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1. Introduction

Abstract

This study explores the synergistic effect of ground granulated blast-furnace slag (GGBS) and
limestone powder (LS) on the hydration behavior and mechanical performance of ternary cement systems.
Calorimetry revealed that 30GGBS mix showed a significantly lower peak of about 2.3 mW-g~! and
a delayed response. In contrast, the incorporation of LS enhanced early hydration, with the 30LS mix
reaching a peak of approximately 2.8 mW-g~! around 6 h. Among ternary blends, 15GGBS—15LS
exhibited the highest and earliest heat flow peak (about 2.55 mW-g! around 7.5 h), while 25GGBS—
5LS showed a slower response (about 2.45 mW-g! around 9.5 h). Despite differences in kinetics, all
ternary mixes showed similar cumulative heat at 48 h (226.6 J-g~'t0 229.4 J-g!), indicating that
GGBS-LS synergy balances early kinetics and total heat evolution. Thermogravimetric analysis confirmed
the formation of key hydration phases, including C—S—H, ettringite, monocarboaluminate, and calcium
carbonate. The lowest Ca(OH):2 content was found in the 25GGBS-5LS mix, indicating active pozzolanic
reaction. The formation of monocarboaluminate phases in ternary systems further indicated chemical
synergy between LS and GGBS. At 28 day, the 25GGBS-5LS mix achieved the highest compressive
strength of 51.68 MPa, surpassing the control (50.12 MPa), and maintained superior performance up to
180 day. Flexural strength followed a similar trend, the 25GGBS—5LS mixes reaching the highest flexural
strength among all ternary blends. A strong linear correlation was found between compressive and
flexural strength (R? = 0.906). These results demonstrate that the synergistic combination of GGBS and
LS not only enhances hydration kinetics but also contributes to superior strength development and
improved sustainability in blended cement systems. The 25GGBS—5LS formulation was identified as
optimal in balancing early hydration and long-term mechanical performance.

for improving cement—fly ash system properties [8]. Furthermore,
recent work has explored power plant waste management (including

The increasing demand for sustainable construction materials
has driven significant interest in alternative binders and supplementary
cementitious materials (SCMs) to reduce the environmental impact
associated with ordinary Portland cement (PC) production [1-4]. A
wide range of industrial by-products and agricultural wastes have been
studied as SCMs for their pozzolanic or latent hydraulic properties,
contributing to the reduction of cement consumption and promotion
of circular economy principles. For example, coal-fired bottom ash
has been chemically treated to improve its performance in fiber-
reinforced cement composites [5], while bagasse ash and pottery stone
have been successfully used in autoclaved lightweight concrete [6].
Porous geopolymers have also been fabricated using aluminum waste
as a foaming agent [7], and fly ash from the ASEAN region has been
extensively investigated in terms of fineness and calcium oxide content
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fly ash, bottom ash, and biomass ash) as part of sustainable construction
strategies in emerging economies [9].

Among these alternatives, ground granulated blast-furnace slag
(GGBS) and limestone powder (LS) have emerged as promising
candidates due to their environmental, economic, and technical benefits
[10-13]. GGBS, a by-product of the iron-making industry, possesses
latent hydraulic properties that can be activated in the presence of an
alkaline environment, such as that provided by PC hydration. The use
of GGBS in cement and concrete has been extensively studied, showing
improvements in long-term strength development, durability, and
resistance to chemical attacks [10]. Furthermore, its utilization supports
the principles of a circular economy by transforming industrial waste
into valuable construction materials [13].
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Limestone powder, on the other hand, has been increasingly
recognized not only as an inert filler but also as a material that can
participate in physical and chemical interactions within the cementitious
matrix [14—16]. Its fine particle size can enhance the packing density,
leading to a reduction in porosity and improvement in early-age
mechanical properties. Moreover, limestone can participate in the
formation of carboaluminate phases through its reaction with aluminate
phases from the cement or from cementitious materials [17], contributing
to the refinement of the microstructure.

While numerous studies have examined the individual effects
of ground granulated blast-furnace slag [10] and limestone powder
[14-16] as partial cement replacements, limited research has explored
their combined and synergistic behavior in ternary blended systems.
Most previous works have either focused on binary blends (e.g.,
PC-GGBS or PC-LS) or evaluated ternary systems without in-depth
analysis of hydration mechanisms and performance outcomes at both
early and later ages.

For example, Ma et al. [11] studied binary and ternary blends of
limestone powder and silica fume. Prakash ez al. [12] investigated
the combined use of GGBS and silica fume in ultra-high-performance
concrete. Furthermore, many studies have reported delayed early-age
strength when using GGBS due to its slow hydration kinetics [10],
but few have proposed solutions to mitigate this limitation effectively.

The novelty of this study lies in its systematic investigation of
the synergistic effects between GGBS and LS in a ternary cement
system, focusing on both heat of hydration and mechanical performance
across different curing ages. By optimizing the ratio of GGBS and
LS, this work not only evaluates performance enhancement but also
examines hydration kinetics and nucleation effects, providing a more
comprehensive understanding. These results demonstrate a pathway
for low-carbon, high-performance cementitious material development
that explicitly supports the United Nations Sustainable Development
Goals (UN-SDGs). This research aligns with Goal 9 (Industry,
Innovation and Infrastructure) through the development of innovative
green materials, Goal 12 (Responsible Consumption and Production)
by promoting the reuse of industrial by-products and conserving
virgin raw materials, and Goal 13 (Climate Action) through significantly
reducing COz emissions associated with cement production.

The work by Prasittisopin [9] strongly advocates for integrating
power plant waste (fly ash, bottom ash, and biomass ash) into the
construction industry to foster a circular economy and achieve
sustainability targets. This approach supports the UN-SDGs by
encouraging the reuse of industrial by-products, conserving natural
resources, and developing innovative, low-carbon materials for a

Figure 1. SEM image of particles; (a) PC, (b) GGBS, and (c¢) LS.
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sustainable and smart built environment. Therefore, the findings of
that study further confirm the global relevance and necessity of utilizing
industrial waste, such as GGBS and LS in the present research, to
mitigate the environmental impact of construction.

2. Experimental
2.1 Materials

The morphological characteristics of PC, GGBS and LS were
examined using scanning electron microscopy (SEM, JEOL JSM-
5910LV) at a magnification of 1000x and 2000x, as shown in Figure 1.
SEM image reveals that PC particles are angular, irregular in shape, and
vary in size. GGBS particles exhibit irregular and angular morphologies,
while LS particles display angular shapes with sizes predominantly
below 5 um. The chemical compositions of the powders, determined
via X-ray fluorescence (XRF), are summarized in Table 1. PC is mainly
composed of calcium oxide (Ca0O, 63.62 wt%) and silicon dioxide
(Si02, 20.64 wt%). Minor oxide components include Al2Os (4.85 wt%)
and Fe2Os (3.17 wt%), which are associated with the formation of
aluminate and ferrite phases. The primary constituents of GGBS
include CaO, SiOz, Al203, and magnesium oxide (MgO) components
typically found in PC. As presented in Table 1, LS primarily consists
of CaO at 50.46 wt%, which confirms its origin as a carbonate-based
material. However, unlike PC, LS contains very low amounts of
reactive components such as SiO2 (4.38 wt%) and A1203 (0.92 wt%),
classify LS primarily as an inert filler in cement systems, although
it may participate in secondary reactions, such as the formation of
indicating that it lacks the pozzolanic or hydraulic activity found in
other cementitious materials. These chemical characteristics calcium
carboaluminates when combined with aluminate phases. The specific
gravities of PC, GGBS, and LS were measured to be 3.15,2.70, and
2.65, respectively.

Figure 2 showed X-ray diffraction (XRD) patterns of PC, GGBS
and LS. The XRD pattern of PC shows sharp and well-defined peaks,
indicating a crystalline structure composed primarily of tricalcium
silicate (C3S), dicalcium silicate (C2S), tricalcium aluminate (C3A), and
tetracalcium aluminoferrite (C4AF). These mineral phases are responsible
for the cement’s hydraulic behavior. As shown in Figure 2(b), GGBS
exhibits a broad hump between 26 around 20° to 35°, which is indicative
of an amorphous or glassy phase. This amorphous nature is primarily
responsible for the latent hydraulic and pozzolanic reactivity of GGBS
when used in blended cement systems. The XRD pattern of LS showed
calcite peaks corresponding to calcium carbonate (CaCO3) according
to JCPDS No.72-1937.
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Table 1. Chemical composition of materials used in this study.

3

Materials Chemical composition [wt%]
SiO, ALO; Ca0 Fe,0; MgO Na,O K;O SO; LOI
PC 20.64 4.85 63.62 3.17 1.14 0.51 0.81 2.75 2.08
GGBS 34.28 11.13 40.59 0.39 8.19 0.02 0.14 3.11 1.54
LS 4.38 0.92 50.46 0.47 0.78 0.02 0.03 0.00 42.85
Table 2. Mix proportions of binary and ternary mixes.
Mix Proportion [wt%]
PC GGBS LS
PC 100 - -
10GGBS 90 10 -
20GGBS 80 20 -
30GGBS 70 30 -
25GGBS-5LS 70 25 5
20GGBS-10LS 70 20 10
15GGBS-15LS 70 15 15
30LS 70 - 30
(a) [ (b) (©)
3 3 =
c c o
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W M JCPDS No. 72-1937
. . . . : . . : — . \ I. [ : i
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20 (degrees) 20 (degrees) 20 (degrees)

Figure 2. XRD patterns; (a) PC, (b) GGBS, and (c) LS.

Figure 3. Testing equipment: (a) isothermal conduction calorimeter, (b) compressive strength testing machine, and (c) flexural strength testing machine.

2.2 Sample preparation and testing methods

Ground granulated blast-furnace slag and limestone powder were
utilized as partial replacements for Portland cement Type L. Portland
cement (PC) was replaced by GGBS at 0%, 10%, 20%, and 30% by
weight. Further investigations were conducted using a combination
of GGBS and limestone powder to replace cement at 30% by weight.
The mix proportions are summarized in Table 2.

The heat evolution during the early hydration was monitored
using an isothermal conduction calorimeter (I-Cal 4000, Calmetrix,

MA, USA), as shown in Figure 3(a). All paste mixtures were prepared
at a constant water-to-binder (w/b) ratio of 0.50. Each mix was
manually stirred for 30 s before approximately 25 g of the fresh paste
was precisely weighed and placed into a calorimeter sample cup.
The cups were sealed with plastic lids and immediately inserted into
the calorimeter chamber. The heat flow was continuously recorded
for the first 48 h of hydration at a controlled temperature of 20°C.
Thermogravimetric analysis (TGA) was conducted on 28 day
hydrated pastes using a Mettler Toledo TGA/SDTA 851¢, performed
at the National Metal and Materials Technology Center (MTEC),
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Thailand. The ground samples were heated from 30°C to 1000°C
at a constant heating rate of 20°C-min! under a nitrogen atmosphere
to assess the thermal decomposition and quantify hydration products.

For the mechanical tests, river sand was employed as the fine
aggregate. Modified polycarboxylate-based superplasticizer (Sika
Viscocrete 10), supplied by Sika (Thailand), was used as a chemical
admixture to maintain consistent flow of 110% + 5% across all mortar
mixes for compressive and flexural strength tests.

The compressive strength was evaluated using a compressive
strength testing machine (Technotest, MODENA, Italy), as illustrated in
Figure 3(b). Mortar cubes with dimensions of 50 mm x 50 mm x 50 mm
were tested, and the specimens were prepared following the ASTM
C305 standard [18]. A w/b ratio of 0.485 and a fine aggregate-to-binder
(a/b) ratio of 2.75 were maintained for all mixes. After casting, the molds
were covered with plastic wrap and left in a laboratory environment for
24 h. The specimens were then demolded and cured in lime-saturated water
until the designated testing ages. Compressive strength was determined at
1 day, 7 day, 14 day, 28 day, 90 day, and 180 day following ASTM C109
[19], and the results were reported as the average of three specimens.

Flexural strength was evaluated on 28 day mortar prisms in accordance
with ASTM C348 [20]. For each mixture, three prisms (40 mm x 40 mm x
160 mm) were prepared using identical mix proportions (w/b = 0.485;
a/b=2.75). The tests were conducted using a universal testing machine
(Hounsfield H10KS), as illustrated in Figure 3(c), operated at a crosshead
speed of 10 mm'min~!, and the maximum load at failure was recorded
to determine the flexural strength.

3. Results and discussion

3.1 Calorimetry

The heat evolution profiles of pastes containing GGBS are presented
in Figure 4. The replacement of PC with GGBS significantly reduces
the total heat of hydration during the first 48 h and delays the peak
heat release compared to plain PC. The control PC exhibits a primary
hydration peak of approximately 3.0 mW-g~! occurring at around
10 h. The blends with 10 wt%, 20 wt%, and 30 wt% GGBS showed
gradually lower peak values of approximately 2.80 mW-g™!, 2.60 mW-g,
and 2.30 mW-g!, respectively. Additionally, the timing of the peak
shifted slightly to the right as the GGBS content increased, indicating
a slower hydration process. This trend reflects the reduced early-age
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reactivity of GGBS, which is primarily amorphous and hydrates more
slowly than the crystalline phases in Portland cement.

The cumulative heat profiles further confirm this observation.
After 48 h, the total heat evolved for the PC mix reached approximately
260 J-g”!, while the 10GGBS and 20GGBS blends achieved around
245 J-g™'and 230 J-g7!, respectively. The 30GGBS paste showed the
lowest cumulative heat of 210 J-g7!, reflecting the dilution effect of PC
and slower pozzolanic activity of GGBS at early ages.

This behavior is consistent with previous findings [21,22], which
attribute the reduced thermal response to the lower reactivity of GGBS.
The amorphous, glassy nature of GGBS particles lacks the crystalline
phases present in PC, thereby slowing the early hydration process.
Additionally, the pozzolanic reaction of GGBS, which involves the
secondary formation of calcium silicate hydrate (C—S—H) through the
consumption of portlandite (Ca(OH)2), proceeds at a slower rate. These
factors contribute to the reduced and delayed thermal output in GGBS-
blended systems, particularly during the initial hydration period.

Figure 5 illustrates the heat evolution of cement pastes incorporating
GGBS and LS at varying dosages. The heat evolution rate during
hydration is presented in Figure 5(a). The incorporation of supplementary
cementitious materials significantly alters this profile. Notably, the
blend with 30% limestone powder (30LS) shows the most rapid early
hydration, reaching a prominent peak heat flow of about 2.8 mW-g~!
at an earlier time of approximately 6 h. As shown in Figure 5(b),
increasing LS content results in higher cumulative heat release,
particularly in the early stages. These findings are consistent with
studies by Matschei ef al. [15] and Thongsanitgarn et al. [23], which
demonstrated that limestone not only acts as a filler but also contributes
chemically to the formation of carboaluminate phases, thereby enhancing
the hydration process.

Among the investigated ternary blends, a clear trend related to
the GGBS-to-LS ratio is observed. The 15GGBS—15LS mix exhibited
the most accelerated hydration, demonstrating the highest and earliest
primary heat flow peak at approximately 2.55 mW-g™! occurring around
7.5 h. This accelerated rate directly translated to the cumulative heat
release. In contrast, increasing the GGBS content while simultaneously
decreasing LS resulted in a delay of hydration. The 20GGBS-10LS
blend showed a lower peak heat flow of about 2.5 mW-g™! occurring later,
around 8.5 h. The 25GGBS—5LS blend, possessing the highest GGBS
and lowest LS content among the ternaries, displayed the lowest and most
delayed peak heat flow, reaching only about 2.45 mW-g™! around 9.5 h.
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Figure 4. Heat of hydration profiles of PC-GGBS pastes; (a) rate of heat evolution, and (b) cumulative heat release.
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Figure 5. Heat of hydration profiles of PC-GGBS-LS pastes; (a) rate of heat evolution, and (b) cumulative heat release.

However, all ternary blends, namely 25GGBS-5LS (226.6 J-g™),
20GGBS-10LS (229.4J-g71), and 15GGBS-15LS (228.5J-g ™),
exhibit remarkably similar cumulative heat releases by 48 h. This
narrow range, spanning from 226.6 J-g™' to 229.4 J-g7!, also closely
aligns with the cumulative heat released by the 30LS mix (227.8 J-g™)
at 48 h. This indicates that while the rate of hydration varies among
these blends due to the different GGBS-LS ratios, their total extent
of hydration over a 48 h period converges to a very consistent range
of approximately 225 J-g~'to 230 J-g~!. This suggests that despite
differences in early kinetics, the combined pozzolanic and filler
effects, coupled with cement dilution, lead to a comparable overall
heat generation for these specific formulations.

The synergy between GGBS and LS is evident when both are
incorporated together. While GGBS alone delays hydration, the
inclusion of LS compensates for this delay by enhancing nucleation
and promoting earlier C—S—H formation. This synergistic interaction
not only mitigates the dilution effect but also improves early-age
hydration kinetics. This observation aligns with the findings of
previous studies [24,25], which reported that finely ground limestone
acts as a physical filler, providing nucleation sites that promote the
formation of hydration products.

3.2 Thermogravimetry

Thermogravimetric analysis was conducted on 28 day cement
paste samples incorporating 30% GGBS and LS by mass. The resulting
data, presented in Figure 6, quantify phase-specific mass losses. The
initial mass loss occurs below 200°C and is attributed to the evaporation
of physically adsorbed water and the dehydration of early hydration
products such as C—S—H, ettringite (AFt), and monosulfoaluminate
(AFm) [26,27]. A second distinct loss between approximately 450°C
and 500°C corresponds to the dehydroxylation of calcium hydroxide
[Ca(OH):], or portlandite. A third mass loss, observed between 700°C
and 800°C, is associated with the decarbonation of calcium carbonate
(calcite).

Figure 7 displays the differential thermogravimetric (DTG) profiles
for PC-GGBS-LS ternary blends at 28 day of curing. Five primary
mass loss peaks are evident, each representing specific dehydration
or decomposition events. Below 100°C, mass loss primarily results
from the removal of free and physically adsorbed water within the

pore network of the paste [27]. Between 75°C and 95°C, the release of
bound water from ettringite leads to the formation of meta-ettringite
[28]. Dehydration of C—S—H gel, the dominant hydration product,
is reflected in the peak between 100°C and 120°C [29]. As noted by
Berodier and Scrivener [14], the presence of fine fillers such as limestone
enhances the nucleation of C—S—H, which may increase the prominence
of this peak at early ages.

In the range of 150°C to 180°C, the mass loss is associated with
the decomposition of carboaluminates formed due to the presence
of LS, indicating a reaction between carbonate and aluminate phases.
This is supported by findings from De Weerdt et al. [25], who identified
mono- and hemicarbonate formation around 180°C in LS-containing
systems. These results align with the XRD patterns reported by
Voglis et al. [16], where carboaluminate phases were observed after
24 h of hydration and were shown to increase in abundance through
28 day.

The dehydroxylation of Ca(OH):2 occurs at approximately 450°C
to 500°C, releasing water and contributing to a notable mass reduction,
consistent with its role as a major hydration product. Finally, a significant
mass loss between 700°C and 800°C corresponds to the thermal
decomposition of CaCOs into calcium oxide (CaO) and carbon dioxide
(CO2) [30]. The intensity of this peak increases with higher limestone
content, reflecting either unreacted or newly precipitated calcium

carbonate.
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Figure 6. TG curves of PC-GGBS-LS pastes.
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Figure 7. DTG curves of PC-GGBS-LS pastes; 1- free water, 2 - C—S—-H,
3 - monocarboaluminate, 4 - Ca(OH),, 5 - CaCO:s.
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Figure 8. Compressive strength of PC—-GGBS mortars.
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Figure 9. Compressive strength of mortars containing GGBS and LS at 30 wt%.
Thermogravimetric analysis revealed a prominent portlandite peak

in the PC paste, which was significantly reduced in blends incorporating
GGBS and LS. This reduction can be attributed to both the dilution
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effect resulting from cement replacement and the pozzolanic activity
of GGBS, which consumes portlandite and contributes to the formation
of additional C—S—H phases. The presence and intensity of the mono-
carboaluminate and CaCOs peaks are more evident in the LS-containing
mixes, confirming the formation of carboaluminate phases due to
the interaction between LS and aluminate phases.

3.3 Compressive strength

Figure 8 illustrates the development of compressive strength in
mortars where PC was partially replaced with GGBS at levels of
10%, 20%, and 30% by weight. At early ages (1 day to 7 day), GGBS-
containing mortars exhibited lower compressive strength than the
control mix due to the dilution effect and the inherently slower
hydration kinetics of GGBS relative to PC. This is consistent with
findings by Onn et al. [31], who reported that the reduced 28 day
compressive strength in GGBS blends was primarily due to the dilution
effect and the slower hydration rate of GGBS compared to PC. This
resulted in fewer hydration products and, consequently, lower strength
than the plain cement mix.

Despite this early-age reduction, the compressive strength of
GGBS-blended mortars improved steadily over time, particularly with
higher GGBS replacement levels, showing comparable or superior
strength to the PC mix at later ages (e.g., 90 day to 180 day). This
improvement is attributed to the pozzolanic reaction between the
amorphous silica in GGBS and calcium hydroxide (Ca(OH)2), forming
additional calcium silicate hydrate (C—S—H), which is the main
strength-contributing phase in cementitious systems. These reactions
are summarized as follows:

Cement + H2O — C-S-H + Ca(OH): 1)
GGBS + H20 —» C-S-H + Ca(OH)2 2
Ca(OH)2 + SiOz (from GGBS) + H.0 — C-S-H 3)

Figure 9 compares the compressive strength of ternary blended
mortars containing 30 wt% supplementary cementitious materials
(GGBS and LS) with reference binary mixes. The ternary mixes
exhibited enhanced compressive strength across all ages tested
(1 day to 180 day), particularly the 25GGBS-5LS and 20GGBS-10LS
combinations. These mixes not only showed improved early-age
strength (1 day and 7 day) compared to binary GGBS systems, but also
outperformed PC at later stages (28 day to 180 day).

The observed synergistic effect between GGBS and limestone
powder (LS) is likely due to multiple mechanisms. Finely ground LS
acts as a physical filler and nucleation site for hydration products,
accelerating early hydration and refining the pore structure. Moreover,
LS can participate in chemical reactions forming carboaluminate
phases, which contribute to microstructural densification and strength
development, particularly at later ages. These mechanisms have been
confirmed by Antoni et al. [32], who studied the combination of
metakaolin and limestone as cement substitutes. They found that the
reaction between the limestone and the aluminates in metakaolin
promotes supplementary AFm phases and stabilizing ettringite, which
are beneficial for strength development. This process leads to a denser
microstructure and reduced porosity.
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Table 3. Flexural strength and compressive strength of mortars after 28 day of curing.

Mix Flexural strength [MPa] Compressive strength [MPa]
PC 5.62+0.17 50.12+£0.96
10GGBS 544 +0.10 49.63 + 1.06
20GGBS 5.56 +£0.20 47.62 +0.76
30GGBS 5.64+0.11 47.73 £0.74
25GGBS-5LS 5.58 +0.34 51.68 £1.26
20GGBS-10LS 5.50+0.36 47.65+1.14
15GGBS-15LS 5.19+£0.20 44,73 £0.72
30LS 4.77+0.20 34.39+0.76
7 GGBS and the filler and nucleation effects of finely ground LS. The
6l synergy between these materials refines the pore structure and promotes
_ i a denser and more homogeneous matrix, which contributes to increased
§ 5% o e tensile load-bearing capacity.
= Conversely, mortars containing only LS (30LS) exhibited the lowest
%“ tr flexural strength (4.77 MPa), highlighting the limited contribution
:S 31 of LS when used as a standalone supplementary material. This decline
g is likely due to the dilution effect and lack of hydraulic reactivity in
:" 27 y=0.052x +2.953 LS, which primarily serves as a physical filler. The 15GGBS-15LS
1 R*=0.906 mix also showed reduced strength, likely caused by excessive cement
replacement with non-reactive components, which compromises the
0o+ttt formation of load-resisting hydrates.
25 30 35 40 45 50 55 60

Compressive strength (MPa)

Figure 10. Relationship between flexural strength and compressive strength
of mortar mixes with 30% GGBS and LS after 28 day of curing.

Among the ternary systems, the mix containing 25% GGBS and
5% LS yielded the highest strength at both early and later stages,
suggesting an optimal balance between pozzolanic reactivity and
filler/nucleation effects. In contrast, the 15GGBS—15LS mix showed
comparatively lower performance, likely due to excessive dilution of
reactive cementitious phases. These results confirm that an appropriate
GGBS-to-LS ratio is crucial to maximizing strength performance in
ternary blended systems.

3.4 Flexural strength

Table 3 summarizes the flexural and compressive strength results
of various mortar mixes after 28 day of curing. The control mix (PC)
achieved a compressive strength of 50.12 MPa and a flexural strength
of 5.62 MPa, serving as the reference for comparison. Mortars with partial
replacement of PC by GGBS showed comparable or slightly reduced
strengths depending on the replacement level. Among the binary GGBS
mixes, 30GGBS exhibited the highest flexural strength (5.64 MPa),
indicating the beneficial effect of GGBS on tensile performance when
used at an optimal dosage. Ternary blends incorporating both GGBS
and LS demonstrated varying trends. The 25GGBS—5LS mix achieved
the highest overall compressive strength (51.68 MPa) and high flexural
strength (5.58 MPa), suggesting a synergistic interaction between
GGBS and LS. These findings are consistent with the results of other
researchers [33-35], such as Menéndez et al. [34] and Boubekeur ef al.
[35], who also found that the use of both GGBS and limestone at
specific dosages leads to enhanced strength development.

The improvement in flexural strength with certain ternary
combinations may be attributed to both the pozzolanic reactivity of

The relationship between the 28 day compressive and flexural
strengths of mortar mixtures with 30% GGBS and LS is presented
in Figure 10. A linear regression analysis reveals a strong positive
correlation, represented by the equation y = 0.052x +2.953 where y
denotes flexural strength and x denotes compressive strength. The
coefficient of determination (R? = 0.906) indicates that approximately
90.6% of the variation in flexural strength can be explained by
corresponding changes in compressive strength. This strong relationship
suggests that compressive strength can serve as a reliable predictor
for flexural strength in blended cement mortars, especially in practical
applications where direct flexural testing may not be feasible. The
linear trend also highlights the consistent mechanical behaviour of
the mortar systems studied, validating the structural integrity of mixes
incorporating GGBS and LS.

4. Conclusions

This study investigated the hydration behavior and mechanical
performance of ternary blended systems incorporating ground
granulated blast-furnace slag (GGBS) and limestone powder (LS).
The key conclusions are as follows:

1) The incorporation of GGBS reduced both the peak heat flow
and cumulative heat release, with PC showing the highest peak (about
3.0 mW-g! near 10 h) and 30GGBS the lowest (about 2.3 mW-g™!,
210J-g"! at48 h). Limestone powder (LS) enhanced early hydration,
with 30LS reaching an early peak of approximately 2.8 mW-g™! around
6 h. Among ternary blends, 15GGBS—15LS showed the most accelerated
hydration (about 2.55 mW-g™! around 7.5 h), while 25GGBS-5LS had
the slowest (about 2.45 mW-g ! around 9.5 h). Despite these differences
in hydration rate, all ternary mixes displayed similar cuamulative heat
release at 48 h (226.6 J-g7! t0 229.4 J-g7), indicating that GGBS-LS
synergy balances early kinetics and total heat evolution.

2) TGA results revealed that the 25GGBS—5LS mix exhibited
the highest C—S—H content, as inferred from the mass loss in the 50°C

J. Met. Mater. Miner. 36(1). 2026



8 THONGSANITGARN, P., et al.

to 200°C range, and the lowest Ca(OH)2 residue among all blends.
This indicates effective pozzolanic activity and a higher degree of
hydration compared to binary systems or the control mix.

3) The compressive strength results showed that mortars with 30%
GGBS had improved strength at later ages. Notably, the 25GGBS-5LS
mix achieved the highest compressive strength of 51.68 MPa at 28 day,
outperforming both the control (50.12 MPa) and other binary or ternary
mixes. This highlights the optimal GGBS-to-LS ratio for balancing
reactivity and dilution effects.

4) Flexural strength results showed a strong linear correlation with
compressive strength (R? = 0.906). The 30GGBS and 25GGBS-5LS
mixes recorded the highest flexural strengths of 5.64 MPa and 5.58 MPa,
respectively, indicating improved tensile performance in mixes with
optimized ternary combinations.

These findings highlight the importance of optimizing the GGBS-
to-LS ratio in ternary systems. A moderate inclusion of LS (10% to
15%) can enhance the early hydration rate, which is beneficial for
carly-age strength development. On the other hand, a blend with more
GGBS and less LS (25GGBS-5LS) may be more advantageous in
terms of long-term strength and cumulative hydration.
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