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Abstract In this article, the strength and microstruc-

ture development of two low clinker blended cements;

limestone calcined clay cement (LC3) and slag-fly ash

composite cement (CC) cured at 27 �C and 50 �C are

analysed and compared to those of ordinary Portland

cement (OPC). A significant difference in the 28 days

strength was observed between 27 and 50 �C cured

specimens in low clinker blends. The results show that

the quantities of ettringite and carbo-aluminate phases

significantly reduce when LC3 is cured at 50 �C. EDX
analysis shows that significant quantities of aluminate

are taken up in C–A–S–H, when curing is done at a

higher temperature. It was seen from BSE image

analysis that the C–A–S–H formed from the hydration

of LC3 is much more heterogenous than the other

cements due to non-uniformity in C–A–S–H density as

well as intermixing of hydration products. It was also

seen that although an increase in the temperature leads

to a measurable increase in the density of C–S–H in

OPC and CC, the influence on LC3 is not clear, the

heterogeneity of the product appears to reduce. In the

case of both LC3 and CC, the hydration of clinker is

slowed down, especially after the first day, when cured

at 50 �C. All these factors lead to a coarsening of the

pore-structure and a reduction in the compressive

strength of both low clinker cements, when cured at

the higher temperature.

Keywords Low clinker cements � Curing
temperature � Calcined clay � C–A–S–H

1 Introduction

Concretes containing supplementary cementitious

materials (SCMs) are used extensively throughout

the world for their good performance, economic and

environmental benefits. The most common SCMs are

fly ash, ground granulated blast furnace slag, lime-

stone, silica fume and calcined clay. Several perfor-

mance benefits, such as energy, and resource

conservation, lower CO2 emissions, etc., have been

reported from the use of these SCMs [1]. Temperature

plays an important role on the hydration characteris-

tics of SCMs blended cements. Although the sensi-

tivity of hydration of ordinary Portland cement (OPC)

and blended cements is well documented in the

literature [2, 3], such studies on low clinker cements

(containing 50% or less of clinker) such as limestone
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calcined clay cement (LC3) and fly ash-slag composite

cements were not found. Change in temperature

affects the mechanical properties of hydrated cemen-

titious systems. It is well reported that when OPC is

cured at a higher temperature, the rate of strength

development is reduced at later ages. This effect is

directly related to the change in the properties of the

hydration products and the process of microstructural

development at higher temperatures [4–7]. It has been

reported that the microstructure is more heterogeneous

and that the density of calcium silicate hydrate (C–S–

H) is higher due to the faster hydration at higher

temperatures [8]. A destabilization of ettringite and

monocarbonate to monosulphoaluminate and calcite

also takes place [2]. This change leads to a coarsening

of the pores and can potentially reduce the strength

performance of the mix [8–10]. At lower tempera-

tures, the rate of hydration is reduced, providing more

time for ions to diffuse before the precipitation of the

hydration products. This leads to the development of

C–S–H gel with a lower polymerisation and a higher

gel-porosity [11–14]. This change in C–S–H structure

contributes to the formation of a microstructure with

more uniform distribution of hydration products,

which reduces the coarser pores and increases the

compressive strength [15, 16].

Several authors have reported a change in the grey

level of C–S–H at different temperatures using

backscattered electron imaging (BSE images)

[17–20]. This change in grey level could be due to

the change in density of C–S–H caused by change in

its composition [21, 22]. However, conflicting results

have been reported on change in elemental composi-

tion due to temperature. Some studies indicated that

the Ca/Si ratio is not affected up to 75 �C [11, 23]

while others reported a change in Ca/Si ratio against

curing temperature, which could be due to multiple

reasons such as intermixing of CH or higher sulphate

adsorption with elevated temperature [22, 24–26]. The

increase in sulphate adsorption in C–S–H at higher

temperature could be due to the dissolution of

ettringite at elevated temperature leading to increase

in sulphate concentration in pore solution [10, 17, 27].

An increase in degree of polymerisation of silicate

chains with temperature has been observed [28]. Apart

from silicate polymerization, a reduction of interlayer

water and subsequent reduction of spacing between

interlayers of C–S–H was also observed [29]. This

leads to formation of a denser C–S–H, leading to

increase in capillary porosity and decrease in gel

porosity in cement matrix [30].

Generally, the addition of SCMs accelerates the

early age hydration of clinker phases due to filler and

dilution effects. The surface of SCMs provide addi-

tional nucleation sites for the precipitation of C–S–H,

leads to a faster hydration of the clinker phases. This is

known as the filler effect. Also, the partial replacement

of clinker by an SCM increases the water available for

the clinker phases, increasing their dissolution and the

space available for the growth of the hydration

products. This is known as the dilution effect [31, 32].

Studies show that high temperature curing of fly ash

(FA) blends with replacement levels up to 30% could

be beneficial as it can accelerate the pozzolanic

reaction [3]. However, in blends with high FA content

([ 30% by weight) with low w/b ratio, the accelera-

tion of pozzolanic reaction at higher temperatures

(50 �C) can potentially obstruct the later age clinker

hydration by consuming pore water [33, 34]. This

implies that the effect of temperature on fly ash blends

depends on replacement ratio and the water to binder

ratio. The incorporation of slag also increases tem-

perature sensitivity [35–37]. As temperature increases,

the early age strength increases and this improvement

is more at higher replacement levels. Although high

temperature curing can affect the ultimate strength, the

detrimental impact on strength reduces with increase

in slag content [36, 38]. In low clinker blends, the

temperature sensitivity of FA is higher than that of slag

[39]. Curing of blends incorporating metakaolin at

higher temperatures, leads to an increase in the

formation of AFm phases due to the increase in the

Al2O3/SO3 ratio, increasing temperature sensitivity of

the blend [40]. Limestone, another commonly used

SCM used as clinker substitution, accelerates the early

hydration of clinker due to the filler and dilution

effects. The presence of limestone contributes to the

formation of carboaluminate phases and prevents the

conversion of ettringite to monosulphate [41, 42].

Since, both carboaluminate and ettringite phases are

more soluble at higher temperatures, the addition of

limestone to cement makes them more sensitive to

changes in temperature [2].

Despite extensive research on cement hydration at

different temperatures, the hydration behaviour of

ternary blended cements is unclear. Particularly, no

study on the influence of high-temperature curing on

LC3 was found. This paper focuses on understanding
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the difference in the characteristics of C–S–H and the

cement microstructure in general when ternary

blended cements such as slag-fly ash cement and

LC3 are cured isothermally at 27 �C and 50 �C. The
formation of various hydrate phases has also been

followed and the results have been compared with

ordinary Portland cement.

2 Experimental programme

2.1 Materials

The clinker, clay and limestone used in this study were

obtained from the state of Gujarat. Ground granulated

blast furnace slag was obtained from the state of Goa

and fly ash from the state of Uttar Pradesh. The clay,

which contained approximately 63% kaolinite content

was calcined in a rotary kiln with an air temperature of

900 �C. Details of the calcination process can be found
in [43]. Natural gypsum obtained fromOman was used

in this study. Indian standard sand [44], obtained from

Ennore in Tamil Nadu, were used for making mortar

cubes for compressive strength test. The particle size

distribution, chemical composition and phase compo-

sition of raw materials can be found in supplementary

content to this article. Distilled water was used for

preparation of the mixes.

First, OPC was produced by intergrinding clinker

with gypsum in a 20 kg capacity laboratory ball mill.

The other materials used for making blends were

ground individually. The other blends used in this

study are slag-fly ash composite cement (CC) and

limestone calcined clay cement (LC3), were produced

by blending the ground raw materials in a turbo-

blender. Two LC3 blends were prepared by changing

the dosage of gypsum to understand the influence of

sulphate content on the hydration behaviour of the

alumina rich system. The OPC contained 95% clinker

and around 5% gypsum, while the CC and LC3

systems contained 50% clinker. While CC contained

30% slag and 15% fly ash, LC3 contained 30%

calcined clay and 15% limestone. Both CC and LC3

(LC3–5%G) contained 5% gypsum, a blend of LC3

with 8% gypsum (LC3–8%G) was also used.

2.2 Preparation of mix and curing conditions

The temperatures of 27 �C and 50 �C were chosen for

this study. While 27 �C is the standard curing

temperature prescribed in the Indian standards,

50 �C was chosen since it has been reported in the

literature that the solubilities of ettringite and carbo-

aluminates, which are two important products in LC3,

significantly increase above 45 �C [45]. Two types of

specimens: paste and mortar cubes were cast. Before

casting of the specimens, all the mix materials (cement

blends, water and sand) were preconditioned at the

required temperature for 24 h. Immediately after

casting, mortar cubes were placed in a temperature-

controlled curing chamber in closed boxes containing

wet jute cloths to avoid drying. The specimens were

then demoulded and cured under lime water in a

temperature controlled water bath till the time of

testing. After 1 day, the specimens were demoulded

and placed in a water bath. The water in the

temperature-controlled bath was saturated with lime

to avoid leaching of calcium hydroxide from the

specimens. The specimens were taken at selected ages

for testing. Paste mixes were prepared by mixing

preconditioned cement blend and distilled water using

a high-speed mixer at 2000 rpm for 3 min. The water

to binder ratio (w/b ratio) of the mix was kept constant

as 0.45 by weight. The fresh mix was then poured in a

cylindrical plastic mould of 3 cm diameter and 10 cm

length. The moulds were sealed and cured at 27 �C
and 50 �C, separately. Slices of 3 mm thickness were

cut from the hardened paste samples at the required

ages for testing.

3 Test methods

3.1 Isothermal calorimetry

Heat of hydration was measured on fresh paste

samples with w/b ratio of 0.45, using isothermal

conduction calorimeter (I-Cal 8000, Calmetrix, MA,

USA). Before mixing, the cement blend, water and all

the containers used for mixing were preconditioned

for 24 h at the set temperature. The preconditioned

materials were then mixed with distilled water in a

plastic cup outside the calorimeter for 3 min using a

high-speed paste mixer. 72.5 g of freshly mixed paste

(50 g of the dry blend at 0.45 w/b ratio) was then
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immediately poured into a plastic cup, which was

immediately transferred to the isothermal calorimeter.

Logging of readings started from the time of placing of

the samples for 3 days. The recorded readings were

then exported and represented as heat flow and total

heat of hydration per gram of binder.

3.2 Compressive strength

Mortar compressive strength test was measured as

described in the standard IS 4031-6 1988. Cube

moulds of 7.06 cm size were used to prepare mortar

specimens. A cement to sand ratio of 1:3 by weight

with a fixed w/b ratio of 0.45 was used for making the

mix. The curing conditions for the specimens have

been discussed in Sect. 2.2. Compressive strengths of

the specimens were measured at 3, 7 and 28 days. The

average of the peak stresses of three specimens was

used to determine the compressive strength of the

samples.

3.3 Electron microscopy

For microstructure and mineralogical studies, slices of

3 mm thickness were cut from paste specimens, and

the hydration of the samples was stopped using solvent

exchange in isopropanol for 5 days, followed by

storage of the specimens in vacuum desiccator till the

time of testing to avoid carbonation and possibility of

further hydration. Although no moisture absorbent

was placed in the desiccator, the air was removed

using a vacuum pump. Impregnation of the specimen

was done with a low viscosity epoxy resin under

vacuum. Polishing of the test surface was carried out

using fine diamond powders from 9 to 1/4 lm. The

polished specimens were then sputter coated with

carbon before the imaging. All the analyses were

carried out using FEI Quanta 200 SEM (Thermo

Fisher Scientific) (15 kV of accelerating voltage,

12.5 mm of working distance) with Bruker XFlash

4030EDS detector. Energy dispersive X-ray spec-

trometry (EDS) was carried out to study the elemental

composition of the specimens and the quantification of

the data was carried out using reference oxide

minerals.

The relative brightness of the hydration products

around the cement grains in the micrographs was

quantified in order to understand the influence of

temperature on its density. This hydration product is

expected to be mainly C–S–H in the case of OPC and

C–A–S–H (calcium alumino silicate hydrate) in the

case of the blended cements in this study. It has been

reported that in the case of C–S–H, the grey level is

influenced by its microporosity, water content and

chemical compositions [24]. The grey-levels of port-

landite and the residual belite in all images were

normalised to the same level and the grey-levels of the

inner product were then compared using an image-

analysis software. Portlandite and belite were chosen

since their densities and compositions are not expected

to significantly change with a change in the curing

temperature. Although in the literature, alite is often

used for the normalisation, in this study, belite was

used since the cement used contained a larger amount

of belite and significant unhydrated amounts of belite

were present at 28 days. For each blend, 100 images

were collected, the grey level of the C–S–H around the

cement grain was calculated and respective graphs of

frequency% versus grey level were plotted. The

relative brightness of C–S–Hwas calculated according

to the formula below [21]:

RBC�S�H ¼ IC2S � ICH

IC2S � IC�S�H

where RB is the ‘Relative Brightness’ and IC2S and ICH
are intensity (grey level) of C2S and CH. IC�S�H is the

intensity (grey level) of C–S–H that was taken as the

average of grey scale values in each blended cement.

3.4 Mercury intrusion porosimetry (MIP)

MIP was performed using Thermo Fischer Pascal 440

porosimeter. At the age of testing, i.e. 28 days in this

study, the paste slice samples were immersed in

isopropanol for 5 days and then stored in a vacuum

desiccator till 28 days. About 1.5 to 2 gain of paste

samples were cut from the slices after removing the

edges. MIP was carried out by measuring the volume

of mercury intruded in the specimen as the pressure

was incrementally increased to 400 MPa. A contact

angle of 120� assumed [46] for the calculation of

overall porosity and pore entry diameter. The total

percolated pore volume (total/overall porosity) repre-

sents the total accessible pore volume at 400 MPa

applied pressure and critical pore-entry diameter is the

pore size where steepest slope of the cumulative

intrusion curve is recorded.
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3.5 X-ray diffraction-Rietveld analysis

X-ray diffraction (XRD) was carried out on 3 mm

thickness hydrated paste specimen. Prior to the

experiment, the cut paste slices were polished using

silicon carbide paper to make the surface smooth.

Scanning was done immediately after slicing and

polishing to avoid carbonation. The experiment was

conducted using D8 Advance Eco X-ray diffractome-

ter from Bruker at a voltage of 40 mV and current of

25 mA, with a Cu-Ka radiation (k = 1.54 Å) and a

fixed divergence slit of 0.5�. The specimens were

scanned in the range of 5� to 65� at the rate of 0.019�/
0.3 s. The quantification of clinker and other phases

using Rietveld refinement was carried out using

TOPAS software and Bruker Cement Database 2006.

Rutile having 98% purity was used as an external

standard for quantifying the phases in the hydrated

specimens. Scanning of rutile was carried out with

each set of data acquisition [47, 48].

4 Results

4.1 Hydration

Heat of hydration of blends cured at 27 �C and 50 �C
are shown in Fig. 1. Although the clinker content in

blended cements is approximately half of that in OPC,

the peak-heat of LC3 systems is similar to OPC at both

temperatures. The induction period of LC3 is shorter as

compared to OPC and CC systems at both tempera-

tures. In OPC, acceleration started at around 2 h, and

in LC3–5%G, it started around 1 h 30 min. This can be

attributed to the nucleation effect of clay fine particles

as well as amorphous alumino-silicate content in the

clay. The physical influence of the higher surface area

of the calcined clay may also have a role to play in this.

Whereas in CC, the acceleration was found to start

later than OPC and the peak heat of hydration was

lower than OPC, mainly due to lower clinker content

and slow pozzolanic activity of both slag and fly ash. A

clear aluminate hydration peak is visible in both

blended systems, with calcined clay and slag con-

tributing to aluminates in the solution. It is seen in the

LC3 blends that the addition of gypsum delays the

onset of this peak.

The heat of hydration patterns for 50 �C curing

emphasises that the heat of hydration increases

significantly with the increase in temperature. While

at 27 �C, the second peak, which usually indicates the
hydration of the aluminate phase, is not clearly visible

in the case of OPC, it becomes prominent at 50 �C. In
the LC3 system with 5% gypsum, there appears to be

an acceleration in the formation of ettringite and also

its conversion to monosulphate, visible as a shoulder

after the aluminate peak. However, this shoulder is

absent in LC3 with 8% gypsum, indicating that due to

the presence of additional sulphates, the conversion of

ettringite to monosulfoaluminate is delayed. As shown

in Sect. 4.4, this observation was also confirmed by

XRD measurements. It can be observed that, when

curing was done at 50 �C, there is very little additional
heat of hydration in the LC3 and CC systems after 24 h

of hydration (Fig. 2), indicating a significant reduction

in the rate of clinker hydration after 1 day.

4.2 Mortar compressive strength

Figure 3 shows the compressive strength of the mortar

cubes cured at 27 �C and 50 �C up to 28 days. From

7-days onwards, the strength of mortars cured at the

higher temperature was found to be lower than the

specimens cured at 27 �C. While this difference in

Fig. 1 Heat flow of blends

cured at 27 �C and 50 �C
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strengths is the least in OPC, it is the highest in LC3

with 5% gypsum. Although the increase in gypsum

content slows down the strength development in LC3

at 27 �C, the 28-day strength at 50 �C is slightly

higher than the blend with 5% gypsum. When

compared to the cements cured at 27 �C, at 50 �C,
the strength gain after 3 days is negligible for all the

low clinker cements.

4.3 Degree of hydration of clinker phases

The degree of hydration (DoH) of clinker phases

calculated using X-ray diffraction is shown in Fig. 4.

From the results it can be seen that the hydration of

clinker phases in LC3 systems is suppressed at 50 �C

compared to that at 27 �C from 7 day onwards. It was

also observed that although the overall degree of

clinker hydration is similar in OPC and LC3 systems

(73 ± 2%) at 27 �C. The degree of clinker hydration
in LC3 systems is reduced to around 70%, even though

it increases to 78% in the case of OPC at 50 �C. In the
case of CC, although there is a reduction in the degree

of hydration at 50 �C, when compared to the same

cement at 27 �C, the relative reduction in the case of

CC is lower than that observed in the case of LC3–

5%G. The increase in strength of all systems is fairly

in agreement with the increase in degree of hydration

of the respective system.

Fig. 2 Heat of hydration of

blends cured at 27 �C and

50 �C

Fig. 3 Compressive

strength of mortar cubes

cured at 27 �C and 50 �C
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4.4 Quantification of hydration products: Rietveld

analysis

The X-ray diffractograms in Fig. 5 show that there is a

significant change in the phase assemblage of the

LC3–5%G pastes when the curing temperature is

changed. A quantification of the ettringite (Ettr) and

hemicarboaluminate (Hc) was carried out using

Rietveld analysis as shown in Fig. 6. Monosulphoa-

luminate (Ms) could not be quantified due to its poor

crystalline structure. In the LC3 systems, at 27 �C,
clear peaks of ettringite, monocarboaluminate (Mc)

and hemicarboaluminate can be seen even at 28 days

for both gypsum contents. However, at 50 �C, a peak
of monosulfoaluminate starts to appear, especially in

the system with 5% gypsum, and the peaks of the

carboaluminate phases are not very clear.

As expected, the increase in gypsum content led to

an increase in the ettringite content and a reduction in

the hemicarboaluminate content. In the LC3 blend

with 5% gypsum cured at 50 �C, the quantity of

ettringite reduces with time, as it is probably converted

to monosulphoaluminate. A small peak of mono-

sulphoaluminate appears adjacent to the peak of

ettringite in this specimen. This conversion is also

visible as the third peak in the isothermal calorimetry

measurements shown earlier. Compared to LC3 sys-

tems cured at 27 �C, a reduction in the quantity of

hemicarboaluminate can also be seen and no peak of

monocarboaluminate was observed in LC3 systems at

50 �C. The additional sulphates present in the blend

with 8% gypsum appear to prevent the conversion of

ettringite from occurring, while the quantity of

hemicarboaluminate reduces further.

4.5 Quantitative backscattered image analysis

Figure 7 shows the characteristic microstructure of

LC3–5%G specimens cured isothermally at 27 �C and

50 �C at 28 days from SEM-BSE images. The images

of other specimens can be found in supplementary

content to this article. Since there is a relatively large

difference in the degrees of hydration of clinker phases

Fig. 4 DoH of clinker in

different blends cured at

27 �C and 50 �C (error:

± 3%)

Fig. 5 X-ray diffractograms of LC3 cured at 27 �C and 50 �C at

28 days

Materials and Structures           (2019) 52:91 Page 7 of 13    91 



at early ages between 27 and 50 �C, a comparison of

the microstructures at 28 days is the most relevant for

this work. Visually, the microstructure of LC3–5%G

cured at 50 �C appears to be more heterogeneous than

that cured at 27 �C. It was observed that at the higher

temperature, a clear ring of a hydration product,

probably C–A–S–H, with a large difference in bright-

ness from the remaining inner product, is seen around

the clinker grains in LC3–5%G. A hydration product

with a relatively lower brightness can also be seen

inside this ring. To have a better understanding on the

influence of curing temperature on the brightness and

therefore the relative densities of C–A–S–H, the

histograms of the grey levels of the product were

plotted in Fig. 8. The histogram of CC and LC3–8%G

can be found in supplementary materials of this article.

It can be seen in this figure that, as has been reported,

in the case of OPC and CC the relative brightness of

C–A–S–H is higher at 50 �C. A wider distribution of

the brightness of C–A–S–H was observed in the LC3

samples. This could be due to the higher intermixing

of other products with C–A–S–H in LC3 systems, as

has been reported earlier [49]. While a relatively

loosely packed C–A–S–H is visible around the clinker

grains in LC3, a higher density material appears to

form farther from the dissolving surface of the cement

particles. As can be seen in Fig. 9, this leads to a

reduction in the mean relative brightness of the

Fig. 6 XRD quantification of ettringite (left) and hemicarboaluminte (right) of LC3 blends (error: ± 1 g)

Fig. 7 Backscattered images of LC3–5%G cured at 27 �C (left) and 50 �C (right) at 28 days

Fig. 8 Histogram of % frequency of grey levels of C–S–H in

OPC and LC3–5%G at 28 days
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product in the case of LC3. Furthermore, while there

appears to be a reduction in the variation of the relative

brightness at 50 �C, an increase in the average density
of the hydration product was not observed. No

significant influence of additional sulphate was

observed on the mean brightness of the hydration

product.

4.6 Elemental analysis (BSE-EDX)

BSE-EDX analysis was carried out on the inner

products for all pastes. The spread of the elemental

ratios observed for OPC and LC3–5%G are shown in

Figs. 10, 11 respectively. The plots for CC and LC3–

8%G can be found in the supplementary content to this

article. There is a slight reduction in the Ca/Si ratio of

all pastes when the temperature is increased. While,

there is little influence of temperature on the Al/Si

ratio of C–A–S–H in the case of OPC and CC, there is

a significant increase in the Al/Si ratio with the

increase in temperature in the case of LC3. This

increase in the alumina content is at the cost of the

quantities of ettringite and carboaluminate phases.

Despite the increase in the formation of ettringite at

50 �C in the case of 8% gypsum, the Al/Si ratio in C–

A–S–H remains unchanged. This indicates that the

uptake of alumina in C–A–S–H is preferred to the

formation of carboaluminate phases.

4.7 Porosity

Figure 12 shows the influence of temperature on the

pore-structure of the pastes hydrated up to 28 days

using mercury intrusion porosimetry. In these graphs,

the peak value in the y-axis is considered to be the pore

volume and the value in the x-axis denoted as the pore-

Fig. 9 Mean relative

brightness of C–S–H in

blended cement

Fig. 10 C–A–S–H composition for OPC cured at 27 �C and

50 �C at 28 days of hydration obtained by SEM–EDX

Fig. 11 C–A–S–H composition for LC3-5%G cured at 27 �C
and 50 �C at 28 days of hydration obtained by SEM–EDX
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entry diameter. In all systems studied, the increase in

temperature led to an increase in the overall porosity

and the pore-entry diameter. In the case of OPC and

CC, while there is a small increase in the total porosity,

the increase in the pore entry diameter is large. These

changes can be explained by the increase in the density

of C–S–H that were observed in the quantitative-BSE

analysis. In the case of LC3 with 5% gypsum, there is a

large increase in the total porosity. However, when the

gypsum content is increased to 8%, the total porosity is

comparable with the other blends, perhaps due to the

increased formation of ettringite. The small increase in

porosity observed in this system can be attributed to

the reduction of the carboaluminate phases.

5 Discussion

The influence of an increase of curing temperature

from 27 to 50 �C on the hydration and microstructural

development of LC3 systems was studied and com-

pared with OPC and CC. It was seen that while even at

27 �C, the characteristics of C–A–S–H in LC3 systems

appear to be different from that of OPC and CC, these

differences are more exaggerated at 50 �C. While in

the case of OPC, it has been reported in the literature

that there is a relatively narrow distribution of the

composition of C–S–H [8], in the case of LC3, an

intermixing of the hydration products is apparent in

the wider variation of the composition of C–A–S–H.

The inner product in the case of LC3 also appears to be

less dense than in the case of OPC and CC. At 50 �C,
the reduced formation of aluminate phases in LC3 was

found to lead to a significant increase in the aluminate

content in the C–A–S–H. This observation is sup-

ported by the findings in the literature that ettringite

and sulphoaluminate phases are more soluble at higher

temperatures, leading to an increase in the alumina in

the C–A–S–H [27].

The results in this article shed interesting light on

the hydration and microstructural development of

LC3. The wider distribution of the composition of C–

A–S–H, the finer pores despite similar values of

porosity and lower brightness of C–A–S–H compared

to OPC, suggest that the hydration product in LC3 is

more uniformly distributed throughout the microstruc-

ture. The presence of large quantities of ettringite and

other products with high surface area such as the

carboaluminates would promote the nucleation and

growth of C–A–S–H on their surface. Since these one-

dimensional and two-dimensional products would

tend to grow more rapidly away from the surface of

the cement grains, the hydration products will be

distributed farther away. The growth of C–S–H away

from the cement particles, and on the framework of

AFt needles has been suggested in the literature [50].

This is also consistent with the finding that the

hydration products are more intermixed in the case

of LC3 [49]. This would not only explain the lower

packing density of the product, but also the finer pores

in the microstructure.

The observation that the ultimate degrees of

hydration of alite and belite in LC3 (reference:

supplementary content to this article) are lower than

those in OPC indicate that a barrier to hydration exists

at later ages. It has been reported in the literature that

there is a higher polymerisation of C–A–S–H at higher

Al to Si ratios and at lower Ca to Si ratios as is the case

in LC3 [4, 51, 52]. This polymerisation would hinder

the flow of water and ions through the hydration

product, slowing down the rate of hydration. While at

lower temperatures a more uniform distribution of the

product takes place, it has been reported that C–A–S–

H tends to deposit closer to the cement grains at higher

temperatures [21]. As observed in the experimental

results, this leads to a further reduction in the degrees

of hydration of alite and belite, and also in a

coarsening of the pore-structure. The reduction in

ettringite and sulphoaluminate phases, which are

lower density phases that lead to a significant

Fig. 12 Porosity graph of different blends cured at 27 and

50 �C at 28 days
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reduction in the porosity, at the higher temperature,

also contributes to an increase in the total porosity. All

the above contribute to a reduction in the compressive

strength of LC3 mortars when curing is carried out at

50 �C. Most importantly, the results clearly show that

the LC3 is more sensitive to curing at higher temper-

atures than OPC and CC.

It may be noted here that although the above

discussion is speculative in nature, the relatively

simple explanation can satisfactorily explain all the

important observations in this study. Further work

may be required to understand the distribution of

hydration products in hydrating LC3 pastes.

6 Conclusions

The main conclusions that can be drawn from this

study are listed below.

1. While the reduction in strength of OPC and CC

with the increase in temperature can be attributed

mostly to the increase in the density of C–A–S–H,

in the case of LC3, this reduction appears to be

more due to the suppression of hydration of

clinker phases beyond 24 h and the reduction of

ettringite and carboaluminate phases.

2. The C–A–S–H formed in LC3 appears to be more

mixed with other products and more homoge-

neously distributed throughout the microstructure,

leading to finer pores. However, the distribution of

the product becomes more heterogeneous at 50 �C
leading to a coarsening of the pores, despite there

not being a significant change in the density of the

product.

3. The higher alumina uptake in C–A–S–H in the

case of LC3, appears to lead to a higher level of

polymerisation of the product. The lower degrees

of hydration of the clinker phases at 28 day

indicate that, perhaps due to this polymerisation,

this product hinders the flow of water and ions

through it. This effect appears to be more

pronounced at 50 �C, where more of polymerised

hydration product deposits near the cement grains.

4. Although there is an increase in the ettringite

content upon the addition of gypsum to LC3, a

reduction in the carbo-aluminate phases takes

place, while the alumina substitution in C–A–S–H

appears to remain unchanged.

Although some of the conclusions above are

speculative in nature, they provide an explanation

to most of the important observations in this study.

However, further work is required for verification.

Acknowledgements The authors would like to acknowledge

the financial support from the Swiss Agency for Development

and Cooperation (SDC) and Prof. Karen Scrivener for allowing
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