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Abstract
This study concentrated on producing limestone calcined clay calcium sulfoaluminate cement by replacing portland cement

in limestone calcined clay cement with calcium sulfoaluminate cement, with the goal of increasing the early strength of

limestone calcined clay cement. The mineralogy and microstructures of hydrating pastes were investigated using x-ray

diffraction and scanning electron microscopy. Heat evolution was studied using isothermal calorimetry. Strength devel-

opment and workability were assessed on mortar samples. The 1 day strengths of limestone calcined clay calcium

sulfoaluminate cement samples exceeded those of limestone calcined clay cement by * 30–80%, though its strength gain

slows significantly after 1 day due to the lack of calcium silicates, affecting pH and clay dissolution. Despite this, the

strength development of limestone calcined clay calcium sulfoaluminate cement, when adjusted for CO2 emissions, is

comparable to limestone calcined clay cement. Additionally, limestone calcined clay calcium sulfoaluminate cement

provides a 10–15% higher flow and exhibits a lower heat of hydration beyond 12 h, while maintaining a production cost

similar to that of limestone calcined clay cement.
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1 Introduction

Ambitious goals set to drastically reduce CO2 emissions

and eventually achieve net zero [1, 2] have prompted the

construction industry to accelerate research on developing

low-carbon alternatives to portland cement (PC). The main

sources of CO2 emissions in PC production are the decar-

bonation of limestone, the combustion of fuel to heat the

kiln to * 1500 �C, and the grinding of clinker. While PC

possesses remarkable technical properties, its production

releases * 0.9 tons of CO2 for every ton of PC produced

[3]. With nearly * 4.1 billion tons of PC produced

annually [4], attempts have been made to develop cements

with reduced PC clinker content. Pozzolan-blended

cements are notable examples that can exhibit properties

similar to, or even surpass, those of traditional PC mix-

tures. However, substituting PC clinker with pozzolan

invariably results in reduced strength at early ages, par-

ticularly when high replacement ratios are utilized [5–7].

Limestone calcined clay cement (LC3), based on the syn-

ergy between limestone, calcined clay, and PC clinker,

offers a partial solution to this issue of compromised early-

age strength. Additional hydration products, predominantly

carboaluminates and ettringite, accelerate the development

of strength [8]. As a result, LC3 formulations using meta-

kaolin or kaolinite-rich clays, have demonstrated the ability

to match the strength of PC-only mixtures, as early as

3 days [9]. Nonetheless, typical LC3, containing * 50%

PC clinker, has low strength up to 3–7 days. A potential

solution might be the substitution of PC clinker with the

more rapidly reacting calcium sulfoaluminate cement

(CSA ) clinker. CSA is a low-carbon alternative cement,

offering 25–35% lower emissions than PC [10]. However,

its production involves the use of limestone, gypsum, and

bauxite. The incorporation of bauxite, utilized as an
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alumina source to form ye’elimite (C4A3S), the primary

clinker phase in CSA clinker, results in a higher cost

compared to PC clinker [10–12]. The combination of LC3

and CSA may offer an optimal balance between cost-ef-

fectiveness and early-age strength. The use of mineral

admixtures in CSA cement to reduce cost is already

common practice [13–19]. A study into the effects of

metakaolin and calcined montmorillonite on CSA

revealed that both replacements up to 20% led to reduced

strength and heat evolution without the formation of new

hydration products [20]. In another study, ground granu-

lated blast furnace slag (GGBFS), which has a lower alu-

minate content than kaolinitic clay decreased both the rate

of heat evolution and total hydration heat despite having no

significant impact on the formation of hydration products.

Nonetheless, the compressive strength of mortars contain-

ing 10% or less GGBFS remained comparable to that of

mortars without GGBFS but not at early ages [21]. The

positive effects of limestone or dolomite powder on the

strength of CSA cement have also been reported [22].

Fewer studies have been conducted on the impact of both

kaolinite clay and limestone on CSA cement performance.

One such study investigated the hydrate phase assemblage

of CSA cement blended with metakaolin and limestone

and found that while ye’elimite achieved full hydration by

91 days, belite did not. The primary hydration products

identified were stratlingite, hemicarbonate, C–S–H,

Al(OH)3, and ettringite [23]. The presence of limestone

stabilized ettringite but the faster reaction of metakaolin

compared to belite resulted in the release of less calcium to

drive the pozzolanic reactions. However, strength devel-

opment was not reported. Another investigation used a

binder that could be considered similar to LC3 made with

CSA , partially replacing increasing amounts of portland

limestone cement (PLC) with a belitic CSA and a calcined

clay [24]. The strength of a mortar made with 30%

PLC ? 40% CSA ? 30% calcined clay reached 12 MPa

at 1 d. Higher levels of CSA further increased early

strength but greatly reduced strength gain beyond 1 day.

There is a scarcity of experimental studies that investigate

the combined effect of clay and limestone on CSA . Also,

the nature of the clay and CSA clinker used can lead to

drastically different hydrated microstructures in such sys-

tems. The present study investigates the effect of replacing

the PC clinker component in LC3 with CSA clinker to

formulate a binder that has higher early-age strength than

typical LC3 and lower cost than CSA , while still main-

taining the environmental advantage of having a reduced

clinker content. Such a binder could not only be preferable

environmentally to traditional PC but preferable techni-

cally to typical LC3 for use in applications where early

strength gain can be important, such as low-temperature

applications.

2 Materials and Experimental Methods

2.1 Materials

The LC3 blends in this study were prepared in the labo-

ratory by combining a PC clinker (Baştaş Cement Plant,

Ankara), limestone and gypsum (Votorantim Hasanoğlan

Cement Plant, Ankara), and kaolinitic clay from Balıkesir

(used after calcining). The CSA clinker was also prepared

in the laboratory, using the same limestone and gypsum as

well as bauxite (Seydişehir Eti Aluminum Plant, Konya).

Table 1 Oxide composition and physical properties of materials used

Oxide (%) PC clinker CSA clinker Kaolinitic clay Gypsum Limestone Bauxite

CaO 69.9 52.7 0.2 37.3 53.5 1.1

SiO2 18.3 10.5 55.2 0.6 1.1 11.7

Al2O3 4.1 13.2 30.1 0.2 0.4 49.6

Fe2O3 3.4 12.3 0.7 0.1 0.2 16.9

MgO 1.4 0.7 0.1 0.2 0.4 0.3

K2O 1.3 0.3 0.8 0.0 0.1 0.3

SO3 1.0 10.3 2.9 47.0 0.1 0.4

Na2O 0.4 – – – – –

Loss on ignition 0.1 4.1 10 14.6 44.2 19.8

Density (g/cm3) 3.16 3.00 2.63 2.51 2.72 3.15

Blaine Fineness (cm2/g) 3700 4000 10,000 3500/8000* 10,000 N/A**

*3500 cm2/g for LC3 and 8000 cm2/g for CSA clinker and cement

**Bauxite was only used in the kiln feed to prepare CSA . It was not used as an added agent in the prepared mixtures
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The chemical compositions of the raw materials, deter-

mined using X-ray fluorescence spectroscopy (XRF), and

some physical properties are provided in Table 1.

All ingredients were ground using a ball mill. Although

the clinkers have similar fineness, the clay and limestone

are finer. The clay contains * 85% by mass SiO2 ? Al2-

O3, and has a loss on ignition value of 10%, meeting

ASTM C 618 [25]. The PC clinker is of the CEM I type

with rather high alkali and low aluminate content. The

bauxite used to produce CSA clinker is borderline low

grade, with\ 50% low Al2O3. Hence the CSA clinker

contains less aluminium than many commercial ones. 40%

limestone (for CaO), 40% bauxite (for Al2O3), and 20%

gypsum (for SO3) were calcined at 1300 �C for 120 min in

an electric furnace (Protherm MoS-B 160/8) as detailed in

[12]. Figure 1a shows the X-ray diffraction (XRD) pattern

for this CSA clinker. Quantitative analysis with Rietveld

refinement suggests this clinker is made up of ye’elimite

(28.2%), brownmillerite (34.3%), and belite (37.5%) with

an agreement factor, Rwp = 8.8%. As expected due to the

use of a low-grade, more economical bauxite, it has a

ye’elimite-to-belite ratio less than 1, lower than most

commercial CSA clinkers. As this ratio increases, the

contribution to early strength but also the production cost

of the CSA could be expected to increase. Figure 1b

shows that the PC clinker contains C3S (68.4%), C2S

(21.8%), C3A (4.1%), and C4AF (5.7%) with Rwp = 14.6%.

Fig. 1 X-ray diffractograms for (a) CSA clinker (b) PC clinker (Legend: Be-Belite; Br-Brownmillerite; C3A-Tricalcium aluminate; A-Alite;

Y-Ye’elimite)
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3 Mixture Design

Table 2 presents the studied paste and mortar mixtures.

Gypsum:clinker was chosen as 6:94 for PC-Control

according to ASTM C563 [26] while the same ratio was

19:81 for CSA -Control, previously determined as the

optimum ratio for the particular CSA clinker produced

here [12].

PC-LC3-52 represents a ‘‘typical’’ LC3 based on studies

in the literature [27–30]. PC clinker makes up roughly half

of the LC3 while the ratio of clay-to-limestone is 2

[5, 31–34]. Three different CSA clinker contents were

chosen for the CSA -LC3 mixtures, one similar to that of

PC-LC3-52, one slightly higher, and one slightly lower.

The clay-to-limestone ratio is kept as 2 but the gypsum

content is higher than in PC-LC3-52 due to the need for

sulfates in the hydration of CSA (to form ettringite from

ye’elimite). All three CSA -LC3 blends have been designed

to be lower carbon than PC-Control and CSA -Control

because of their lower clinker contents and lower carbon

than PC-LC3-52 because CSA is lower carbon than PC

(Fig. 2). The suitable calcination temperature for the clay

was determined by comparing the strength activity indices

(ASTM C618 [25]) of mortars prepared using PC and the

clay calcined at 600, 650, 700, 750, and 800 �C were

compared. The highest activity was obtained using clay

calcined at 650 �C, consistent with the literature for kao-

linitic clays [5, 34–38].

The calculations made for Fig. 2 are based on data

related with the production of PC [39] and the production

of CSA [10]. The entire clinker production process is

considered, including raw meal preparation (quarrying,

crushing, and initial grinding), production/kiln consump-

tion system (fuel burning and chemical reaction), and fin-

ishing (milling, blending, mixing, and transportation). CO2

emitted per ton of PC-Control (100% in Fig. 2) is * 1.08 t

of CO2 while the total CO2 produced for CSA -Control

throughout all processes is calculated to be * 0.62 t.

Emissions related to the production of limestone and cal-

cined clay were examined separately. CO2 emissions due to

the quarrying and crushing of limestone and calcined clay

were assumed to be the same as that of PC clinker. How-

ever, CO2 emissions due to the grinding of limestone were

calculated using grindability (energy expenditure required

for grinding) vs. Blaine specific surface area data in [35].

CO2 emission data related to the production of calcined

clay was taken from [40] and finally, the emissions related

Table 2 Binder proportions for the various mixtures studied (wt. %)

Cement ID CSA clinker PC clinker Calcined clay Limestone Gypsum

PC-Control – 94.0 – – 6.0

CSA -Control 81.0 – – – 19.0

PC-LC3-52 – 51.7 30.0 15.0 3.3

CSA -LC3-57 56.7 – 20.0 10.0 13.3

CSA -LC3-51 50.6 – 25.0 12.5 11.9

CSA -LC3-45 44.6 – 30.0 15.0 10.5

Fig. 2 Comparison of CO2 emission during the production of the various binders (adapted from [10, 35, 39, 40])
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to the production stages of CSA cement were calculated

using data in [10].

4 Test methods

Mortars with water-to-binder ratio (W/B) of 0.50 were

prepared using silica sand in a laboratory mixer according

to ASTM C305 [41] for evaluation of strength development

up to 28 days, and cast in 50 mm cube molds as per ASTM

C109 [42]. The fresh properties of mortars were assessed

using a flow table, according to ASTM C1437 [43]. Water-

cured CSA cement samples reportedly have lower AFt/

AFm, resulting in lower strength compared to air-cured

samples [44]. This finding was also confirmed in the pre-

liminary studies of the current research. Therefore, after

demolding, mortar cubes containing PC were cured in

water while the other samples were cured at room tem-

perature at a relative humidity of over 80% until the test

age. The use of different curing methods for CSA and PC-

based blends allows for a comparison of CSA and PC

performance, as it maximizes the performance of each.

0.5% (by mass of cement) citric acid monohydrate was

used in mortars containing CSA to prevent rapid setting

[12].

The products of hydration were investigated using paste

samples and XRD (Olympus BTX-II) with a scanning

range between 5 and 55�2h and a resolution of 0.25�2h
using 24 h-old and 28 day-old specimens. Paste samples

were prepared by mixing 50 g binder (CSA -Control, PC-

LC3-52, or CSA -LC3-57) with deionized water at

W/B = 0.40 and stirring manually for 2 min. The heat

evolution of the mixtures was also measured, using an

isothermal calorimeter (TAM Air) at 25 �C for 48 h.

Scanning electron microscopy analysis (SEM) (Thermo

Fisher Quanta 400F) was used to assess the microstructures

of the hydrated pastes.

5 Discussion of Results

5.1 Influence of Mixture Proportions
on Strength

Figure 3 shows the development of compressive strength

of the mortars. CSA -Control has the highest 1-d strength,

followed by PC-Control since these cements contain high

proportions of clinker. All three CSA -LC3 mortars gain

greater strength than PC-LC3-52 in this period and * 60–

80% of that of PC-Control. The effectiveness of CSA in

increasing early strength is evident since the clinker con-

tent of these CSA -LC3 cements is 48–60% of that of PC-

Control. This is attributed to the rapid formation of an

ettringite skeleton.

The strength of PC-LC3-52 more than doubled from 1 to

3 days and from 3 to 28 days, while CSA -LC3 mortars

showed more modest increases, paralleling the moderate

strength increase of CSA-Control in this period. Long-term

strength development in both systems relies on the hydra-

tion of calcium silicates. C3S ? C2S in PC clinker is much

higher than C2S in CSA clinker, leading to a lower amount

of calcium hydroxide in hydrating CSA . The lower pH

Fig. 3 Compressive strength development of the mixtures
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likely decreased the dissolution of calcined clay in CSA -

LC3 resulting in more limited strength gain and lower

ultimate strengths than that of PC-LC3-52. The strengths of

CSA -LC3-45 and CSA -LC3-51 are close at all ages and

nearly the same at 28 d while that of CSA -LC3-57 is

significantly higher, by * 38%. This suggests that a

threshold clinker content may be exceeded between 51 and

57% (for the particular clinker, clay, and limestone com-

bination used here) similar to the * 50% value for typical

LC3 [5].

Table 3 presents a comparison of the flow of various

mortars. The incorporation of calcined clay into PC reduces

flow in PC-LC3-52 compared with PC-Control. The layered

structure and high specific surface area of calcined clay

increase water demand [27, 45]. The flow of CSA -LC3 is

slightly higher than that of PC-LC3-52 since the calcined

clay content is increased from 20 to 30%. Similar results

were also reported by [20, 46]. Calcined clay dissolves

partially or completely in an alkaline environment [47] but

CSA cement has a lower pH than PC. Thus, water demand

in all CSA -LC3 is almost the same, regardless of calcined

clay content.

5.2 Comparative Analysis of Strength and CO2

Emissions

Despite its early and late strengths being lower than the PC

control, the clinker content hence CO2 footprint of CSA -

LC3-57 is so much lower that it may be preferable when

both technical and environmental performance are con-

sidered. Figure 4 shows strength gained per unit emission

of CO2, calculated by normalizing strengths at each age in

Fig. 3 with the CO2 footprints in Fig. 2.

As expected, despite gaining high strength, PC-Control

has the lowest strength per CO2 emission beyond 1 day due

to its high carbon footprint. PC-LC3-52 shows similar

behavior up to 3 days, due to its slow initial strength gain.

Among all the ternary mixes, CSA -LC3-57 has the highest

strength per CO2 emission at all ages, closest to that of

CSA -Control. CSA -Control appears advantageous based

on strength and carbon footprint considerations, however,

the cost of CSA -LC3-57 or CSA -LC3-51 could be sig-

nificantly lower, due to the reduced amount of CSA

clinker.

5.3 Influence of Mixture Proportions
on Hydration Products

Figure 5 shows the microstructure of 1 day and 28 day old

hydrated pastes of CSA -Control, CSA -LC3-57, and PC-

LC3-52, selected since these mixes had higher strength per

CO2 performance than the others. The needle-shaped

structures in the 1-day-old pastes are ascribed to ettringite.

The formation of ettringite is responsible for a rapid

decrease in porosity which leads to an increase in early

strength and rapid setting [48]. The microstructure of PC-

LC3-52 changes with time, and the matrix consists of

Table 3 Flow table values of mixes

Mixtures Flow (%)

CSA -Control 110

PC-Control 110

PC-LC3-52 70

CSA -LC3-57 85

CSA -LC3-51 80

CSA -LC3-45 85

Fig. 4 Strength per CO2 emission for the mixtures
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Fig. 5 1-day and 28-day SEM micrographs of: (a,b) PC-LC3-52, (c,d) CSA -Control, (e,f) CSA -LC.3-57
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quartz, calcite, C-S–H, and kaolin particles with their

typical layered structure [49–51]. Rhombic dodecahedron

particles of unreacted ye’elimite were identified in CSA -

Control and CSA -LC3-57 at 28 days.

XRD analysis (Fig. 6) corroborates the observations in

the micrographs. The main crystalline phases in PC-LC3-

52 are identified as ettringite, hemicarbonate, monocar-

bonate, quartz, gypsum, and calcite (Fig. 6a). Hemicar-

bonate and monocarbonate were absent at 1 day but exist at

28 days. The absence of these 2 products at early ages may

be explained by the lack of sufficient amounts of port-

landite, a hydration product of PC. The aluminate phase

from PC reacts with calcium carbonate from limestone to

form these two products at later ages. CSA -Control and

CSA -LC3-57 contain ettringite, gypsum, brownmillerite,

belite and ye’elimite.

Although thermodynamic calculations in [23] predicted

monocarbonate hydrate as a hydration product for a mix-

ture of CSA cement with 10% metakaolin and 10%

Fig. 6 X-ray diffractograms for (a) PC-LC3-52 (b) CSA -Control

(c) CSA -LC.3-57 (Legend: E-ettringite; Hc-hemicarbonate; Mc-

monocarbonate; Q-Quartz; G-Gypsum; C-Calcite; Br-Brownmillerite;

Be-Belite; Y-Ye’elimite)

Fig. 7 Rate of heat evolution (a) in the first hour, (b) up to 48 h, and

(c) cumulative heat evolved, for pastes hydrated at 25 �C
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limestone, none was detected in CSA -LC3-57. This may

be due to the lack of calcium hydroxide and tricalcium

aluminate in the system. Also, the clinker composition of

CSA cement used in that study (62.7% ye’elimite, 10.7%

belite, 8.2% fluorellestadite, and 5.7% bredigite) is very

different from the CSA cement used in this study. In

CSA -Control, the ettringite peaks grew with time due

likely to the partial conversion of gypsum to ettringite.

However, for CSA -LC3-57, a clear decrease in the amount

of ettringite was observed, and unreacted gypsum was still

available at later ages. Ettringite formation at later ages

may be due to the formation of amorphous aluminum

hydroxide (AH3). AH3 precipitates inside pores in the paste

and increases its compactness reducing the dissolution of

anhydrous phases [52].

5.4 Influence of Mixture Proportions on Heat
Evolution of Pastes

The rate of heat evolution and cumulative heat evolution

are shown in Fig. 7 for various paste mixtures. During the

preinduction period (Fig. 7a), the presence of calcined

clay/limestone in both PC-Control and CSA -Control

pastes accelerates hydration due to the filler effect [53].

Also, the rate of heat evolution in this period is signifi-

cantly lower for PC-Control and PC-LC3-52 than for

mixtures containing CSA cement. The first peak in all

pastes within the preinduction period was probably due to

the dissolution and wetting of the pastes. The second peak,

which occurs around 0.3– 0.6 h, in CSA -Control corre-

sponds to ye’elimite and calcium sulfate dissolution with

ettringite formation [54]. The third hydration peak was

observed after a stagnant period which takes place due to

the precipitation of ettringite formation on the surface of

cement particles, lasting for 4.5 h. During this period, the

reactions take place slowly. Eventually, the unhydrated

cement particles react with water and hydration accelerates

once again [55]. On the other hand, the rate of heat evo-

lution for CSA -LC3-57 gradually decreased after * 10

min. Afterward, hydration is stagnant up to * 9 h when a

minor peak is observed. No additional hydration peaks are

observed. The preinduction stage was followed by the

induction period, acceleration period, and deceleration

period as shown in Fig. 7b. In PC-Control and PC-LC3-52,

the second hydration peak occurs at * 8 h. In addition, the

PC-LC3-52 paste exhibited a higher heat evolution rate and

a narrow hydration peak, which can be attributed to the

sulfate depletion caused by the aluminate reaction. CSA -

LC3-57 gives the lowest cumulative heat up to 48 h, while

PC-Control gives the highest. At early ages (\ 16 h),

CSA -Control showed higher heat release, consistent with

its higher 1-day strength. However, there is a crossover at

about 16 h, and subsequently, PC-Control releases greater

heat. The presence of calcined clay and limestone, on the

other hand, decelerated the hydration of PC substantially.

Figure 8 illustrates the strong relationship between the

cumulative heat hydration and strength at 1 day and 2 days.

Whether LC3 or control, mixtures containing the same

clinker have the same particular strength-heat relationship,

with the slope for CSA -containing mixtures much steeper

than that of their PC-containing counterparts, due to their

more crystalline nature. Hence, although not long-lasting,

strength development is more efficient in CSA -LC3 than in

PC-LC3. In both systems, the incorporation of calcined clay

and limestone mostly has a dilution effect.

5.5 Cost analysis

Although Fig. 4 suggests that CSA cement is preferable

based on strength and carbon footprint considerations,

Fig. 9 shows that the cost of CSA -LC3-57 or CSA -LC3-

51 is significantly lower than that of CSA -Control, due

mainly to the reduced amount of CSA clinker. The cal-

culations consider the transportation, grinding, and calci-

nation of the materials (Table 4).

CSA -LC3-57 costs * 31% less to produce than CSA -

Control, while only * 16% more than PC-LC3-52. The

production costs of PC and CSA cement clinker are cal-

culated as * 60 USD/t and 62 USD/t, respectively, with

the cost estimation for CSA cement clinker considering its

ye’elimite content as in [56]. The CSA clinker used in this

study contains * 30% ye’elimite so its production cost is

nearly equivalent to that of PC clinker.

Regarding transportation costs, it was assumed in [56]

that gypsum, limestone, and calcined clay are sourced from

locations * 80 km away. Considering an electricity rate

of 0.146 USD/kWh for grinding and including the calci-

nation cost for clay, assumed to have undergone flash

calcination, the data from Table 4 was used to calculate the

costs of PC-LC3 and CSA -LC3 blends in Fig. 9. While the

values in Fig. 9 may change for different assumptions, it is

clear that replacing PC clinker in LC3 with CSA clinker

does not increase cost exorbitantly.

6 Conclusion

This study investigated the production of LC3 incorporat-

ing CSA clinker instead of PC clinker. The following

conclusions were drawn:

• LC3 incorporating CSA has higher 1-d strength than

typical LC3 owing to the rapid hydration of CSA .
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Beyond 1 day, strength is lower, as the calcined clay

participates less in hydration reactions due to the lower

alkalinity of the system.

• The CO2 footprint of CSA -LC3 is lower than that of

PC-LC3, at similar clinker contents. Consequently,

strength gained per unit CO2 emission is similar for

CSA -LC3 and PC-LC3. The inclusion of calcined clay

and limestone into CSA also reduces the cost of this

cement type.

• The primary hydration product formed in CSA -LC3 is

ettringite. Gypsum, brownmillerite, ye’elimite, quartz,

and calcite are also present, at both early and later ages.

Hemicarbonate and monocarbonate phases are not

identified, possibly due to the absence of portlandite

and C3A.

• CSA -LC3 generates significantly less heat than PC-

LC3, PC-Control, and CSA -Control, ultimately.

• The production cost of CSA -LC3 mixtures is estimated

to be notably lower than that of CSA -Control and only

slightly higher than PC-LC3. Hence, they may find use

in construction applications where the carbon footprint

needs to be lowered while maintaining adequate early-

age strength.

Fig. 8 Strength vs. normalized cumulative heat for mortars at 1 day and 2 days

Fig. 9 Production cost of the binders studied
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