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A B S T R A C T

Amorphous precipitated silica (APS) derived from olivine has potential to be used as a pozzolanic supplementary 
cementitious material, but high specific surface area reduces mix workability, accelerates sulphate depletion and 
decreases early age strength. This study investigates the feasibility of blending Portland cement with APS, 
limestone and gypsum to address these issues. Quaternary binders containing 5 – 20 wt.% limestone and 2 wt.% 
gypsum were prepared at CEM I: APS mass ratio of 8:2. Results show that limestone improves workability and 
early hydration reactions, while gypsum stabilises sulphate availability and promotes strength development. 
Mortars with a binder system containing 10 wt.% limestone with 2 wt.% gypsum show comparable workability 
and strength to control mortars. The research demonstrates that olivine-derived APS can be combined with 
limestone and gypsum to form a viable low-carbon cement with reduced clinker content.

1. Introduction

The demand for alternative supplementary cementitious materials 
(SCMs) is driven by the need to reduce the embodied carbon in concrete. 
Olivine ((Mg,Fe)2SiO4) is a mineral that can be processed to form 
amorphous precipitated silica (APS) and magnesium carbonate as a 
carbon negative by-product [1–5]. Previous research has shown that 
APS is a highly reactive SCM. APS derived from olivine produces 
cement-based materials with mechanical properties comparable to 
Portland cement (CEM I) samples [5–7]. However, the replacement of 
CEM I by APS is constrained by the high specific surface area (SSA) of 
APS which significantly reduces the workability of APS containing mixes 
[2,4–6,8–10].

The addition of superplasticisers allows APS replacement level of up 
to 30 wt.% to be used [5–7]. However, large superplasticiser dosages are 
required to cast mortars containing APS with high SSA (> 200 m2/g). 
Thermal treatment has been used to reduce the SSA of APS and improve 
the workability of APS-containing mortars [7]. Although this decreased 
SSA, the influence on workability and water demand were marginal. 
Alternative strategies are therefore required to address the high SSA of 
olivine derived APS.

Limestone enhances the hydration of cement through filler and 
nucleation effects, and this accelerates the formation of hydration 
products [11–15]. Limestone can chemically interact with aluminate 

phases and portlandite to form mono or hemicarbonate phases, an effect 
referred to as the chemical contribution of limestone [13,16–18]. 
Although research has not explicitly demonstrated consistent improve
ments in workability, the relatively low SSA of limestone compared to 
other supplementary cementitious materials promotes water redistri
bution within the fresh mix, improving flow properties. These studies 
have primarily focused on conventional cement and limestone calcined 
clay cement (LC3) systems. The combined influence of limestone and 
olivine derived APS in cementitious systems has not previously been 
reported.

Gypsum is used to control the hydration of C₃A and prevent flash set 
[19–22]. The additional surface area introduced by SCMs enhances the 
hydration of C3S, leading to increased formation of C-S-H gel [13]. This 
accelerates gypsum depletion through adsorption of sulphate ions onto 
C-S-H. To mitigate this, sulphate correction has been used in cement 
blends containing high-SSA SCMs such as in LC3 systems. Early strength 
increment has been reported when gypsum is added at moderate 
amounts [23]. Our previous study suggests that the formation of addi
tional ettringite may offset the low early age strength of cements con
taining 20 wt.% APS [24]. However, the effect of increased gypsum 
content in Portland cement systems blended with olivine-derived APS 
has not previously been investigated.

The aim of this study is to develop an optimised novel quaternary 
binder system composed of CEM-I PC, olivine-derived APS, limestone, 
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and gypsum. The hypothesis proposes that the fresh and hardened state 
properties of cementitious materials containing APS can be enhanced by 
blending small proportions of limestone and gypsum. The main contri
bution to knowledge from the systematic experimental work done is an 
enhanced understanding of underlying mechanisms governing the per
formance of such quaternary binder system. It is envisaged that a suc
cessful outcome of the research will improve the prospects of olivine- 
derived APS as a viable SCM to deliver low-carbon cementitious mate
rials with satisfactory engineering performance.

2. Materials and methods

2.1. Materials

Olivine (supplied by Sibelco), Portland cement (CEM-I 52.5 N, 
Breedon Group plc., UK), limestone powder (LS, Heidelberg Cement) 
and gypsum (CaSO4⋅2H2O, purity ≥ 99.9%, Sigma-Aldrich) were used in 
all experiments. A polycarboxylic ether superplasticiser (SP, ViscoFlow 
3000, SIKA) was used to improve dispersion and workability. Siliceous 
sharp sand (Builders Depot) with a water absorption of ~0.77 wt.% was 
used in mortar samples.

Amorphous precipitated silica (APS) was produced by acid leaching 
the olivine in 3M H2SO4 solution at 80 ± 5 ◦C for 1.5 h. The resultant 
suspension was then centrifuged at 4000 rpm for 1.5 min to extract APS 
[7].

The chemical compositions of CEM I (containing ~3 wt.% gypsum 
and ~5 wt.% limestone), APS, and LS, were determined by X-ray fluo
rescence (XRF) after lithium borate fusion and are given in Table 1. The 
relatively high loss on ignition of APS is attributed to the release of 
physically bound water and dehydroxylation of olivine impurities (e.g. 
clinochlore, chabazite, cordierite), as shown via TGA-MS and Q-XRD in 
our previous study [7]. The specific surface area (SSA Micromeritics 
3Flex 3500), and density (AccuPyc II 1340 pycnometer) were deter
mined and are also included in Table 1. The SSA was determined using 
N₂ adsorption–desorption with the Brunauer–Emmett–Teller method, 
while density was measured using helium gas displacement based on 
Boyle’s law. The particle size distribution of CEM I, APS, and LS were 
determined by laser diffraction (Malvern Mastersizer 3000), and the 
particle size distribution of the sand was determined by sieve analysis, 
and this data is presented in Fig. 1.

2.2. Mix design and sample preparation

A total of 47 cement paste and mortar mixes were prepared for 
characterisation and performance testing. The mix designs of paste 
samples are given in Table 2 and mortar samples in Table 3. All mixes 
were prepared at a constant water-to-binder (w/b) ratio of 0.5. The 
reference paste and mortar without any additions are labelled “PC” and 
“PCM” respectively. The blended mixes contained a CEM I:APS mass 
ratio of 8:2. This was selected based on our previous study [7] that 
showed 20 wt.% APS as the maximum effective replacement level, 
ensuring sufficient availability of portlandite to sustain pozzolanic re
action and achieve comparable 28-day strength to the control Portland 
cement system. Further addition of APS causes significant workability 
loss (due to increased water demand), porosity increase and dilution 
effect which reduces strength. Limestone powder was incorporated at 
varying levels (0, 5, 10, 15, and 20 wt.% binder). These are denoted as 

“LSx” (for pastes) or “LSMx” (for mortars) where x refers to the lime
stone powder content in wt.% . Mixes with an additional 2 wt.% gypsum 
are labelled with suffix “A”. Mortars had sand-to-binder mass ratio of 
3:1. Superplasticiser dosages were varied between 0 and 2 wt.% binder.

Pastes were mixed using a mini-vortex mixer. To ensure homoge
neity, the dry powders were initially mixed with the mini-vortex mixer 
for 3 min. Following water addition, the mixture was further homoge
nised by vortex mixing for 2 min and manual mixing for 1 min, before 
casting into 20 × 20 × 20 mm³ cubes with vibration applied to remove 
entrapped air. The cubes were then covered with damp cloth and plastic 
membrane, demoulded after 24 h, and placed into a climate chamber at 
20 ± 2 ◦C, 95 ± 5% RH. The paste samples were crushed to fine powder 
using an agate mortar and pestle after curing for 3 and 28 days, with 
further hydration inhibited by solvent exchange using isopropanol [25,
26]. The powdered samples were stored in near-vacuum condition (0.2 
bar) with soda lime and silica gel to prevent carbonation, prior to TGA 
and XRD analysis.

Mortars were mixed using a planetary mixer (NG-AutoDigiMix 2). 
Dry ingredients were first blended at low speed and after 30 s, water was 
gradually added. Mixing continued for 90 s at low speed, followed by 30 
s of manual mixing and 90 s of high-speed mixing. The fresh mortar was 

Table 1 
Chemical composition, specific surface area and density of CEM I, APS, and LS.

Composition (%) SSA Density

CaO SiO2 Al2O3 Fe2O3 SO3 MgO K2O Others LOI Total (m2/g) (kg/m3)

CEM-I 60.2 20.4 6.52 2.40 5.54 0.39 0.79 0.52 3.20 100.0 2.33 3040
APS - 78.2 0.54 0.85 2.50 5.72 - 1.43 10.9 100.1 238 2216
LS 94.7 2.32 1.30 0.64 0.10 0.44 0.10 0.3 - 99.9 0.79 2790

Fig. 1. Particle size distribution of CEM I, APS, limestone powder and sand.

Table 2 
Mix design of cement paste samples.

Mix CEM I 
(g)

APS 
(g)

LS 
(g)

Gypsum 
(g)

Water 
(g)

SP 
(%)

w/ 
b

PC 100.0 0.0 0.0 0, 2 50 0 0.5
LS0 80.0 20.0 0.0 0 50 0, 2 0.5
LS5 76.0 19.0 5.0 0 50 0, 2 0.5
LS10 72.0 18.0 10.0 0 50 2 0.5
LS15 68.0 17.0 15.0 0 50 2 0.5
LS20 64.0 16.0 20.0 0 50 2 0.5
LS0A 78.4 19.6 0.0 2 50 0, 2 0.5
LS5A 74.5 18.6 4.9 2 50 0, 2 0.5
LS10A 70.6 17.6 9.8 2 50 2 0.5
LS15A 66.6 16.7 14.7 2 50 2 0.5
LS20A 62.7 15.7 19.6 2 50 2 0.5
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tested for workability and cast into 50×50×50 mm³ cubes in steel 
moulds and compacted on a vibration table until no air bubbles were 
released. Samples were covered with damp cloth and plastic membrane, 
demoulded after 24 h, and cured in a water bath at 20 ± 2 ◦C for up to 90 
days prior to compressive strength testing.

2.3. Hydration kinetics

The effect of APS, LS and gypsum on the hydration kinetics of cement 
paste samples were investigated using isothermal conduction calorim
eter (TA Instruments TAM Air). The mixes tested are given in Table 2
with PC used as a control reference. Mix LS0, LS5, LS0A and LS5A were 
also tested without superplasticiser to study changes in hydration ki
netics. The mixing procedure followed that used for the preparation of 
cement paste cubes, as described in Section 2.2. Immediately after 
mixing, 10 g of the paste was transferred into the calorimeter and 
monitored at 20 ◦C for 7 days, following BS EN 196–11 [27]. Deionised 
water with equivalent heat capacity was used as a reference. All samples 
were tested three times, with heat flow and cumulative heat release 
recorded and normalized to the binder mass (CEM I + APS + LS +
gypsum) in the mix.

Setting time was determined on pastes using an automatic Vicat 
apparatus (Controls Vicamatic3) following ASTM C191–21 [28]. 650 g 
of binder was mixed with 325 g of water according to the mix designs in 
Table 2. The freshly mixed paste was transferred into a cylindrical 
mould (70∅mm × 40 mm) with the smoothed surface placed under the 
Vicat needle. The initial set was determined as the time taken for the 
needle to achieve a penetration of 25 mm, while the final set was 
determined when the needle did not penetrate the sample and resulted 
in only an incomplete circular impression on the surface.

2.4. Phase assemblage

Thermogravimetric analysis (TGA) was used to determine the por
tlandite and bound water content in paste samples using a simultaneous 
thermal analyser (Netzsch STA449 F5). 50 ± 0.1 mg of the powdered 
paste sample was placed in an Al2O3 crucible and heated to a maximum 
temperature of 1050 ◦C at a heating rate of 20 K/min with constant N2 
gas flowing 50 ml/min to maintain an inert environment. The bound 
water content was determined as the mass loss < 600 ◦C, while the 
portlandite content, CHmeasured, was determined from the mass loss be
tween 420 and 520 ◦C using tangential method [26,29]. To assess por
tlandite consumption associated with pozzolanic reactivity, the 
CHtheoretical content was estimated by proportionally scaling the refer
ence portlandite content according to the Portland cement fraction 
within the mixture [7]. This approach assumes that portlandite forma
tion is directly proportional to cement content and does not explicitly 
account for potential changes in hydration kinetics arising from APS and 
limestone addition, such as nucleation and acceleration effects. Never
theless, it provides a first-order approximation that enables comparative 
evaluation of portlandite consumption across the different blends.

Quantitative X-ray diffraction (Q-XRD, Malvern Panalytical Empy
rean) was used to characterise crystalline phases. 0.9 g of powdered 
paste sample was mixed with 0.2 g corundum (Al2O3) as an internal 
standard, and this was ground with agate mortar and pestle for 20 min to 
ensure homogeneity. Quantitative phase analysis was performed using 
the Rietveld refinement method implemented in HighScore Plus soft
ware with the ICDD database. The internal standard (corundum) was 
used to enable quantification of both crystalline and amorphous phases. 
The sample was analysed using Cu Kα radiation at 45 kV and 40 mA. 
Diffraction data were recorded between 5◦ and 90◦ 2θ, with a step size of 
0.02◦ per second. The degree of hydration was calculated as the ratio of 
the remaining mass of anhydrous cement phases in the hydrated paste, 
as identified by Q-XRD, to the initial cement content in the mix.

2.5. Workability and compressive strength

The workability of mortar mixes (Table 3) was assessed using a flow 
table (BS-EN 12,350–5:2019). Flow table measurements were repeated 
three times for each mix at 7 min ± 30 s after the binder was mixed with 
water. Mortar cubes (50×50×50 mm³) were tested for uniaxial 
compressive strength at 1, 3, 7, 28 and 90 days using an automated 
compression machine (Controls Automax 5). The loading rate was 
maintained at 0.3 MPa/s. For each mix, three specimens were tested, 
and the average compressive strength is reported.

2.6. Scanning electron microscopy

The microstructure of pastes was examined using scanning electron 
microscopy (SEM). The 20 mm cube samples were cut into a 10 mm 
thick block using Buehler Isomet 1000 precision saw to reveal the 
20×20 mm cross-section. The sections were immersed in isopropanol for 
up to 5 days and dried at 40 ◦C to constant mass [25] and then stored in a 
desiccator over silica gel and soda lime for up to 72 h to remove residual 
solvent. Subsequently, the dried sections were vacuum-impregnated 
with low-viscosity epoxy resin at 2.5 bars above atmospheric pressure, 
polished and carbon-coated (Emitech K550X sputter coater) [30]. SEM 
imaging used an 8.5 mm working distance and 15 kV acceleration 
voltage. Backscattered electron (BSE) images were acquired at a reso
lution of 1024 × 768 pixels with pixel spacing of 0.182 µm/pixel at 500x 
magnification. Secondary electron (SE) images were also obtained at 
3000× magnification and a resolution of 1024 × 768 pixels to observe 
the change in morphology of ettringite within the cement matrix.

Porosity was determined by image analysis using the overflow pore 
segmentation method [31]. The brightness histogram was extracted 
from each BSE image using ImageJ and converted into cumulative his
togram (grey value against segmented area). The upper greyscale 
threshold value for pores was determined from the inflection point on 
the cumulative histogram using the intersection of two tangential lines. 
A correction factor of 0.8 was applied to the threshold to match 
segmented pore areas [31]. Porosity was determined as the average pore 
area fraction calculated from 30 BSE images for each sample.

Table 3 
Mix design of mortar samples.

Mixes Cement (g) APS (g) LS (g) Gypsum (g) Water (g) Sand (g) SP (%) w/b

PCM 1000.0 0.0 0 0 500 3000 0 0.5
LSM0 800.0 200.0 0 0 500 3000 0, 1, 2 0.5
LSM5 760.0 190.0 50 0 500 3000 0, 1, 2 0.5
LSM10 720.0 180.0 100 0 500 3000 0, 1, 2 0.5
LSM15 680.0 170.0 150 0 500 3000 0, 1, 2 0.5
LSM20 640.0 160.0 200 0 500 3000 0, 1, 2 0.5
LSM0A 784.0 196.0 0 20 500 3000 0, 1, 2 0.5
LSM5A 744.8 186.2 49 20 500 3000 0, 1, 2 0.5
LSM10A 705.6 176.4 98 20 500 3000 0, 1, 2 0.5
LSM15A 666.4 166.6 147 20 500 3000 0, 1, 2 0.5
LSM20A 627.2 156.8 196 20 500 3000 0, 1, 2 0.5
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3. Results

3.1. Hydration kinetics

Heat flow and cumulative heat release data for cement pastes con
taining APS, limestone, and gypsum are shown in Fig. 2. PC was used as 
the control to evaluate the effects of APS, and limestone and gypsum 
addition. All data are normalised to total binder mass.

The control PC paste exhibited a peak heat flow of 3.40 mW/g at 
~8.2 hours (Fig. 2a) and cumulative heat release of 282 J/g after 72 
hours (Fig. 2b). Incorporating 20 wt.% APS and 2 wt.% superplasticiser 
(LS0) reduced and delayed the main hydration peak and decreased the 
cumulative heat. This is due to clinker dilution by APS and retardation 
caused by the superplasticiser. However, comparing LS0 to a similar mix 
without superplasticiser (LS0N) shows that the retardation effect of 
superplasticiser is short term and does not affect the cumulative heat at 
later ages.

Increasing limestone content from 5 to 20 wt.% (LS5–LS20) further 
reduced hydration peak intensity and cumulative heat due to clinker 
dilution. The position of the main peak remained unchanged, indicating 
that limestone does not delay hydration. LS5 had a slightly earlier and 
higher peak heat flow than LS0. The cumulative heat data show that LS5 
achieved similar values to LS0, despite having reduced clinker content. 
This may be attributed to the synergistic effect of limestone and APS. 
However, this trend was not observed in samples containing additional 
gypsum.

Fig. 2(c) and (d) present the corresponding heat of hydration data for 
pastes containing an additional 2 wt.% gypsum. As expected, PCA 
(control paste with 2 wt.% gypsum) showed a broader and lower in
tensity main peak than PC. The presence of additional gypsum delays 
early reaction of tricalcium aluminate (C₃A) by promoting ettringite 
formation and suppressing hydration. As a result, the cumulative heat 
released by 72 hours was slightly lower than the PC control.

Similar effects can be seen in the APS-limestone blends with addi
tional gypsum (LS0A–LS20A). The main hydration peak became broader 
with higher limestone content, with a distinct shoulder corresponding to 
C₃A hydration. This shows that gypsum moderates aluminate reactions, 
producing clear separation between the C₃S and C₃A peaks [19–22]. As 
with the non-gypsum series, cumulative heat decreased at higher lime
stone additions, though the reduction was less pronounced, suggesting 
that gypsum partially compensated for the effect of clinker dilution.

Mixes without superplasticiser (LS0N, LS5N, LS0AN, LS5AN) showed 
markedly different hydration behaviour. These exhibited significantly 
higher and earlier heat flow peaks compared to samples containing 
superplasticiser. This is consistent with previous research where nano- 
silica or silica enhanced early-age hydration kinetics [6,24,32,33]. 
Despite the increased initial heat evolution, cumulative heat values were 
similar for samples with and without superplasticiser by 72 h (Fig. 2b 
and d).

Fig. 3 shows the initial and final setting times of pastes. The PC mix 
had initial setting at 295 min and final setting at 371 min. LS0 recorded 
similar values to PC. This shows that incorporating 20 wt.% APS and 2 

Fig. 2. (a) Heat flow and (b) cumulative heat release for pastes with 20 wt.% APS and 0–20 wt.% limestone; (c) heat flow and (d) cumulative heat release for pastes 
with 2 wt.% gypsum addition. Data is normalised to total binder mass. Mixes labelled 'N' contain no superplasticiser.
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wt.% superplasticiser did not significantly influence setting time. LS5 
showed slightly more rapid setting and a shorter setting interval as 
observed in the calorimetry data. As limestone content increased, both 
initial and final setting times increased. Mixes with an additional 2 wt.% 
gypsum followed the same trend, with progressively longer setting times 
at higher limestone contents. The results are broadly consistent with the 
isothermal conduction calorimetry data, in which the induction period 

ends after approximately six hours of hydration, marking the transition 
to the acceleration stage. This period also corresponds to the onset of 
initial paste setting.

3.2. Phase assemblage

Fig. 4a) and b) show the results from TGA of pastes at 3-days and 28- 
days of hydration. Three major mass loss events can be seen, corre
sponding to the dehydration of C-S-H, AFt and AFm phases (40–200 ◦C), 
dehydroxylation of portlandite (420–520 ◦C) and decomposition of 
calcium carbonate (600–850 ◦C) [26,34]. The calculated contents of 
bound water, portlandite and calcium carbonate (from TGA) and degree 
of hydration (from Q-XRD) are given in Table 4 and 5, respectively.

As expected for PC samples, longer curing led to greater total mass 
loss, reflecting a higher degree of hydration. In the low-temperature 
region (40–200 ◦C), the DTG deepens from 3 days to 28 days across 
all series, consistent with increased bound water loss from C–S–H and 
AFt/AFm dehydration. The portlandite content remained stable, while 
calcium carbonate shows a slight reduction. This is probably due to the 
reaction between limestone and residual C3A phase forming mono- or 
hemicarbonate.

Mixes containing APS show an increase in mass loss between 40 and 
200 ◦C, together with a reduced CH peak at 420–520 ◦C compared with 
PC. This was also confirmed from Table 4, where CHmeasured is signifi
cantly lower than CHtheoretical across all samples containing APS. This 
indicates additional C–S–H formation by pozzolanic reaction of APS 
with portlandite, which increases bound water and reduces CH. Table 4
shows that the pozzolanic reaction of APS occurred early (< 3 days), and 
the difference between portlandite content of mixes containing APS and 

Fig. 3. Initial and final setting times of pastes. The error bars represent stan
dard error of setting time.

Fig. 4. (a, b) TGA of 3-day and 28-day hydrated cement pastes, with enlarged DTG (boxed) showing dehydration of C-S-H gel and Aft.
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PC increase at 28 days, showing that pozzolanic reactions continues 
beyond early ages.

Increasing limestone content increases the mass loss in the carbonate 
region (600–850 ◦C). The bound water (40–200 ◦C) and CH content tend 
to decrease with increasing limestone content because of clinker dilu
tion, which reduces the absolute volume of clinker-derived hydrates. 
CHmeasured increases as the limestone replacement increases. This may be 
because of the hydration enhancement triggered by the presence of 
limestone [14,15,35]. A small reduction in the intensity of the carbonate 
decarbonation peak at 28-days relative to 3 day is also observed for 
several mixes. This reflects partial conversion of calcite into carboalu
minate phases through reaction with dissolved aluminates. This reduces 
the weight loss in the 600–850 ◦C range and shifts some mass loss to 
lower temperatures, where AFm dehydration occurs. The effect is 
modest, which suggests that only a limited fraction of the limestone 
participates in these reactions.

With additional gypsum, the TG and DTG curves of 3-day samples 
show slightly higher mass loss at ~100–200 ◦C, consistent with greater 
AFt formation and retention (see Fig. 4). At later ages, bound water 
contents were also broadly similar between the two series (~ 20–24 wt. 
%), indicating comparable total hydrate formation. The CH peak of 
samples with extra gypsum is consistently lower than that of corre
sponding mixes without gypsum. This is coherent with the values 
CHmeasured displayed in Table 4. At 28 days, CHmeasured ranged from 2.7 
wt.% (LS0A) to 4.1 wt.% (LS20A), compared with 3.5–4.4 wt.% in the 
mixes without gypsum (LS0–LS20). The slightly lower CH in the 
gypsum-containing blends, together with higher Aft-related mass loss, 
suggests that additional gypsum promoted the persistence of sulphate- 
rich phases while marginally reducing portlandite availability.

The X-ray diffraction patterns at 28 days (Fig. 5) show that the phase 
assemblage consists of hydration products, residual clinker phases, 
carbonates and olivine residues. The identified hydration products 

include calcium hydroxide, ettringite and AFm–CO₃ phases (hemi
carbonate and monocarbonate) present in limestone-containing sys
tems. Calcite is observed as the main carbonate phase associated with 
limestone filler. In addition, some residual clinker phases, mainly alite 
(C₃S) and belite (C₂S), are detected. No crystalline phases attributable to 
APS are identified, consistent with its amorphous nature.

Fig. 6 shows the Q-XRD data for hydrated cement pastes at 3-day and 
28-day. The trends are consistent with the TGA data. For all mixes, the 
amorphous phase fraction increased with curing age, while unreacted 
cement phases (C₃S, C₂S, C₃A, C₄AF) decreased with continued hydra
tion. APS-containing mixes showed reduced portlandite content 
compared to PC because of pozzolanic reaction. A small amount of 
olivine residues (e.g. clinochlore, enstatite, chabazite and cordierite) 
remained within the hydrated paste, indicating low reactivity of these 
phases in the APS. The fluctuation in olivine residue reflects the phase 
inconsistency of raw materials and APS [7]. Mixes with added limestone 
powder showed increased calcite content while unreacted cement 

Table 4 
CH theoretical, CH measured and bound water of 3-day and 28-day hydrated cement pastes containing APS, limestone and gypsum.

Mixes 3 Days 28 Days

CHTheoretical 

(wt.%)
CHMeasured 

(wt.%)
Bound water 
(wt.%)

CHTheoretical 

(wt.%)
CHMeasured 

(wt.%)
Bound water 
(wt.%)

PC 15.5 ± 1.27 15.5 ± 1.27 19.4 15.4 ± 3.18 15.4 ± 3.18 25.0
LS0 12.4 ± 0.08 4.02±0.09 17.0 12.3 ± 0.09 3.47±0.12 23.6
LS5 11.8 ± 0.04 3.82±0.06 17.4 11.7 ± 0.13 4.07±0.17 23.8
LS10 11.2 ± 0.07 4.25±0.10 15.8 11.1 ± 0.12 3.85±0.17 22.9
LS15 10.5 ± 0.06 4.60±0.09 15.1 10.5 ± 0.08 4.30±0.12 22.6
LS20 9.91±0.03 4.94±0.05 15.0 9.89±0.09 4.45±0.14 20.6
LS0A 12.1 ± 0.04 3.45±0.06 18.5 12.1 ± 0.04 2.72±0.05 23.6
LS5A 11.5 ± 0.06 3.34±0.08 16.8 11.5 ± 0.08 2.89±0.10 22.9
LS10A 10.9 ± 0.03 3.52±0.04 17.3 10.9 ± 0.06 3.13±0.09 22.5
LS15A 10.3 ± 0.02 3.90±0.04 16.6 10.3 ± 0.05 3.25±0.07 21.6
LS20A 9.72±0.05 4.36±0.08 15.9 9.66±0.08 4.13±0.13 20.6

Table 5 
Breakdown of AFm content shown in Fig. 6.

Mixes AFm content (%)

3 days 28 days

Hemicarbonate Monocarbonate Hemicarbonate Monocarbonate

PC 0.2 0 0.6 1.8
LS0 0.1 0.0 0.5 0
LS5 0.0 0.0 0.9 0
LS10 0.2 0.0 0.6 0.1
LS15 0.1 0.0 0.9 0.3
LS20 0.3 0.0 0.6 0.4
LS0A 0.0 0.0 0.1 0.0
LS5A 0.0 0.0 0.0 0.0
LS10A 0.0 0.0 0.2 0.0
LS15A 0.0 0.0 0.3 0.0
LS20A 0.0 0.0 0.4 0.0

Fig. 5. XRD pattern of 28-days PC, LS0, LS20, LS0A and LS20A.
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phases decreased due to dilution, consistent with the mix proportions 
(Table 2). Small quantities of hemi- and monocarbonate AFm phases 
were detected in samples containing limestone and APS, with mono
carbonate predominantly observed in the 28-day samples (Table 5).

Mixes containing additional gypsum showed increased ettringite 
content, confirming that gypsum promotes ettringite formation by 
regulating aluminate reactivity. At 28-days, the ettringite content 
remained relatively stable, with minor quantities of hemicarbonate AFm 
phase detected in gypsum-containing samples, indicating that most 
ettringite was retained. Samples with additional gypsum had reduced 
portlandite content.

Table 6 shows that the degree of hydration increased from 3 to 28 
days for all mixes, indicating continued hydration with time. The degree 
of hydration also increased with increasing limestone content. This 
suggests that the presence of fine limestone enhanced hydration by 
providing additional nucleation sites that promote early hydrate for
mation. Mixes with additional gypsum (LS0A–LS20A) followed the same 
trend, with values closely matching those without gypsum at both ages. 
The similarity between the two series indicates that gypsum addition did 
not significantly alter the overall hydration degree for the range of 
limestone contents investigated.

3.3. Workability

Fig. 7 shows flow table data for all mortar mixes with varying 
superplasticiser dosages. The control mix (PCM) exhibited a spread of 
116 mm. The inclusion of APS significantly reduced workability due to 
high specific surface area and increased water demand. The use of 
superplasticiser alone was insufficient to mitigate this problem. LSM0, 

with 2 wt.% superplasticiser, achieved only a 104 mm spread. However, 
substituting cement with 5 – 20 wt.% of limestone significantly 
improved the flow particularly when combined with superplasticiser 
addition. For example, LSM15 and LSM20 with 2 wt.% superplasticiser 
achieved comparable flow to PCM, suggesting that the presence of 
limestone powder helps redistribute water in the mortar and improves 
workability. Similar phenomena were observed for mortar samples 
containing additional gypsum, with LSM15A and LSM20A having 
comparable flow properties to PCM.

3.4. Compressive strength

Fig. 8 shows the compressive strength data for mortar samples. The 
strength of the control mortar (PCM) increases with age due to 
continued hydration. The strength of PCM increases rapidly before 28 
days, reaching ~50.6 MPa. Strength development after 28 days was 
relatively low with samples achieving 56.3 MPa at 90 days.

Samples with 20 wt.% APS replacement level (LSM0) has a slower 
early strength development, achieving ~29.2 MPa at 3 days. At 7 days 
and beyond, LSM0 had higher compressive strengths than PCM, with 
~60.0 MPa at 90 days. This suggests that at early ages, the dilution 
caused by the APS impeded initial strength development. However, at 

Fig. 6. Q-XRD phase assemblage of a) 3-day and b) 28-day hydrated cement pastes.

Table 6 
Degree of hydration of cement pastes after curing for 3 and 28 days.

Mixes Degree of hydration (%)

3-day 28-day
PC 84.2 93.5

LS0 83.5 90.7
LS5 83.8 93.1
LS10 84.7 92.1
LS15 85.3 94.6
LS20 87.7 95.4
LS0A 85.5 92.3
LS5A 84.4 92.2
LS10A 87.7 91.2
LS15A 88.2 94.1
LS20A 88.5 95.5

Fig. 7. Effect of superplasticiser addition on flow table values of mortars. Error 
bars represent standard error.
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later ages, the pozzolanic reaction of APS helps refine the microstruc
ture, resulting in higher compressive strengths than the control mortar.

When limestone is incorporated (LSM5–LSM20), the compressive 
strength remains lower than PCM at all ages, with a clear decrease as the 
limestone content increases. At 1-day, the limestone-bearing samples 
show slightly higher strength than LSM0, suggesting that limestone 
provides some early hydration acceleration. This early effect does not 
extend to later ages, as the combination of limestone and cement does 
not improve strength development. The results indicate that limestone 
alters the balance of reactions in the APS–PC system by replacing clinker 
and reducing the phases available for strength formation.

Adding gypsum (LSM0A–LSM20A) shifts the strength profile of the 
system. At 1-day, strengths are similar to mixes without gypsum but 
lower than PCM. From 3-days onwards, a clear improvement occurs, 
with LSM5A and LSM10A reaching around 39.7 and 37.3 MPa at 3 days, 
matching or exceeding PCM and the non-gypsum samples. After 7-days, 
mixes containing 5–10% limestone with gypsum reach ~44.4–45.7 
MPa, comparable to LSM0 and higher than PCM. By 28 and 90 days, 
LSM0A, LSM5A and LSM10A converge around the PCM values of 
~55.0–60.9 MPa. The higher limestone blends (LSM10A–LSM20A) 
show limited reduction in strength compared to LSM5–LSM20. These 
results indicate that ettringite formation promoted by additional gyp
sum refines the microstructure in the APS–limestone–PC system. This 
helps mixes recover the later-age strength that is reduced when only 
limestone is used.

3.5. Microstructure

Fig. 9 shows SEM images of selected samples (LS5A, LS20 and 
LS20A). Fig. 7(a) is the microstructure of LS5A at 3 days, showing a 
range of identifiable phases, including unhydrated cement clinker, 
limestone, APS, portlandite, and C–S–H gel. Clinochlore was also 
detected as a major impurity associated with APS. Other impurities were 
not observed, because of low concentrations. At this age, numerous 
unhydrated clinker particles and dark porous regions are evident. No 
distinct hydration rims were seen around clinker particles. This indicates 
that while dissolution of clinker occurred, nucleation and growth of 
C–S–H may occur on the high‑surface‑area APS particles and limestone 
rather than on clinker surfaces [36,37]. This is consistent with seeding 
effect, in which pozzolanic additives promote decentralised C–S–H for
mation, shifting nucleation sites away from cement grains.

The SEM–SE images (Fig. 8b and c) show regions from 28-day LS20 
and LS20A pastes. Both show dense clusters of acicular ettringite crystals 

occupying pore space and linking adjacent hydrates. Gypsum is no 
longer visible as discrete particles because it has reacted with aluminate 
phases to form ettringite. In LS20A ettringite needles are more densely 
intergrown to form rosette-like clusters, indicating extensive sulphate 
reaction and pore-filling.

Fig. 10 shows image analysis data of porosity. At 3 days, PC exhibits 
one of the lowest pore area fractions at ~11.3%. The introduction of APS 
increases porosity due to reduced workability and reactions, while 
increasing limestone content further increases the pore area fraction. In 
contrast, samples with 2 wt.% gypsum exhibit consistently lower pore 
fractions. At this age, LS20 shows the highest value (15.8%), followed by 
LS20A (12.4%). At 28-days, all samples show a reduction in pore area 
fraction as hydration and pozzolanic reactions continue. LS0A and LS5A 
achieve the lowest values (5.9% and 6.6% respectively), highlighting 
the combined benefits of APS and gypsum in refining porosity.

4. Discussion

The behaviour of the CEM I–APS blends reflects a balance between 
accelerated hydration, fresh-state properties, microstructure develop
ment, and pozzolanic reaction. The high specific surface area of APS 
provides additional nucleation sites and adsorption capacity that may 
affect sulphate balance. This is evidenced by the reduced dormant 
period, the earlier main peak in the heat of hydration data (Fig. 2), and 
accelerated aluminate reactions. TGA and Q-XRD show reduced por
tlandite and increased bound water in APS-containing mixes, confirming 
sustained pozzolanic reaction and continued C–S–H formation beyond 3 
days. However, the high surface area that accelerates hydration also 
increases water demand, reduces workability and is associated with a 
higher pore fraction at early ages. The replacement of clinker with APS 
gives comparable long-term microstructure and strength but detri
mental to fresh state properties and early porosity. These must be 
managed through careful mix design.

Limestone modifies this balance mainly through chemical and 
physical effects. At low replacement levels, limestone acts as a fine filler 
that provides additional nucleation surfaces for hydrate growth, 
improving early hydration behaviour. This is consistent with the higher 
degree of hydration observed with increasing limestone content. Lime
stone also improves the flow properties at a constant w/b, indicating a 
redistribution of mixing water within the paste and mortar. This effect is 
particularly important for APS-containing mixes, where the high surface 
area of APS reduces workability. At high limestone replacement levels 
clinker dilution dominates. The reduction in clinker content lowers the 
total amount of hydrates forming and increases porosity, leading to a 
systematic decrease in strength with increasing limestone content. 
Although 3- and 28-days samples shows formation of hemi- and mon
ocarboante, the pore-filling phases were insufficient to compensate for 
the strength loss. The data shows that limestone supports early hydra
tion and workability but cannot recover later-age strength when clinker 
replacement exceeds ~10 wt.% in APS-containing systems.

These results also show that limestone behaves differently in the 
presence of APS compared with conventional Portland cement systems. 
In ordinary systems, low limestone levels often support later-age 
strength through improved particle packing and the formation of car
bonate–aluminate phases [15,35,38]. In the APS-containing system, 
limestone appears to primarily act as a physical filler, causing a dilution 
effect. However, some degree of interaction with APS cannot be 
excluded, which may contribute to the early-age performance. This may 
explain why the benefits of limestone addition are mainly observed at 
early ages, while strength decreases with increasing replacement levels.

Gypsum introduces an additional level of control by regulating sul
phate availability and the timing of C₃A hydration. Its presence broadens 
and slightly reduces the intensity of the main hydration peak, while also 
producing a clearer separation between C₃S- and C₃A-related features. 
TGA and Q-XRD results show higher contents of ettringite in gypsum- 
containing mixes at both 3 and 28 days. The retention of ettringite is 

Fig. 8. Compressive strength of mortar samples containing amorphous 
precipitated silica with varying limestone and gypsum content at 1, 3, 7, and 
28-days. Error bars represent standard error.
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governed by aluminate availability, carbonate presence, and sulphate 
concentration. In Portland cement systems, C₃A initially reacts with 
sulphate to form ettringite, which remains stable as long as sufficient 
sulphate is available. Upon sulphate depletion, ettringite becomes un
stable and can convert to AFm phases, such as monosulphate or, in the 
presence of carbonate, hemi- or monocarbonate. The addition of gypsum 
increases sulphate concentration in the pore solution, thereby stabilising 
ettringite and inhibiting its conversion to AFm phases, which explains 
the reduced AFm formation in these mixes. SEM observations further 
confirm dense networks of acicular ettringite infilling pore space. Image 
analysis indicates lower pore fractions in these systems, particularly in 
blends containing APS and low to moderate limestone contents. This 
suggests that gypsum sustains ettringite as a stable pore-filling phase 
over the time scale of this study, contributing to pore refinement and 
improved strength. However, the influence of gypsum becomes less 
pronounced at higher limestone replacement levels, where reduced 
clinker content limits overall hydrate formation and the extent to which 
additional ettringite can enhance the microstructure.

The mechanical response is consistent with these hydration and 

microstructural observations. APS-only blends reach or exceed the 
strength of the Portland cement reference at later ages because of lower 
portlandite content and increasing amorphous phase. Limestone addi
tions reduce strength at all ages when used without gypsum, reflecting 
the combined effects of clinker dilution and slightly higher porosity. 
When gypsum is added, early strength recovers, and later strength 
matches or closely approaches the reference mortar for blends with low 
to moderate limestone content. Mixes with 5–10 wt.% limestone and 
gypsum show the strongest agreement between hydration behaviour, 
microstructure and mechanical properties. These samples exhibit 
refined pore structures, sustained ettringite and degrees of hydration 
comparable to or higher than the limestone-free APS blend, with 
strengths the same as the control at 28 and 90 days. This multiscale 
consistency lends support to the proposed mechanisms.

This research shows that quaternary blends of Portland cement, APS, 
limestone, and gypsum can be designed to achieve workability and 
strength comparable to the reference cement while reducing clinker 
content. With 2 wt.% gypsum, a limestone replacement of 10 wt.% gives 
the most balanced behaviour, improving hydration through filler and 

Fig. 9. (a) SEM–BSE image of 3‑day LS5A paste showing unhydrated cement, limestone, APS, portlandite, C–S–H gel, and clinochlore (APS impurity). SEM–SE 
images of ettringite in 28‑day (b) LS20 and (c) LS20A pastes, respectively.
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seeding effects without compromising long-term strength. From a sus
tainability perspective, the combined use of APS and limestone reduces 
clinker use and lowers embodied carbon while maintaining appropriate 
fresh and hardened properties. This approach offers a practical route to 
achieve low-carbon cement, and it is consistent with global sustain
ability goals to reduce carbon emissions associated with construction 
and infrastructure development.

However, several limitations of the present study should be 
acknowledged. In TGA for example, the use of sample mass at 600 ◦C to 
indicate complete dehydration is an approximation, as minor amount of 
bound water may be released at higher temperatures. Consequently, 
CHmeasured content may be overestimated and should be considered when 
interpreting the results. The degree of hydration derived from Q-XRD 
should be interpreted with caution. Hydration involves the incorpora
tion of water into reaction products, altering mass relative to the original 
anhydrous binder and introducing an uncertainty in the calculated 
values. Nevertheless, the results provide a reasonable approximation for 
comparative purposes, and the observed trends between mixes are 
considered reliable. Furthermore, the pore segmentation in BSE image 
analysis was conducted on two-dimensional cross-sectional images, 
which has limited resolution and does not fully represent the three- 
dimensional pore structure. Complementary techniques, such as gas 
adsorption, mercury intrusion porosimetry or X-ray computed tomog
raphy, would be required for a more complete characterisation of 
porosity and pore connectivity.

From a durability perspective, the observed phase assemblage has 
several important implications for long-term performance. The addition 
of gypsum suppressed the early formation of both monosulphate and 
hemi-/monocarbonate phases. The limited formation of AFm phases, 
particularly monosulphate, may influence chloride binding capacity. 
Therefore, it is important to consider the long-term stability of ettringite 
and its potential transformation into AFm phases. Furthermore, the 
reduced portlandite content and increased C–S–H formation associated 
with APS incorporation may enhance resistance to calcium leaching and 
improve microstructural stability. However, the lower portlandite con
tent also reduces buffering capacity against carbonation. Consequently, 
while the phase assemblage observed here is beneficial for early and 
medium-term performance, further assessment of carbonation resis
tance, sulphate stability, and chloride transport/binding is required to 
fully evaluate the durability of this binder system.

From a practical perspective, the feasibility of APS-based binders at 
scale must be considered. Their broader application will depend on the 
availability of suitable raw materials, as well as the ability to produce 

and supply APS in sufficient quantities within existing cement 
manufacturing and distribution systems. Further techno-economic and 
life cycle assessments are therefore required to evaluate the viability of 
this approach for large-scale implementation.

5. Conclusions

Amorphous precipitated silica (APS) derived from olivine can be 
incorporated with limestone and gypsum to form a quaternary binder 
capable of reducing clinker content while maintaining satisfactory fresh 
and hardened state properties. The performance of these blends is 
determined by the balance between clinker availability and the physical 
effects introduced by APS and limestone, with gypsum controlling early 
aluminate reactions and pozzolanic reaction supporting the formation of 
stable pore-filling hydrates. A blend containing CEM I:APS at 8:2 mass 
ratio, 10 wt.% limestone and 2 wt.% gypsum shows the most consistent 
performance, achieving workability and strengths comparable to the 
Portland cement reference. The research shows that APS-based quater
nary binders offer a practical route for clinker reduction without 
compromising key engineering properties. Further assessment of long- 
term durability is required to confirm the suitability of these low- 
carbon cements for broader application.
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