 MPa compressive strength for materials that have a porosity of more

than 30%. To overcome the decrease in compressive strength, some studies have devel-

oped fly ash-based foam geopolymers with silica fume as the foaming agent. However, this

material requires heat curing and has a rapid setting problem. Therefore, the present study

aimed to develop a material that can maintain compressive strength above 30 MPa while

increasing the porosity to 30%, solving the curing problem, and extending the setting time.

This study proposes a sustainable material design based on the concept of limestone

calcined clay cement (LC3) and a fly ashebased foamed geopolymer. The results show that

the proposed material can generate porosity of more than 30% and maintain a compressive

strength above 30 MPa while the rapid setting and curing limitation problems are solved.

Moreover, the developed cementitious composite was proven to reduce CO2 emissions by

31.91% compared to conventional construction materials, which highlights that the newly

developed material can be classified as a low carbon construction material.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Numerous researchers have attempted to increase the porosity

of construction materials appropriately for diverse applica-

tions, such as thermal insulation, noise insulation, and vibra-

tion reduction [1e3]. In some studies, a physical method was

used by adding an air-entraining agent to increase the porosity

to more than 20%, but the compressive strength decreased to

less than 30 MPa because the increased porosity using air-

entraining agents without increasing strength of the matrix

deteriorated the overall strength of construction materials

[4e7]. The othermethod is the chemicalmethod,which follows
).
present study.
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the reaction among hydrogen peroxide, sodium hypochlorite,

Al, Si, andalkaline solution togeneratepores [8]. Basedon these

reactions, some researchers have developed a fly ash (FA)e

basedgeopolymerwith silica fume (SF) as the foamingagent [9],

which can increase the porosity to 20% while maintaining the

compressive strength at 30 MPa with the appropriate SF con-

tent. However, this geopolymer has several limitations, such as

requiring heat curing and having a rapid setting time [10,11],

which are difficult to practically apply in construction.

The common method for developing construction mate-

rials with appropriate porosity around 15% is based on

conventional cement-based materials with an air-entraining
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agent while maintaining a compressive strength around

20 MPa. However, the CO2 emissions from cement clinker

production account for 7%e10% of the global CO2 emissions

[12]. Therefore, some studies have focused on reducing

cement usage by employing supplementary cementitious

materials (SCM) to replace cement. Materials that cause

fewer CO2 emissions during the production process were

chosen as the SCM. Calcined clay needs only half of the

calcination temperature of cement clinker production, and

limestone powder does not need calcination; therefore,

these two materials have lower CO2 emissions than cement

clinker. Limestone calcined clay cement (LC3), a sophisti-

cated low-carbon construction material, was developed

based on this concept [13]. LC3 has been widely used in

construction because it is easy for untrained workers to use

it as cement without particular health and safety issues [13].

There are some application examples based on LC3, such as

the Swiss Embassy building in Delhi, the street pavement on

the Central University “Marta Abreu” of Las Villas campus in

Cuba, and a house building in Santa Clara in the United

States. In LC3, 60% of the cement can be replaced with

calcined clay and limestone powder, while the compressive

strength reaches 50 MPa [14]; however, limestone powder

production processing still consumes energy and generates

CO2. Therefore, it is better to find a kind of industrial

byproducts that have the similar chemical components to

replace limestone powder.

Limemud (LM) is a type of industrial waste from the paper-

making process that mainly consists of calcium carbonate.

Existing studies have shown that solid waste from the paper-

making industry causes severe environmental pollution

problems, such as groundwater pollution and vegetation

damage [15e18]. Therefore, some studies have focused on

applying solid waste, such as LM, to construction materials.

However, a previous study [19] showed that the addition of LM

decreased the compressive strength due to LM's low reactivity.

In contrast, it was revealed that the appropriate replacement

ratio in a mortar improved the compressive strength and

prolonged the setting time compared to that for normal

mortar [20].

Metakaolin (MK) is a calcined, high purity kaolinitic clay

used as supplementary cementitious materials, so it contrib-

utes to the pozzolanic reaction in cementitious composites. In

LC3, the calcined clay can have less than 40% kaolinite con-

tent, which can also participate in the pozzolanic reaction,

and the 28-day compressive strength of LC3 can achieve more

than 45 MPa [21]. Previous studies showed that the alumina in

MK or low kaolinite calcined clay in LC3 could react with

limestone powder to form fillers in the mortar matrix to

improve compressive strength [14,22]. However, no study has

investigated whether LM is reactive with MK in LC3 paste.

Therefore, this study attempts to address this gap in the

literature. This study also aims to overcome the significant

compressive strength decrease, curing problem, and rapid

setting in the literature by developing a high-volume lime

mudebased cementless binder based on a combination of LC3

and a foamed fly ashebased geopolymer to alleviate the

environmental burden [23]. Because the kaolinite content of

the calcined clay in LC3 is lower than that ofMK [14], FA and SF

replace part of MK to decrease the kaolinite content. In this
study, it is called lime mud metakaolin geopolymer cement

(LMMGC).

This study examines the properties of the proposed

LMMGC and mainly aims to develop an LMMGC that has 30%

porosity with compressive strength above 30 MPa. Different

LM content was used to replace limestone powder in the

mixture, and the foaming fly-ash geopolymer replaced part of

themetakaolin to reduce the kaolinite content and to generate

pores. The reaction between metakaolin and LM was investi-

gated with thermogravimetric analysis (TGA), and the setting

time was measured with calorimetry and setting time tests.

The compressive strength and porosity of the LMMGC speci-

mens were evaluated. Finally, the CO2 emissions of the

LMMGC were evaluated to highlight that it is a low-carbon

construction material.
2. Materials and methods

2.1. Raw materials

The specimens used in this study were made from Type I

cement and natural river sand, MK, FA, SF, and LM. A com-

mercial water glass (WG) with a specific gravity 1.5 was used

as an activator for the geopolymer part. A polycarboxylate-

based superplasticizer was also used to compensate for the

decrease in fresh mortar flowability resulting from the use of

LM and other fine powder materials.

The cement was purchased from Halla Cement in South

Korea and has a surface area of 1.44 m2/cm3 and a mean

particle size of 11.03 mm, and MK was purchased from

Nycontech in China and has a surface area of 2.9m2/cm3 and a

mean particle size of 3.19 mm. FAwas purchased fromMaxcon

in South Korea and SF from Elkem in South Korea. Moorim

Paper Industry in South Korea supplied the LM. Moorim Paper

Industry in South Korea supplied the LM. LM is solid waste

produced during the alkali recycling process in the paper-

making process. LM has a moisture content of 56.3%; there-

fore, it was completely dried in an oven at 80 �C to remove the

moisture and reduce agglomeration. The cement used has a

density of 3.14 g/cm3, while the densities of metakaolin, silica

fume, fly ash, limemud, and river sand are 2.6, 2.2, 2.1, 2.7, and

2.65 g/cm3, respectively. The chemical composition of the

binding materials, which was obtained with X-ray fluores-

cence analysis (XRF; T8 tiger, USA), is shown in Table 1. It

should be noted that LM has 90.4 wt% of CaO, which was the

result of a causticization reaction.

2.2. Specimen preparation

Three specimens were prepared using a water-to-binder ratio

of 0.5 and a sand-to-binder ratio of 2.0 for each mixture. The

mortars were prepared following ASTM 305 [24]. The super-

plasticizer used was 2% of the weight of the binder. As can be

seen in the mix design presented in Table 2, the proportions of

the materials were determined based on previous studies on

LC3 and low-carbon foamed materials [13,14]. The ratio of MK

was 20%, which is half of that used in typical LC3 cement

because the kaolinite content in MK is almost twice that of

calcined clay. Based on previous research on LC3, cement and

https://doi.org/10.1016/j.jmrt.2023.07.036
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Table 1 e Chemical composition of binding materials (wt%)

CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O K2O Others

Cement 64.1 17.8 4.4 3.7 3.3 3.9 0.5 1.4 1.0

Silica fume (SF) 0.1 97.3 0.1 0.2 0.4 0.9 e e 1.0

Lime mud (LM) 90.4 0.8 0.5 0.9 1.4 1.3 2.5 0.1 2.1

Metakaolin (MK) 0.5 50.4 43.3 2.8 0.2 0.1 e e 2.8

Fly ash (FA) 4.3 57.1 23.9 7.1 1.1 0.6 1.7 1.5 2.6

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 3 ; 2 5 : 5 4 9 4e5 5 0 55496
LM ratios of 40% and 20%, respectively, were determined. Based

on previous research on foamed geopolymer materials, a ratio

of 0.37 to the total amount of FA and SFwas used for theWG [9].

A standard mortar with a sand-to-cement ratio of 2 and the

same water-to-binder ratio was used for the RF sample.

The initial step involved blending the solid rawmaterials in

a dry state, after which the sodium silicate solution was

introduced and mixed for a duration of 1 min. This was fol-

lowed by another 5 min of mixing subsequent to the addition

of water and a superplasticizer, with the aim of achieving a

uniform mixture. The fresh paste was then poured into a

50 � 50 � 50 mm3 mold, which was sealed with plastic wrap

and left at room temperature for 24 h. The specimens were

demolded and cured in a standard water chamber at

22 ± 2.0 �C until the day of testing.

2.3. Testing methods

2.3.1. Compressive strength and density measurement
The 28-day compressive strength and density of the mortar

specimens were measured following ASTM C109 [25] and

ASTM C567 [26], respectively. The averages of the three rep-

licates were then used as representative test results for the

compressive strength and density tests.

2.3.2. CT scanning measurement
Computed tomography (CT) scans were performed to calcu-

late the porosity of the 50 � 50 � 50 mm3 mortar specimens.

One representative specimen for each mix design was chosen

for the CT scan analysis. The voxel size was 0.051mm, and the

detection conditions included 210 kV voltage and 200 A cur-

rent. A 2-mm copper filter was integrated. After scanning, the

images were reconstructed with VG Studio 2.2 software (Vol-

ume Graphics, Germany). With greater than 900 XeY plane

images, the porosities of the specimens were calculated.

ImageJ, Version 1.49, was used to process the images,

which were converted to 8-bit grayscale resolution, as shown
Table 2 e Mix design (kg/m3).

Mixture ID Binder

Cement LM MK SF

RF 628.57 e e e

40LM4SF 125.71 251.43 125.71 25.14

30LM4SF 188.57 188.57

20LM4SF 251.43 125.71 125.71 25.14

20LM0SF 150.86 e

20LM8SF 100.57 50.29

a WG: water glass (sodium silicate solution).
b SP: superplasticizer.
in Fig. 1(a) and cropped to a 45 mm � 45 mm region of interest

(ROI). To reduce the noise in the images, Gaussian andMedian

(1 � 1) filters were used. Fig. 1(b) shows reconstructions of the

microstructure created by segmenting thematerials in the ROI

using grayscale thresholding. This allows the mortar and air

voids to be separated. The software was also used to stack the

thresholded images of the air voids. Because small isolated

clusters of voids or grain voxels are known to correspond to

small isolated pores or noise effects [27], these were removed

from the image before further analysis. To avoid being clas-

sified as pores, all features smaller than 0.5 mm in diameter

were removed from the binary segmented data.
2.3.3. Setting time measurement
The setting time was investigated following ISO 9597:2008 [28]

with a Vicat apparatus (Heungjin Testing Machine, South

Korea). The initial setting time was determined when the

Vicat needle failed to penetrate 5 mm from the bottom of the

mold. The needlewas then changed to another needle with an

angular ring attachment for the final setting time test. The

final setting time was determined when the Vicat needle

failed to make an impression on the surface of the paste.
2.3.4. Isothermal calorimetry
The TAM air conduction calorimeter (TA Instruments, USA)

with eight channels was used for the isothermal calorimetry

test, following ASTM C1679 [29]. A fresh paste for the different

mixes was prepared and poured into a glass ampoule. It was

then transferred to the instrument. The heat flow was

measured for up to 72 h, encompassing the main hydration

heat evolution from the induction period to the stable period.
2.3.5. Thermogravimetric analysis (TGA)
Measurements for the TGA were taken using a TGA machine

(Q500 TA instruments, USA). After the specimens were tested

for compressive strength, the test chunks were used for
WGa Sand Water SPb

FA

e e

100.57 46.51 1257.1 314.29 12.57

100.57 46.51

37.21

55.82
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Fig. 1 e An example of the thresholding and filtering mortar specimen: (a) the original CT scan image and (b) the filtered and

binarized image.

Fig. 2 e Porosity comparison of different blends: (a) the total porosity, density, and compressive strength; (b) the porosity

distribution over the depth of the specimen; (c) the number of pores, the average pore diameter, and the porosity of the

blends.
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Table 3 e Comparison of CO2 emissions, compressive strength, porosity, and density of different blends.

RF C30 concrete 40LM4SF 30LM4SF 20LM4SF 20LM0SF 20LM8SF

Compressive

strength (MPa)

49.79 ± 0.93 30 10.91 ± 0.23 20.66 ± 0.19 32.42 ± 0.67 34.55 ± 0.68 34.08 ± 0.71

CO2 emission

(kg CO2 eq/tonne)

255 188 84 108 130 123 128

CO2 emission efficiency

(kg CO2 eq/tonne/MPa)

5.12 6.27 7.70 5.23 4.01 3.56 3.75

Porosity (%) 17.48 e 41.28 40.13 30.92 28.31 32.38

Density (g/cm3) 2.16 ± 0.0028 e 1.94 ± 0.0045 1.99 ± 0.0041 2.05 ± 00050 2.07 ± 0.0045 2.02 ± 0.0033
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specimen preparation. The specimens were ground by the

mortar and pestle. Then, the ground powder was immersed in

isopropanol at a 10ml/g ratio for 1 h to replace free water with

isopropanol [30]. After the suspension was filtered and dried

with a vacuum, the powder was dried further in an oven at

40 �C for 10 min before being stored in a desiccator until

tested. The TGAwas then run at a rate of 10 �C/min from 30 �C
to 900 �C.
2.3.6. CO2 emissions evaluation
The CO2 emissions of each mixture were evaluated with

SimaPro 9.3 software [31], a professional life cycle assess-

ment tool widely used to evaluate CO2 emissions. The

Ecoinvent-3 library and the IMPACT world þ Midpoint V1.01

evaluation method were used with this software for the

assessment. To accurately determine the carbon footprint of

each mixture, the materials used, and their production

processes were considered. Moreover, for a fair comparison,

the 30 MPa concrete was chosen as another reference

specimen for use in CO2 emissions evaluation (Section 3.5)

because it has a similar compressive strength to most of the

LMMGC specimens.
Fig. 3 e Porosity vs. compressive strength of mixtures
3. Results and discussion

3.1. Porosity analysis

The pore generation reaction of LMMGC is based on inorganic

in situ foam formation theory. The pores might be caused by

the hydrogen produced during the reduction reaction of water

(Eq. (1)), silicon oxidation (Eq. (2)), and the formation of

orthosilicic acid species (Eq. (3)) [9,32]:

4H2O þ 4e� /2H2 þ 4OH�, (1)

Si0 / Si4þ þ 4e�, (2)

4H2O þ Si0 /2H2 þ Si(OH)4. (3)

The porosity, average pore diameter, and number of pores

were the pore properties that were quantified using CT scans.

These properties are commonly used to analyze the topology

of porousmedia. The porosity was calculated as the volume of

pores per unit of volume in the ROI. The average pore diameter

was calculated using a thickness algorithmwithin the Particle
in this study and previous studies [5e7,9,39e41].
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Analyser plugin in ImageJ [33]. Furthermore, the average pore

diameter, Avd (mm), was calculated as follows:

Avd ¼
Xn

i¼1
diVi

Pn

i¼1

Vi

; (4)

where di and Vi are the diameter and volume, respectively, of

each pore within the ROI.

Using ImageJ software, the total porosity, porosity over

depth, and average number of pores per scanned layer were

measured, and the results show that more SF increased the

pore formation. As shown in Fig. 2, pore formation was

enhanced by a higher SF content. The porosity increased from

27% to 33% with only 8% SF, while a compressive strength

above 30 MPa was maintained, as shown in Table 3 and

Fig. 2(a). Themain reason is that, as shown in Eq. (3), higher SF

content results in a more sufficient foaming reaction with

sodium silicate solution, which produces more H2 gas,

resulting in higher number of pores. In addition, higher LM

content also increases porosity because a higher LM ratio re-

duces the amount of cement in the matrix and the number of

hydration products, and affects the densification of the ma-

trix, which corresponds to previous studies [20,34,35]. As can

be seen in Fig. 2(a), the compressive strength and density re-

sults show that a higher amount of LM decreases the strength

and density of the mortar. In addition, for all LMMGC speci-

mens, the porosity increased as the density decreased.

Furthermore, as shown in Fig. 2(c), increasing the amount

of SF from 4% to 8% did not significantly increase the porosity

compared to the increase in the amount of SF from 0% to 4%.

When the number of pores and the average diameter of the

pores were compared, more SF increased the connectivity by

reducing the number of pores. This has a positive effect on the

material's sound absorption and damping properties [6,36,37].

In the case of LM, however, as shown in Fig. 2(a) and (c), the

porosity increased sharply up to 30% LM and slightly up to

40%, indicating that there were more micropores up to 30%

and macropores when 40% LM was used, which significantly

degraded the strength of the blend.
Fig. 4 e TGA comparison between different blends: (a) the

reaction between LM and MK in LC3 paste, (b) LMMGC

specimens with different LM content, (c) LMMGC

specimens with different SF content.
3.2. Compressive strength

The compressive strength of all specimens after 28 days of

water curing is shown in Fig. 3. Compared to the RF specimen,

although the compressive strength of the LMMGC specimens

decreased as the LM content increased, the compressive

strength of most of the specimens with 20% LM was higher

than 30 MPa, which can satisfy most construction applica-

tions. Significantly, when the LM content reached 40%, the

compressive strength decreased to only 10.91 MPa, which

decreased by 66% compared to the specimen containing 20%

LM because of the low reactivity of the inactivated LM in the

matrix [17,38]. The higher LM content increased the porosity

of the specimens because it affected the matrix densification.

This was discussed in Section 3.1.

The SF content slightly affected the compressive strength

compared to the specimens with different LM content. As

shown in Fig. 4, when the SF content increased to 8%, the

compressive strength reached 34.10 MPa, which was slightly

https://doi.org/10.1016/j.jmrt.2023.07.036
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higher than the specimen with 4% SF content, but almost the

same as the specimen without SF. This is because the higher

SF content caused amore sufficient foaming reaction with the

sodium silicate solution, leading to more pore generation, as

discussed in Section 3.1. Meanwhile, sufficient SF can partially

participate in the pozzolanic reaction; therefore, increasing

the SF content to 8% can compensate for the decrement in

compressive strength due to the increased porosity. This is

discussed further in Section 3.3.

3.3. TGA

In this study, LM was used to replace limestone powder in the

LC3 paste, and the limestone powder was reactive with MK in

a previous study [13]. Therefore, it is necessary to ascertain

whether LM is reactive in the LC3 specimens. They were pre-

pared based on the mixing proportion of the 20LM4SF speci-

mens after FA, SF, and sand were removed. As shown in

Fig. 4(a), the specimen that contained only cement andMK did

not have the calcite peak at 7 days due to the pozzolanic re-

action, but the specimen that contained cement and LM had

almost the same calcite peak as the LC3 specimen at 7 days,

which means the calcite peak of the LC3 specimens occurred

because of LM. Comparing the results of the 7- and 28-day LC3

specimens, the calcite peak decreased at 28 days. This can be

attributed to the slight reaction between MK and LM.

The TGA results for the LMMGC specimens with different

LM content at 28 days are shown in Fig. 4(b). The peak between

100 �C and 200 �C of the specimen with 20% LM was the

highest, and the calcite peak was the lowest among the three

specimens because the specimen had the highest cement

content and the lowest LM content. Moreover, portlandite did

not exist in the specimens due to the pozzolanic reaction be-

tween pozzolanic materials and cement, and portlandite may

transform into CSH gel. In addition, the portlandite might

partially transform into CASH gel by the reaction between a fly

ashebased geopolymer and cement [42].

The results for the LMMGC specimens with varied SF

content are shown in Fig. 4(c). The results for the specimens
Fig. 5 e Setting time and hydration of different blends (a) settin

isothermal calorimetry.
were nearly the same. Only the first peak of the specimen that

contained 4% SFwas lower than those of the other specimens,

whereas the calcite peak was slightly higher than those of the

other specimens, which means less LM was reactive in the

20LM4SF specimen compared to the other specimens. The

peak between 100 �C and 200 �C of the specimen with 8% SF

was slightly higher than that of the 4% SF specimen, which

means that the higher SF content might partially participate

in the pozzolanic reaction.

3.4. Hydration kinetics

The setting time of six different blends was measured to

evaluate the effects of LM and SF on the setting time. As can be

seen in Fig. 5, when the amount of LM increased, the setting

time was prolonged, especially for the specimen with 40% LM.

Compared to other blends, the setting time was prolonged by

366%, almost 3 times longer than the 30LM4SF specimen. This

could be due to the reaction between OH� in the mortar sys-

tem. In addition, the active silicon-aluminum phase in FA,

named secondary hydration,may be promoted by the alkali in

LM, thus partially offsetting the setting delay caused by the

dilution effect. Moreover, the surface area of LM and SF was

greater than that of the cement, resulting in less water in the

matrix for the cement to hydrate. In the case of SF, the amount

of the other materials was kept constant, and it can be seen

that as SF increased from 0% to 8%, the setting time decreased

by 1 h. This could be because SF performs better in an alkaline

environment, and having LM provides more crystalline nuclei

for the precipitation of hydration products.

Some changes were observed when the blend hydration

kinetics were measured using the reaction heat. When the

amount of LM increased, the induction period was prolonged,

which corresponded to the setting time results. The delay

effect of LM on the rate of heat evolution could be related to its

chemical and physical effects on the cement hydration pro-

cess. The water adsorption behavior of LM, SF, and FA due to

their large specific surface area led to a decrease in the water

that participated in the early cement hydration in cement
g time using Vicat; (b) hydration of the blends using

https://doi.org/10.1016/j.jmrt.2023.07.036
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Fig. 6 e CO2 emission evaluation flow chart of different mixtures: (a) RF, (b) C30 concrete, (c) 40LM4SF, (d) 30LM4SF,

(e) 20LM4SF, (f) 20LM0SF, (g) 20LM8SF.
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Fig. 6 e (continued).
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paste [43,44], which caused limited hydration, and the delayed

exothermic peak. It can be seen that the peaks of 20LM4SF and

20LM8SF were significantly higher than that of 40LM4SF,

indicating that the more active SiO2 in SF had been dissolved

in the alkaline environment provided by LM [45], in which the

active silicon-aluminumphase consumedOH� to rapidly form

CSH gel, thus having a high exothermic rate.

Furthermore, compared to other FA-based geopolymer

paste setting times, the setting time of the LMMGC blends was

nearly the same as that of the mortar containing SF, which

shows that combining LC3 and an FA-based geopolymer can

solve this problem [46e48].

3.5. CO2 emission evaluation

Fig. 6 illustrates the CO2 emission evaluation flow chart of

seven different mixtures, which includes the CO2 emission of

each material used in mixtures. The CO2 emission evaluation

results for each mixture are shown in Table 3 and Fig. 7. For a

fair comparison, 30 MPa concrete (C30 concrete) was also

chosen for comparison with the LMMGC mortar specimens,

which has a similar compressive strength to most LMMGC

mortar specimens. Compared to the RF specimen and 30 MPa

concrete, the CO2 emissions decreasedwith the increase in LM

content. The CO2 emissions of the specimen with 20% LM

were 49.02% lower than that of the RF specimen and 30.85%

lower than that of the 30 MPa grade concrete. In addition, CO2

emission efficiency was used to evaluate CO2 emissions for

making 1 MPa material; therefore, lower CO2 emission effi-

ciency means fewer CO2 emissions. CO2 emission efficiency

increased with the LM content, as shown in Table 3 and Fig. 7.

The 20LM4SF specimen had the lowest CO2 emission effi-

ciency in terms of LM content, which decreased to 4.01.

Moreover, with the same LM content, the change of SF

content hardly affected the CO2 emissions due to the low SF

content in the mix design. However, compared to the RF and

30 MPa grade concrete, the CO2 emissions of the specimen

that contained 8% SF (20LM8SF) decreased by 49.80% and

31.91%, respectively. The CO2 emission efficiency of the

specimen with 8% SF decreased to 3.75, whichwas 26.76% and
Fig. 7 e Comparison of CO2 emissions and CO2 emission

efficiency.
40.19% lower than that of the RF and 30 MPa concrete speci-

mens, respectively. The specimenwith 20% LM and 8% SF was

a relatively better proportion in terms of CO2 emission effi-

ciency and porosity in this study. Furthermore, the LMMGC

improved the utilization of industrial byproducts so that the

CO2 emissions decreased significantly. Therefore, the devel-

oped LMMGC can be defined as a low-carbon construction

material.
4. Conclusion

This study aimed to use LC3 with LM and a fly ashebased

geopolymer mixed to develop the LMMGC (20LM8SF) that

has more than 30% porosity and more than 30 MPa

compressive strength. The curing limitation and rapid setting

problems of conventional foamed fly ashebased geopolymers

were solved for this material. Moreover, this material can

enhance the utilization of industrial byproducts compared to

normal construction materials so that CO2 emissions can be

reduced. The key observations and findings of this research

can be summarized as follows:

1. Pore formation was aided by higher SF content; with only

8% SF, the porosity increased from 27% to 33%, while the

compressive strength remained constant. In the case of the

LM replacement, more LM increased porosity due to its

effect on cement hydration, where more LM reduced the

amount of cement in the matrix, the number of hydration

products, and matrix densification, which can collaborate

with the strength data.

2. The compressive strength of the specimens decreasedwith

the LM content due to the low reactivity of LM. However,

the compressive strength of the specimen with 20% LM

content was still higher than 30 MPa. The SF content

slightly affected the compressive strength of the specimen

with the 8% SF content, because the higher SF content

could partially participate in the pozzolanic reaction.

3. The TGA results showed that LM is reactive with MK in the

LC3 specimen. The portlandite was transferred into CSH

and CASH gels because of the pozzolanic materials and

geopolymer components in the specimens.

4. The setting time of six different blends was measured to

evaluate how the amount of LM and SF affected the setting

time. Although the alkali introduced by LM promoted sec-

ondary or further hydration of SF, it caused a setting time

delay due to the dilution effect caused by the decrease in

the amount of cement. When the amount of LM increased,

the setting timewas prolonged by 366%, particularly for the

specimen with 40% LM, which was also seen in the heat of

hydration test, which has a high induction period.

5. The CO2 emissions of the LMMGC specimens decreased

with the increase in lime mud. Compared to the RF spec-

imen and the 30 MPa concrete, the CO2 emissions of the

LMMGC specimen with 20% LM and 8% SF decreased by

49.80% and 31.91%, respectively.

This experimental research proposed new high-strength

foamed cementitious composites that have more than 30%

porosity and more than 30 MPa compressive strength in a

https://doi.org/10.1016/j.jmrt.2023.07.036
https://doi.org/10.1016/j.jmrt.2023.07.036


j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 3 ; 2 5 : 5 4 9 4e5 5 0 55504
sustainable way. However, additional research is needed to

investigate and characterize additional merits, such as vi-

bration reducibility and sound absorption capability.
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