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A B S T R A C T

Metakaolin (MK) and limestone (LS) have attracted attention as a cement replacement for 
enhancing mechanical and durability properties. The hydration and strength development of MK- 
LS-cement composites with low water/biner ratio remained unexplored. This study investigated 
early hydration and strength of binders with MK, limestone (LS), and their combination at a low 
water/binder ratio of 0.16. Samples containing 13.4 wt% MK and 6.6 wt% LS (C+LSMK) showed 
comparable hydration heat and 3-day strength to the reference, while 20 wt% LS (C+LS) yielded 
the lowest hydration heat and early mechanical strengths. XRD indicated greater hemi
carboaluminate and monocarboaluminate formation in C + LSMK, supported by TG/DTG evi
dence of portlandite consumption. BJH analysis revealed higher capillary pore volume in 
C + LSMK. Hydration kinetic modelling confirmed that MK enhanced hydration through filler 
effects and pozzolanic reactions. These findings provided new insights into the synergistic effects 
of MK and LS in low w/b cement systems, advancing the design of high-performance, low-carbon 
cementitious materials.

1. Introduction

In recent decades, the rapid growth of the urbanisation and infrastructure development has led to a substantial increase in the 
global demand for cement and concrete [1,2]. However, cement manufacturing is widely recognised as one of the most 
energy-intensive and environmentally burdensome industrial processes, owing to the extensive consumption of natural resources, high 
fossil fuel usage, and the calcination of limestone during clinker production. These processes are responsible for the significant 
greenhouse gas emissions, accounting for approximately 8% of the global CO2 emissions [3–5]. Furthermore, construction materials 
are emerging with higher requirements on environmental protection and improved durability and mechanical properties on the 
concrete structures. As a result, the explorations of using supplementary cementitious materials (SCMs) to partially replace cement 
have attracted considerable attention [6–8], including silica fume [9,10], steel slag [11,12], recycled concrete powder [13,14], and 
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rice husk ash [15,16].
Zhang et al. [17] reported that using 4 wt% silica fume to replace cement reduced the chloride diffusion coefficient by 32.32% 

when compared to the reference mix, being attributed to the proper filler effects and a denser cementitious microstructure due to silica 
fume addition. Sun et al. [18] explored the effects of steel slag with different particle sizes on the slag-cement composites at 30 wt% 
cement replacement. They found that samples with ultra-fine steel slag (<10 µm) remained similar 28-day compressive strength when 
compared to the reference mix, while samples with coarser-size steel slag (<100 µm) exhibited 24.9% compressive strength reduction, 
highlighting the role of finer-size slag in remaining the compressive strength for samples with 30 wt% cement replacement. He et al. 
[19] utilised up to 15 wt% rice husk ash (<25.4 µm) as cement replacement, observing that mortar samples with 5 wt% rice husk ash 
had a similar 28-day compressive strength when compared to the reference mix. They mentioned that the addition of 5 wt% rice husk 
ash also slightly reduced the hydration heat by 6.4%, preventing the early cracking of the mortar samples. Additionally, Khedher et al. 
[20] concluded that up to 20 wt% red mud as cement replacement did not lower the 28-day mechanical properties of read mud-cement 
composites when compared to the control. Furthermore, Hamad et al. [21] mentioned that using FA to partially replace cement could 
improve the water absorption and resistance against aggressive-ion ingress, due to its high pozzolanic reactivity enhancing micro
structure of the FA-cement composites. Overall, the applications of SCMs could improve both mechanical and durability properties of 
the cementitious composites, while lowering the carbon footprint for sustainable concrete designs.

Metakaolin (MK), produced based on the high-temperature calcination of kaolinite, has been considered as a proper SCMs alter
native in the construction industry due to its high pozzolanic reactivity and purity [22–24]. Several studies [25–27] reported that the 
application of high-reactivity MK in the cementitious composites led to better mechanical and durability properties. El-Diadamony 
et al. [28] observed that using 15 wt% MK in replacing cement improved the durability properties of lightweight-aggregate cemen
titious composites. Assem and Hassan [29] used up to 25 wt% MK as cement replacement, reporting that the chloride-ion penetration 
coefficient was reduced with increased MK dosage. Similarly, several studies [30–32] found that the addition of MK refined the 
microstructure of the MK-cement composites, improving its compressive strength and resistance against chloride-ion ingress. Cai et al. 
[33] explained that this phenomenon was attributed to the pozzolanic reactions between MK and the portlandite (CH) from the cement 
hydration, forming additional C-S-H and aluminate ferrite monosulfate (AFm) for a denser cementitious microstructure. In addition, 
Keleştemur and Demirel [34] stated that large surface are of MK offered more nucleation sites, promoting the hydration dynamics of 
MK-cement composites. Similarly, Papp et al. [35] observed that samples with up to 30 wt% MK exhibited total pore volume reduction 
when compared to the reference mix using Brunauer–Emmett–Telle (BET) analysis at 30 days, indicating the benefit of MK in refining 
the microstructure of MK-cement composites. In addition, Ulloa et al. [36] stated MK could be used in geopolymer-based composites, 
improving durability properties and self-healing capacities. However, due to cement dilution, the application of MK would lower the 
early strength of the MK-cement composites, highlighting a main weakness of AL-rich materials as the SCMs [37–39].

The synergistic effects of MK and other SCMs on further improving the properties of MK-cement composites were also studied [37, 
40], such as combination of MK and coral powder, MK and FA, and limestone (LS) and MK [38,41–43]. Qin et al. [42] used 10 wt% 
coral powder and up to 30 wt% MK as the cement replacement, found that hemicarboaluminate (Hc) or monocarboaluminate (Mc) 
formed to densify the cementitious matrix, leading to improved compressive strength. Sun et al. [44] used 30 wt% FA and up to 10 wt% 
MK as the cement replacement, reporting that samples with 30 wt% FA and 3 wt% MK had the highest compressive strength (35.9% 
increment) after 30 days of wet/dry cycle. They found that MK provided proper filler effect and high pozzolanic reactivity, densifying 
the cementitious microstructure. Antoni et al. [45] observed that the combination of 30 wt% MK and 15 wt% LS led to 14.3% and 
17.7% strength increase for 7-day and 28-day compressive strength when compared to the reference mix. Tang et al. [46] observed that 
the synergistic effects of MK and LS was attributed to MK/LS ratio, while excessive dosage of MK or LS would lower the mechanical 
properties of the cementitious composites. Moreover, some studied [47,48] also found that the combination of MK and LS refined the 
cementitious matrix, leading to a denser microstructure. In addition, samples with the combination of MK and LS had better me
chanical properties improvement than that of samples with the combination of FA and LS [49].

Although previous studies have explored the synergistic effects of MK and LS on the performance of cementitious composites, the 
understanding of their behavior under low water-to-binder (w/b) ratios, particularly in terms of early-age hydration kinetics, remains 
limited. In particular, quantitative insights into how MK–LS interactions influence phase assemblage, pore structure evolution, and 
early strength under low w/b conditions are lacking. The boundary nucleation and growth (BNG) model has been widely employed to 
simulate the hydration behavior of heterogeneous cementitious systems and supplementary cementitious material (SCM)-modified 
binders [50]. However, its application to MK–LS blended cement with a very low w/b ratio (≤0.16) has rarely been reported, and 
systematic analysis linking kinetic modeling to microstructural development is lacking. The coupling between hydration kinetics, the 
formation of carboaluminate phases (hemicarboaluminate and monocarboaluminate), and early-age strength gain in low w/b 
MK–LS-cement systems has not been clearly elucidated [51–54].

Therefore, this study aims to systematically investigate the early hydration kinetics, strength development, and microstructural 
evolution of MK-LS-cement composites with a low w/b ratio (0.16). The BNG model is employed to quantitatively analyse hydration 
kinetics, while X-ray diffraction (XRD), thermogravimetric analysis (TG/DTG), and pore structure characterization are used to 
elucidate phase assemblage evolution and microstructural refinement. This paper aimed to establish a mechanistic linkage between 
MK-LS synergistic reactions, hydration kinetics regulation, and early-age performance enhancement under low w/b conditions, 
thereby providing fundamental insights for the optimized design and practical application of low-carbon, sustainable cementitious 
composites. The significance of this study was to reveal the hydration and strength development of low w/b MK-LS-cement composites, 
expanding the application of MK and LS in the high-performance cementitious system.
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2. Methodology

2.1. Raw materials and mortar fabrications

Commercially available P⋅I 52.5 Portland cement (Shandong Shanshui Cement Group, China), satisfying the requirements as per GB 
175–2023 [55], was utilised as the main binder for casting mortar specimens. The density, specific gravity, and surface are of cement 
were 1430 kg/m3, 1.801, and 354.3 m2/kg respectively. Meanwhile, the C3S, C2S, C3A, C4AF, and lime saturation factor of this type of 
cement were 56.35, 22.41, 5.63, 2.24, and 0.82 respectively. MK and LS powder were obtained from Haofu Chemical Co., Ltd. 
(Shanghai, China). MK was grey powder (Fig. 1a), while LS was white powder (Fig. 1b). The particle size distribution (PSD) of all 
powders was analysed using a Microtrac laser particle size analyser (Fig. 1c). MK had the finest particle size (up to 10 µm) with a D50 
value of 2.28 µm. The D50 value of LS and ordinary Portland cement (OPC) were 4.37 µm and 16.9 µm respectively. Based on a 
previous study [56], SCMs with different PSD could improve its filler effects in the cementitious matrix. The chemical compositions of 
all powders are shown in Table 1. MK contained large amounts of SiO2 and Al2O3, being 52.9% and 42.8% respectively. Standard sand 
(Xiamen Ace Standard Sand Co., Ltd, China), satisfying sieving requirement as per GB 14684–2022 [57], was used as fine aggregate. 
The bulk density, fineness modulus, specific gravity, and water adsorption of this standard sand is 1580 kg/m3, 2.7, 2.6, and 1.78% 
respectively.

Four mix designs were adopted to investigate the synergistic effects of MK and LS on the properties of the cementitious composites 
(Table 2). The water-binder-fine aggregate ratio was set as 0.16:1:1 for all groups. Approximately 4 wt% (by weight of total binder) 
Polycarboxylate superplasticiser (Jiangsu Subote Company, China) was used to improve the workability of samples with and without 
LS and MK. The superplasticiser is brown colour, and its specific gravity and pH value are 1.12 g/ml and 3.8 ± 0.1 respectively. C0 is 
the reference mix as the benchmark. Up to 20 wt% LS and 20 wt% MK were used to partially replace cement content by the weight of 
total binder, indicating C + LS and C + MK respectively. In C + LSMK group, a LS/MK ratio of 1:2 was adopted, and the total cement 
replacing dosage was 20 wt%. As a result, the effects of LS, MK, and combination of LS and MK on the early hydration and strength 
development of the mortar samples could be compared. It should be noted that the flow test was carried out in accordance with GB 
8077–2023 [58] and the flow result of each group was summarised in Table 2.

Firstly, dry binders were pre-mixed using a 5-L Hobart Mixer at 16 rpm for 2 mins allowing a uniform powder mixture, and the 

Fig. 1. Raw materials: (a) MK; (b) LS; (c) Binder particle size distribution.
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powder mixture was then stored in a dry container. Dry sand was mixed with 1/2 water content for 1 min. After that, the pre-mixed 
powder and the rest of water were added following another 3-min medium mixing at 24 rpm. Fresh cementitious mixture was then 
poured into 50mm × 50mm × 50mm and 40mm × 40mm × 160mm moulds respectively, following a 2-min vibration for a uniform 
compaction. It should be noted that plastic foil was used to cover all moulds till 24-hour demoulding. Finally, samples were stored in a 
conditioned chamber with 23 ± 2 ◦C temperature and 95 ± 5% relative humidity until formal mechanical testings.

2.2. Hydration kinetics

Approximately 10 g of fresh paste was casted for each group using the sample mix design listed in Table 2. An 8-channel TAM air 
isothermal calorimetry (Thermometric AB, USA) was used to record the hydration evolution of all groups as per ASTM C1702–17. The 
reference temperature of 20 ◦C was adopted, and the hydration development of all groups were recorded up to 96 h.

2.3. Mechanical properties

Mortar cubes and prisms were removed from the conditioned chamber after 3-day exposure. The 3-day compressive strength and 
flexural strength were tested using a UH500 universal machine and an AGX50 testing machine respectively as per GB 17671–2021. It 
should be mentioned that the 3-day mechanical properties of each group were the average of three identical testing results.

2.4. Microstructural analysis

Additional fresh paste samples were prepared for all groups according to the mix design in Table 2. It is worth noting that 1-day and 
3-day paste pieces were collected and stored in an isopropanol solution with 99% purity for 7 days to stop hydration. After that, all 
paste pieces were dried in an oven at 40◦C for 7 days. A ring mill was used to ground all samples to pass a 100-µm sieve.

XRD analysis of 1-day and 3-day samples was conducted using a Rigaku D/Max-RB X-ray diffractometer (Cu Kα, λ = 1.54 Å), with a 
scanning range of 5◦ to 60◦ 2θ at a scanning rate of 10◦/min. The phase assemblage of each group was analysed using Crystallography 
Open Database.

TG analysis was performed using a TGA equipment (TA, Naichi). The heating range was set up to 1000◦C at a heating rate of 10◦C/ 
min in a N2-environment chamber. The N2 flow was set at 50 ml/min for all TG analysis. After that, TG and DTG results were used to 
analyse the hydration products of all groups after 3-day exposure.

An Autosorb-iQ3 instrument (Quantachrome, USA) was utilised to measure the nitrogen adsorption/desorption of all groups after 
3-day exposure. It should be noted that all powders were further dehydrated at 200◦C for 2 h, removing water and gas impurities. The 
pore distribution of all groups was obtained from the adsorption/desorption curve in the range of 1 nm to 200 nm.

3. Results

3.1. Hydration evolution

The hydration kinetics per unit binder of all groups are depicted in Fig. 2, including normalised heat (Fig. 2a) and normalised heat 

Table 1 
XRF results.

Chemical compositions OPC LS MK

SiO2 23.7 3.52 52.9
CaO 61.2 90.9 0.26
Al2O3 5.9 0.51 42.8
SO3 2.36 0.05 0.02
Na2O 0.32 0.1 0.1
MgO 0.65 2.78 0.84
K2O 0.64 0.07 0.12
Fe2O3 2.1 0.32 0.51
L.O.I. 1.38 0.18 1.68

Table 2 
Mix Proportions of the Mortars Used (in ratio).

Mix designs OPC LS MK Water Sand PCE w/b ratio Flow (mm)

C0 1 - - 0.16 1 0.04 0.16 168 ± 2.2
C + LS 0.8 0.2 - 0.16 1 0.04 0.16 166 ± 2.4
C + MK 0.8 - 0.2 0.16 1 0.04 0.16 165 ± 1.2
C + LSMK 0.8 0.066 0.134 0.16 1 0.04 0.16 163 ± 1.9

Note: OPC means ordinary Portland cement, and PCE means Polycarboxylate superplasticizer
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(Fig. 2b). Normally, the hydration development of cementitious system could be divided into four stages: initial stage, induction stage, 
acceleration stage, and deceleration stage [50]. There were two key points in the cement hydration evolution: (1) transition point 1 
(ti→a) from the induction stage to the acceleration stage; (2) transition point 2 (ta→d) from the acceleration stage to the deceleration 
stage. However, considering the difficulty in exactly determining the two turning points, this study adopted that the transition point 
(ti→a) was the X-axis coordinate value of the point, being the intersection point of the tangent line at the minimum value of the in
duction stage and the tangent line at the turning point of the acceleration stage (Fig. 2a) as per a previous study by Long et al. [50]. This 
tangent-based approach was selected as it provided a reproducible approximation of the onset of acceleration when direct visual 

Fig. 2. Hydration kinetics of all mortars per unit binder: (a) Normalised heat to heat flow; (b) Normalised heat to cumulative heat release.

Table 3 
Characteristic parameters of hydration kinetics of all groups.

Mix designs Transition point ti→a Transition point ta→d 1-day cumulative heat (J/g) 3-day cumulative heat (J/g)

Time (h) Heat flow (mW/g) Time (h) Heat flow (mW/g)

C0 17.8 0.34 32.7 1.81 29.6 153.4
C + LS 17.1 0.27 34.3 1.48 22.5 135.4
C + MK 8.07 0.40 19.7 1.85 81.6 140.3
C + LSMK 11.1 0.36 23.7 1.88 63.3 142.6

P. Zhan et al.                                                                                                                                                                                                           Case Studies in Construction Materials 24 (2026) e06210 

5 



identification was ambiguous. Then, the transition point (ta→d) was the X-axis coordinate value of another point, being the peak point 
of the normalized heat flow per unit binder curve (Fig. 2a).

The parameters of each hydration kinetics curve are summarised in Table 3. Due to the presence of 4 wt% PCE, the induction period 
and hydration peaks of all groups with low w/b ratio of 0.16 were delayed significantly when compared to those of cement paste with 
normal w/b ratio of 0.4–0.5, having a good agreement with a previous study [59]. The heat flow peak of C + LS group was lower than 
that of the reference mix. Advanced time points of the heat flow peak were observed for C + MK and C + LSMK group, while remaining 
similar values of heat flow peak when compared to the reference mix. As shown in Table 3, the value of ti→a and ta→d of the reference 
mix was 17.8 h and 32.7 h respectively. However, the value of ta→d of C + LS was delayed to 34.3 h with a heat flow reduction (18.2%) 
when compared to C0 group. This fact may be attributed to the low reactivity of LS providing limited improvement in cement hy
dration. The value of ti→a and ta→d of the C + MK group was advanced to 8.07 h and 19.7 h respectively. The heat flow of C + MK at 
ta→d was similar to that of the reference mix. In terms of samples with LS and MK addition, the heat flow trend was similar to that of 
C + MK group, also having a similar heat flow peak (ta→d) with the reference mix. In addition, the 1-day cumulative heat per unit 
binder of C + MK and C + LSMK was significantly higher than that of C0 group. However, the 3-day cumulative heat per unit binder of 
C + MK and C + LSMK was slightly lower than that of the reference mix (Table 3).

Fig. 3 presents the hydration kinetics per unit cement for all groups. The heat flow peak per unit cement of C + MK and C + LSMK 
group was higher than that of the reference mix, while C + LS had similar heat flow peak with the reference mix (Fig. 3a). Samples with 
different SCMs had higher cumulative heat per unit cement than C0 after 3 days (Fig. 3b). Specifically, when compared to the reference 
mix, the 1-day and 3-day cumulative heat per unit cement of C + MK group was improved by 245% and 14.3% respectively. Similarly, 

Fig. 3. Hydration kinetics of all mortars per unit cement: (a) Normalised heat flow; (b) Normalised heat.
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the 1-day and 3-day cumulative heat per unit cement of C + LSMK group was improved by 167% and 16.2% respectively. Noticeably, 
the cumulative heat per unit cement of C + LSMK was higher than that of C + MK group after 2 days. This was attributed to possible 
pozzolanic reactions between MK, LS and CH, releasing additional heat. One interpretation might be that the pozzolanic reactions did 
not occur immediately during the early hydration. However, the activation of pozzolanic reactions contributed to additional heat 
generation, compensating more heat generation for the presence of limestone without reactivity. As a result, the heat development of 
C + LSMK was slightly higher than that of C + MK.

3.2. Mechanical properties

Fig. 4 shows the 3-day mechanical properties of all groups. It should be noted that the mechanical properties were calculated based 
on three identical testings of each group. The 3-day compressive strength of the reference mix was 63 MPa as the benchmark. The 3- 
day compressive strength of C + LS and C + MK group was reduced by 17.5% and 9.5% respectively when compared the reference mix 
(Fig. 4a). However, C + LSMK group had a similar 3-day compressive strength than that of C0 group. Apparently, the combination of 
MK and LS led to a better strength development when compared to C + LS and C + MK group. One interpretation was that although all 
three group experienced cement dilution, the activation of pozzolanic reactions compensate the additional formation of hydration 
products, leading to a denser microstructure for load-bearing capacity.

According to Fig. 4b, when compared to samples with only 20 wt% LS or MK, C + LSMK group exhibited a higher 3-day flexural 
strength. This was attributed to the synergistic effect of LS and MK improving the cement hydration, being in a good agreement with a 
previous study [60]. However, due to the cement dilution effect, the 3-day flexural strength of C + LSMK was reduced by 3.3% when 
compared to C0 group.

Overall, the results in mechanical testings had a good agreement with hydration development (Fig. 3). Comparing the strengths of 
mortar specimens with SCMs, C + LSMK had the highest heat release at 3 days, where additional pozzolanic reactions would lead to a 
denser microstructure when compared to C + LS or C + MK group. As a result, C + LSMK exhibited the highest 3-day mechanical 
strengths among three groups, being comparable to those of the reference mix.

3.3. Phase assemblage

Fig. 5 depicts the 1-day and 3-day XRD patterns for all groups. The main phases in the paste samples included cement clinker (CS: 
alite and belite), CH, ettringite, and calcite (CC). The CH diffraction peaks of C + MK and C + LSMK were lower than those of the 
reference mix at 3 days (Fig. 5b), being attributed to the pozzolanic reactions consuming a portion of CH. Significant diffraction peaks 
of CC were found in C + LS and C + LSMK samples. This phenomenon was due to the presence of LS as the filler effect in the 
cementitious matrix. In addition, the diffraction peaks of 12.5º 2θ and 13.3º 2θ indicated the formations of Hc and Mc, being consistent 
with a previous study [61]. It should be noted that C + LSMK group exhibited the highest peaks of Hc and Mc, highlighting the 
synergistic effects of MK and LS promoting the formation of these aluminium-based phases. Higher content of hemicarboaluminate 
(Hc) or monocarboaluminate (Mc) could improve C + LSMK samples’ resistance against chloride ingress, due to refined microstructure 
and higher chloride-binding capacity [62,63]. Some studies [63,64] reported that the formation of Hc or Mc filler in pores in the 
cementitious matrix, limited the access of chloride ions to deeper matrix. Meanwhile, formation of Hc and Mc could chemically bind 
chloride ions, improving the performance of chloride stability.

The TG/DTG results of all paste samples after 3-day exposure are given in Fig. 6. According to DTG curve (Fig. 6a), the first 
endothermic peak in the temperature range of 50–300ºC was due to the mass loss of physical and chemical bound water in the hy
dration products [65]. In particular, the mass loss of chemical bound water was mainly located in temperature range of 105–300ºC. The 
second endothermic event (300–400ºC) was attributed to the dehydration of PCE [66]. Furthermore, the third and fourth endothermic 
peak could be interpreted as the decomposition of CH (400–500ºC) [67] and the decarbonation of CC (500–800ºC) respectively [68]. 

Fig. 4. 3-day mechanical properties: (a) Compressive strength; (b) Flexural strength.
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The mass loss of chemical bound water (mCBW), CH (mCH), and CC (mCC) could be estimated using Eqs. (1–3) [69]: 

mCBW = [(M105 − M300)+ (M400 − M500) ] × 100% (1) 

mCH = (M400 − M500) ×
74
18

× 100% (2) 

mCC = (M500 − M800) ×
100
44

× 100% (3) 

where M105, M300, M400, M500, and M800 means the mass loss percentage in the corresponding temperature in TG results. The numbers 
of 18, 44, 74, and 100 refer to the molar mass of water, carbon dioxide, CH, and calcite respectively.

The mass loss percentage of chemical bound water and CH and CC is shown in Fig. 6c and Fig. 6d respectively. Due to the cement 
dilution effect, samples with SCMs had lower mass loss of chemical bound water than the reference mix (Fig. 6c). The C0 group 
exhibited the highest mCBW value of 3.87%, while C + MK had the lowest mCBW value of 3.59%. In terms of samples with SCMs, 
C + LSMK group exhibited the highest mCBW value among three groups, indicating additional formation of hydration products. As 
shown in Fig. 6d, the CH contents of C + MK and C + LSMK were lower than that of the reference mix. This phenomenon was due to 
the CH consumption in the pozzolanic reactions, being consistent with observations in XRD patterns (Fig. 5b). Furthermore, due to the 
presence of LS in C + LS and C + LSMK paste samples, significant mass loss of CC was observed in these two groups.

Fig. 5. XRD patterns: (a) 1-day exposure; (b) 3-day exposure, (Note: CS = cement clinker (alite and belite); CC = calcite; Ett = ettringite;.
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3.4. Pore structure analysis

Fig. 7 shows the pore structure of paste samples at 3 days. Based on available literatures, gel pores had pore diameters below 10 nm, 
while the pore diameters of capillary pore were higher than 10 nm [70,71]. Based on Fig. 7a, C + LS group had the lowest N2 
adsorption/desorption values, while C + LSMK had the highest N2 adsorption/desorption values. Using Barett-Jonyer- Halenda (BJH) 
method to analyse the pore diameters (Table 4), the apparent surface area (ASA) of C0 group was 6.384 m2/g with most probable pore 
diameter of 32.6 nm as the benchmark. When using 20 wt% LS as cement replacement, the apparent surface area was reduced to 
4.902 m2/g, while samples with 20 wt% MK only remained a similar ASA value than the reference mix. However, using LS and MK as 
the combination to replace 20 wt% cement, the ASA was improved by 16.6%. Meanwhile, the most probable pore diameter in 
C + LSMK group was reduced to 28.9 nm (11.35% reduction), while remaining a similar total pore volume with the reference mix 
(Table 4). This result could be interpreted as that due to pozzolanic reactions in C + LSMK group, the formation of Hc or Mc refined the 
pore structures of the microstructure of the C + LSMK group, leading to the size reduction of the most-portable pores. This reduction 
reflected a denser microstructure in C + LSMK when compared to the reference mix.

4. Discussions

4.1. Hydration dynamic modelling

The results from isothermal calorimetry could be used to determine the rate of hydration heat release (dQ/dt) and the relationship 
between hydration heat (Q) and time (t) for all groups. The hydration degree α(t) at time t could be estimated using Eqs. (4–6) [66,69]: 

α(t) = Q(t)
Qmax

(4) 

Fig. 6. TG/DTG analysis at 3 days: (a) DTG curve; (b) TG curve; (c) Mass loss of chemical bound water; (d) Mass loss of CH and CC.
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dα
dt

=
dQ
dt

•
1

Qmax
(5) 

1
Q
=

1
Qmax

+
t50

Qmax(t − t0)
(6) 

where Qmax is the total heat of a cementing system; t0 refers to the time that induction stage ends; and t50 is the time when 50% of total 
heat Qmax is reached.

The Qmax and the degree of hydration α(t) of all paste groups are presented in Fig. 8. C + LS group exhibited the lowest hydration 
degree at 24 h among all groups, being 19.7% lower than that of the reference mix (Fig. 8b). However, the degree of hydration of 
C + MK and C + LSMK reached 0.47 and 0.39 respectively, being 279.1% and 214.5% higher than that of C0 at 24 h. At 72 h, 20 wt% 
LS led to 7% reduction in the hydration degree when compared to the reference mix. Furthermore, C + LSMK group exhibited the 

Fig. 7. Pore structure of all groups: (a) Nitrogen adsorption/desorption curve; (b) Pore distribution; (c) Cumulative pore volume; (d) Volume of gel 
and capillary pore.

Table 4 
Pore structure parameters of all groups.

Mix design ASA, m2/g Pore Volume, cm3/g Most probable pore size, nm

C0 6.384 0.02250 32.6
C + LS 4.902 0.01898 35.7
C + MK 6.761 0.02942 30.6
C + LSMK 7.442 0.02438 28.9
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highest 72-hour hydration degree among samples with SCMs, being slightly higher than the reference mix.
To quantitatively analyse the nucleation and growth rate of the paste samples, Thomas [72] proposed BNG model for the tricalcium 

silicate (C3S) hydration. When comparing to the Krstulovic-Dabic model and the JMAK model [73], the primary advantage of BNG 
model was that it considered C-S-H gel only formed on the surface of the C3S grains, which could be expressed as Eq. 7 [74,75]: 

V = 1 − exp{ − 2pSGt
∫ 1

0
(1 − exp

[

−
πN
3

gG2t3(1 − u)2
(1+2u)

]

)} (7) 

where V is the volume fraction of cement grains at time t; t is the hydration time; u refers to a variable related to growth rate; p is the 
ratio of external growth rate and internal growth rate of the cement grain, if we assume two growth rates is the same, p = 1; S means 
nucleation surface are per unit volume, set S = 1.1448 μm− 1; g is the coefficient of the growth rate in the tangential direction, if we 
assume the growth rate is isotropic, g = 1; N and G are the nucleation rate and the growth rate of crystals in the normal direction. In 
addition, we define: 

kG = pSG，kN =
πNgG2

3
(8) 

Thus, Eq. 7 could be rearranged as: 

Fig. 8. Hydration development of all groups: (a) Linear fitting result of Qmax; (b) Hydration degree;.

Fig. 9. Fitting curves of hydration degree of all groups using BNG model.
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V = 1 − exp{ − 2kGt
∫ 1

0

[
1 − exp

[
− kNt3(1 − u)2

(1+2u)
]}

(9) 

It should be noted that there is a linear relationship between the volume fraction V and cumulative hydration heat Q(t), that is: 

V = A • Q(t) (10) 

V = A • α(t) • Qmax = Aʹ • α(t) (11) 

where A and Aʹ are the proportional factor coefficients.
Fig. 9 shows the fitting curves of hydration degree of all paste samples, and the kinetic parameters of BNG model are summarised in 

Table 5. Based on BNG model, the degree of hydration of all groups were simulated properly, indicating that BNG model could be 
effectively used to estimate the hydration development of sample with both LS and MK. The values of R2 are higher than 0.99 for all 
groups (Table 5). It is worth mentioning that the N of samples with low w/b ratio was lower than that of samples with normal w/b ratio 
of 0.4–0.5 [76,77]. C + MK group exhibited the highest nucleation rate N (0.484), followed by C + LSMK (0.173), while C + LS had a 
similar N value with the reference mix. This phenomenon revealed that finer-size MK particles with high apparent surface area led to 
better nucleation effects in the early hydration of the cementitious composites. In terms of growth rate G, C + LS group had the lowest 
growth rate, indicating slow early hydration development. However, C + LSMK sample displayed the highest hydration growth rate. 
This result indicated that more hydration products were formed in C + LSMK sample, having a good agreement with TG/DTG results.

4.2. Synergistic effects of MK and LS

To date, many studies have been conducted to explore the effects of LS or MK as cement replacement on the cementitious com
posites [78]. The addition of LS could provide proper filler effects and a portion of LS could react with calcium aluminate to form Hc, 
refining the pore structure and densifying the cementitious microstructure [79]. However, due to low reactivity of LS powder and low 
aluminium phases in OPC, only limited hydration improvement could be found in LS-cement composites. This mechanism could be 
used to explain low hydration heat in C + LS groups (Fig. 2 and Fig. 3), leading to lower mechanical properties in C + LS mortar 
samples (Fig. 4). However, when using the combination of MK and LS to replace 20 wt% cement content, MK powder provided more 
portion of soluble silica and alumina (AS2), while LS provided more CO3

2- in the pore solution at the early hydration. As a result, AS2 
promoted the formation of hemicarboaluminate, which gradually converted into monocarboaluminate in the later hydration (Fig. 5). 
This reaction could be expressed as Eq. 12 [80]: 

AS2 + CC + Ca(OH)2 + H2O → CACnH                                                                                                                                   (12)

where AS2 refers to silica and alumina in MK; CC means calcite in LS; CACnH is calcium carbonate aluminate, e.g. n = 0.5 for Hc, 
and n = 1 for Mc.

Fig. 10 depicts the synergistic effects of MK and LS in the cementing system. It should be noted that the formation of Mc refined the 
pore structure densifying the cementitious matrix, contributing to a denser microstructure. In addition, high apparent surface area of 
MK could promote the nucleation effects, while high portion of silica and alumina promoting the pozzolanic reactions [81]. Hence, the 
hydration kinetics of C + LSMK group were improved (Fig. 9 and Table 4), forming more hydration products (Fig. 6). Meanwhile, 
C + LSMK group also exhibited a higher volume of capillary pore and lower cumulative pore volume. Thus, it could be safely 
concluded that the synergistic effects of MK and LS was attributed to the reaction between AS2, CC, and CH [82], leading to higher 
mechanical properties of C + LSMK group (Fig. 4).

5. Conclusion

This study investigated the early hydration process, strength development, and microstructure evolution of MK-LS-cement com
posites with low w/b ratio of 0.16. Meanwhile, BNG model were used to analyse the hydration development of all groups. The main 
conclusions were drawn as the follows: 

1) The addition of MK led to early heat flow peak of the MK-cement composites, remaining similar hydration heat when compared to 
MK-free samples. Samples with 20 wt% LS had the lowest hydration heat.

2) Samples with C + LSMK remained comparable 3-day mechanical strength with the reference mix. Using 20 wt% LS as cement 
replacement (C+LS) led to 17.5% reduction in 3-day compressive strength when compared to the reference mix, being attributed to 
low reactivity of LS powder and cement dilution.

3) XRD patterns revealed higher intensity of Hc and Mc in C + LSMK group. TG/DTG further confirmed CH was consumed to form Hc 
or Mc.

4) Using Barett-Jonyer-Halenda (BJH) method, C + LSMK group exhibited reduced pore sizes than the reference mix, indicating more 
formation of hydration products (e.g. C-S-H gels) promoting the early strength development.

5) Based on BNG model, C + LSMK group exhibited improved cement hydration, being attributed to finer-size MK particle as fillers 
and induction of pozzolanic reactions.
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6) The synergistic effect of MK and LS promoted the reactions between MK powder, calcite and CH, forming Hc or Mc to refine the 
cementitious matrix.

Overall, the combination of MK and LS as cement replacement provided favourable improvement in the cementitious matrix with 
refined microstructure. It is encouraged that more studies are needed to further analyse the optimum dosage of MK and LS enhancing 
both mechanical and durability resilience of the cementitious composites.
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Table 5 
Hydration kinetic parameters in BNG model.

Mix designs kG kN N (μm− 2⋅h− 1) G (μm⋅h− 1) R2

C0 0.0246 3.01 × 10− 5 0.062 0.0215 0.9955
C + LS 0.0233 2.54 × 10− 5 0.059 0.0203 0.9973
C + MK 0.0250 2.42 × 10− 4 0.484 0.0218 0.9983
C + LSMK 0.0272 1.02 × 10− 4 0.173 0.0237 0.9984

Fig. 10. Synergistic effects of MK and LS in the cementitious composite.
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