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This paper reports a study of ternary blends composed of calcium aluminate cement, calciumsulfate hemihydrate
and limestone. Compressive strength tests and hydration kineticswere studied as a function of limestone and cal-
cium sulfate content. The phase evolution and the total porosity were followed and compared to thermodynamic
simulation to understand the reactions involved and the effect of limestone on these binders. The reaction of
limestone leads to the formation of hemicarboaluminate andmonocarboaluminate. Increasing the ratio between
sulfate and aluminate decreases the extent of limestone reaction.
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1. Introduction

Ternary blends composed of calcium aluminate cement (CAC),
calcium sulfate (C$1) and Portland cement (PC) are widely used in dry
mixmortars. These systems have special properties, such as fast setting,
rapid strength development and shrinkage compensation that justify
their use despite the higher costs with respect to plain PC.

In this study PC is replaced by limestone in ternary blends.
Limestone is a low cost and a low environmental impact material. The
literature on blends of calcium aluminate cement, calcium sulfate
and limestone is scarce, nevertheless there are various studies with
calcium sulfoaluminate cement (CSA) blended with calcium sulfate
and limestone. Previous studies done by Pelletier-Chaignat et al. [1]
on systems with similar chemical compositions containing CSA,
gypsum and limestone or quartz filler indicate that limestone
gives higher strengths compared to quartz. Hemicarboaluminate and
monocarboaluminate are formed and there is lessmonosulfoaluminate.
The impact of calcium sulfate on the limestone reaction was not
discussed. Other studies on blends of CSA with calcium carbonate [2,3]
and of blends of CAC with calcium sulfate [4] showed that calcium
sulfate has a strong impact on the reaction of calcium carbonate; the
amount of reacted limestone decreases with the calcium sulfate
content.
41 21 69 35800.
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O2, F: Fe3O4, H: H2O.
Limestone addition in cement has been widely studied in PC based
systems [5–7]. These studies indicate that:

• The addition of calcite reduces ettringite dissolution when sulfate is
depleted. Aluminate reacts with carbonates to form the AFm phases
monocarboaluminate and hemicarboaluminate instead of consuming
ettringite to form monosulfoaluminate.

• The formation of carboaluminates and increased amount of ettringite
increase the volume of hydrates, decrease the porosity and increase
the strength at modest levels of addition.

• The amount of calcitewhich can react is limited by the reactive alumi-
nate and sulfate content in the system. Above a critical sulfate to
aluminate ratio, calcite acts as inert filler.

The main difference between PC and CAC-C$ based systems is
that the latter clearly contains much higher quantities of aluminate,
mainly in the form of monocalcium aluminate, so there is potential for
much higher amounts of calcite to react and contribute to strength
development.

The hydration of systems composed of CAC and calcium sulfate leads
to the formation of ettringite and amorphous aluminium hydroxide as
shown in reaction (1):

3CA þ 3C$Hx þ 38−3xð ÞH→C3A � 3C$ �H32 þ 2AH3 ð1Þ

where x = 0 for anhydrite, x = 0.5 for hemihydrate and x = 2 for
gypsum.
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Fig. 1. Particle size distributions.
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When calcium sulfate is depleted and there is an excess of
monocalcium aluminate, ettringite is consumed and forms mono-
sulfoaluminate and aluminium hydroxide according to reaction (2):

C3A � 3C$ �H32 þ 6CAþ 16H→3 C3A � C$ � H12 þ 4AH3: ð2Þ

When limestone is added to the system, the formation of
hemicarboaluminate (reaction (3)) and/or monocarboaluminate (reac-
tion (4)) is thermodynamically more favourable compared to the for-
mation of monosulfoaluminate (reaction (2)), which is not stable
anymore.

3CAþ 0:5Ccþ 18H→ C3A � Cc0:5 �H12 þ 2AH3 ð3Þ

3CAþ Ccþ 17H→ C3A � Cc �H11 þ 2AH3 ð4Þ

Themain objective of this study is to investigate the effect of variable
calcium sulfate and limestone content on strength development and
link this to hydration kinetics, phase formation and the reaction of lime-
stone. Thermodynamic simulation is used to understand the impact of
calcium sulfate content on the phase assemblage of these systems and
to estimate the maximal amount of reacted limestone.

2. Materials and methods

Calcium aluminate cement (CAC, Ternal RG from Kerneos), was
blended with calcium sulfate β-hemihydrate (HH, Prestia Selecta
from Lafarge). Six systems with variable calcium sulfate content were
studied; three without any substitution and three with 20wt.% (weight
percent) of limestone (Cc, natural crushed calcite, Durcal 15 from
Omya). Systems substituted with quartz (Q) instead of limestone
were also prepared for compressive strength tests and isothermal calo-
rimetry measurements. This was done to separate the physical and the
chemical effects of the substitution. The physical filler effect is the extra
Table 1
XRF oxide composition (expressed in wt.%) and mass attenuation coefficients referring to CuK

CaO SiO2 Al2O3 Fe2O3 MgO

CAC 36.6 4.1 40.3 16.3 0.1
HH 38.5 0.9 0.0 0.0 0.2
Cc 57.3 0.1 0.1 0.0 0.4
Q 0.0 97.9 1.0 0.0 –
MAC [cm2/g] [9] 124.0 36.0 31.7 214.9 28.6
space due to dilution and the addition of surfaces for nucleation. The
chemical effect is due to the reaction of limestone [8]. To have compara-
ble physical effects it is important to have similar particle size distribu-
tions for quartz and limestone as shown in Fig. 1.

The oxide composition of the differentmaterials obtainedwithX-ray
fluorescence (XRF) spectrometry is given in Table 1. The mineralogical
compositions of the CAC cement, hemihydrate and limestone were ob-
tained by XRD Rietveld analysis and are presented in Table 2. CAC con-
tains some C12A7 (about 1.4%) and is included in the column “other
phases”. Note that hemihydrate contains 3.5wt.% of calcite. The compo-
sitions of the systems studied are listed in Table 3. The sample names
are composed of the molar percentage of CA relative to HH and the
wt.% of limestone substitution (Cc). Limestone is composed of 99.8% of
calcite, therefore the terms limestone and calcite are used without dis-
tinction in this paper.Molar amounts of calcium sulfate are used to indi-
cate the relative amount of aluminate and sulfate; the stoichiometry of
reaction (1) is 50 mol% aluminate and 50 mol% sulfate. An additional
system with 50CA–50HH was tested for compressive strength. More-
over different substitution levels (10, 20 and 40% Cc) were tested in
compression at 28 days of hydration.

All experiments were carried out at 20 °C. Paste samples were cast
with awater to binder ratio (w/b) of 0.4 andwere used for all the exper-
iments except compressive strength tests which were done onmortars.
The dry powders were weighted in a recipient of 250ml and drymixed
for 30 s beforemixing all the powders withwater for 2min using a pad-
dle mixer at 1600 rpm.

For the strength measurements, mortars were cast according to
European standard EN196-1with awater to binder ratio of 0.5 (because
of the interfacial transition zone a w/b of 0.5 in mortar is comparable to
0.4 in paste). Three mortar bars of 40 × 40 × 160mm3 were cast from a
blend of 1350 g of normalized sand with 450 g of binder and 225 g of
water. The mixing protocol was: 30 s at low speed to blend the dry
powders, water added and mixed for 30 s at low speed, the sand is
then added and mixed for 30 s at low speed followed by a break of
15 s and 60 s at high speed. The mixing duration was reduced from
that specified in the norm because of the rapid setting of the systems.
No setting regulating admixtures were used. After one day the bars
were unmoulded and cured in a high humidity environment (96%
R.H.). The results at each time are an average of four compression tests.

Hydration kinetics were followed by isothermal calorimetry (TAM
Air from TA Instruments). 10 g of cement paste (mixed outside the cal-
orimeter) was introduced in a glass ampoule which was then sealed
with a cap and placed in the calorimeter.

For SEM, XRD, TGA andMIPmeasurements, the sampleswere cast in
polystyrene cylinders (35mm⌀×50mm). These cylinderswere imme-
diately placed in a water bath at 20 °C to maintain a constant tempera-
ture for the first 24 h. Then they were demoulded and placed in
cylindrical recipients of 37 mm of diameter containing around 8 g of
demineralized water per 95 g of sample mass to ensure a continuous
supply of water while minimizing leaching. At each age, three slices of
2–3 mm thickness were cut from the cylinders and then immersed in
isopropanol to stop the hydration. After 7 days in the solvent, they
were stored in a desiccator under vacuum and over silica gel for
2 days to remove the alcohol, prevent carbonation and remove possible
moisture. Stopping the hydrationwith isopropanol and storing the sam-
ples under vacuum have a detrimental effect on the crystallinity and
α radiation (MAC).

Na2O K2O SO3 TiO2 P2O5 CO2 MAC

0.0 0.0 0.3 1.8 0.2 – 97.4
0.0 0.0 52.8 0.0 0.0 – 73.3
0.1 0.2 0.0 0.0 0.0 40.9 76.1
– 0.8 – 0.0 0.0 – –
25.0 122.3 44.5 124.6 39.7 9.4 –



Table 3
Studied compositions. The sample names are composed of the molar percentage of CA
relative to HH and the wt.% of limestone substitution (Cc).

Sample name CA HH CAC HH Cc or Q Cc relative
to CA

[mol.%] [wt.%] [mol.%]

70CA–30HH 70 30 83.3 16.7 0.0 0.0
60CA–40HH 60 40 75.8 24.2 0.0 0.0
55CA–45HH 55 45 70.5 29.5 0.0 0.0
70CA–30HH–20Cc 70 30 66.7 13.3 20.0 48.3
60CA–40HH–20Cc 60 40 60.6 19.4 20.0 50.7
55CA–45HH–20Cc 55 45 56.4 23.6 20.0 52.5

50CA–50HH–20Cc
(only for compressive strength tests)

50 50 53.4 26.6 20.0 53.8

Substitution should be at constant volume. As densities are very similar, 2.65 for quartz
and 2.71 [g/cm3] for limestone, there is not much difference in volume when adding 20
wt.% of powder.

Table 2
XRD Rietveld analyses on anhydrous powders (Error of measurement ±2%).

[wt.%] CA C2S C4AF CFT perovskite C2AS C$H0.5 C$ Cc SiO2 Fe3O4 Other phases

CAC 50.7 4.6 10.9 10.0 12.3 – – – – 6.3 5.2
HH – – – – – 89.7 5.0 3.5 1.8 – –
Cc – – – – – – – 99.8 0.2 – –
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water content of the hydrates, particularly ettringite [10,11]. It was re-
ported that stopping the hydration with isopropanol causes a partial
conversion of hemicarboaluminate into monocarboaluminate [12].
Despite these problems, the results should be comparable if the same
preparation protocol is followed. The slices were then used for SEM
and MIP analyses and were crushed into fine powder (b100 μm) for
XRD and TGA analyses. For XRD and TGA the hydration was stopped
at 1, 7, 14, 28, 90, 180 and 365 days of hydration.

X-ray diffraction (XRD) analyses were donewith a Philips X'Pert Pro
PANalytical (CuKα, λ = 1.54 Å) working in Bragg–Brentano geometry
with a 2θ-range of 5°–65°. The X-ray source was operated at 45 kV
and 40 mA. The analyses were done on dry powders using the back
loading technique to minimize preferred orientation.

Quantitative Rietveld analyses were done with the HighScore Plus
3.0.5 software and using the external standard method (with rutile
Kronos 2300, 96.2% crystalline, TiO2) for absolute quantification of the
crystalline phases. Table 4 lists the crystal structures of the different
phases used to simulate the experimental diffractograms. The detailed
method for the quantification of the phases is indicated in [13,14]. The
mass attenuation coefficient (MAC) referring to CuKα radiation of
each oxide is given in Table 1 and is used to calculate themass attenua-
tion coefficient of the analysed samples. The boundwater content in the
sample is taken as the mass loss between 20 and 600 °C from TGA, this
value is needed for the MAC calculation.

Thermogravimetric analysis (TGA) was carried out using a Mettler
Toledo TGA/SDTA851e. Around 50 mg of ground cement paste was
placed in alumina crucibles covered by aluminium lids to reduce car-
bonation before analysis. The temperature ranged from 30 to 1000 °C
with a heating rate of 10 °C/min under N2 atmosphere to prevent car-
bonation. TGA is used to estimate the AH3 content by integrating from
220 to 300 °C (crystalline gibbsite, AH3, has 3 mol of water per mole
of phase, but the water content may be somewhat different for the mi-
crocrystalline or amorphous aluminium hydroxide formed here). AH3 is
only roughly estimated as in this range of temperatures there is also a
secondary peak of carbonate AFm phases, which is only a small fraction
of the main peak which occurs at lower temperatures and therefore
could lead to small quantification errors.

The slices were impregnated under vacuum with an epoxy resin
(EPOTEK 301) and polished with diamond spray ranging from 9 to
1/4 μm. The polished samples were examined by backscattered elec-
trons (BSE) and energy dispersive X-ray (EDS, Bruker AXSXFlashDetec-
tor 4030) analyses in a scanning electron microscope (SEM, FEI Quanta
200) with an accelerating voltage of 15 kV.

Mercury intrusion porosimetry (MIP) was carried out on Thermo
Scientific Pascal 140 and 440 machines with a pressure capacity of
400 MPa. Five pieces of samples of about 4 × 5 × 5 mm3 were used for
the analysis. The total measured connected porosity includes pores
down to 2 nm.

Thermodynamic simulations were carried out using the GEMS-PSI
[31,32] software with thermodynamic data for aqueous species and
other solids from the GEMS-PSI thermodynamic database [33] and the
CEMDATA14 database from EMPA [34,35] for the cementitious phases.
The simulation is done on simplified systems composed of the main
phase of the calcium aluminate cement, i.e. monocalcium aluminate
(CA), hemihydrate (HH) and limestone (Cc). The results are obtained
from the minimization of the Gibbs fee energy in the system and no
kinetics are taken into account.
3. Results and discussion

3.1. Compressive strength

Fig. 2a shows the compressive strength of low calcium sulfate
mortars (70CA–30HH) without substitution, with 20 wt.% of quartz
and with 20 wt.% of limestone. The compressive strength of all systems
increases with time. The quartz systems have the lowest compressive
strength. In contrast, the limestone systems show compressive strengths
similar or higher than the reference system without substitution from
seven days.

The high calcium sulfate systems 50CA–50HH show higher com-
pressive strength compared to the previous systems as shown in
Fig. 2b. These systems showno significant differencebetween limestone
and quartz additions, suggesting that limestone acts purely as filler in
high sulfate environments.

Fig. 3 shows the compressive strength as a function of limestone
substitution (0, 10, 20 and 40 wt.%) of mortars with 30, 40, 45 and
50 mol% calcium sulfate at 28 days of hydration. The compressive
strength increaseswith the calciumsulfate contentwhereas it decreases
with the substitution level, except for the 30 mol% calcium sulfate sys-
tem where the maximum is reached at 10 wt.% limestone replacement.
For the low calcium sulfate system, similar strengths are maintained up
to 20 wt.% of limestone.

As described previously, one of the properties of these binders is
shrinkage compensation or dimensional stability. This property is high-
ly influenced by the calcium sulfate content in the system, i.e. the
expansion compensating the shrinkage increases with the calcium sul-
fate content. A study on the mechanisms of expansion on binary CAC–
gypsum systems [36] shows that above 40 mol% of calcium sulfate the
systems are highly expansive. Some of the blends studied could be ex-
pansive due to the high calcium sulfate content, but the main objective
is to understand the reactions between limestone and CAC–calcium
sulfate, therefore the dimensional stability was not studied.

3.2. Hydration kinetics

The heat evolution of the two systems with low and high calcium
sulfate content is shown in Fig. 4. Fig. 4a shows the heat flow of the



Table 4
Phases and references used for quantitative Rietveld analyses.

Phase ICSD code Ref

CA 260 [15]
C4AF 2842 [17]
C2S 81096 [19]
CFT 79353 [21]
C2AS 67689 [23]
Magnetite 158745 [25]
Calcite 73446 [27]
Gypsum 151692 [29]
Hemihydrate 92947 [16]
Ettringite 155395 [18]
Monosulfoaluminate 100138 [20]
Gibbsite 6162 [22]
Monocarboaluminate 59327 [24]
Hemicarboaluminate – [26]
C3AH6 34227 [28]
C2ASH8 69413 [30]
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low calcium sulfate system with limestone and quartz substitution
(70CA–30HH–20Cc and 20Q). The heat flow of the system with higher
calcium sulfate content (60CA–40HH–20Cc and 20Q) is presented in
Fig. 4b. During the first peak (between 1 and 1 h 30 min), hemihydrate
dissolves and gypsum precipitates. The second peak is characterized by
CA and gypsum dissolution and precipitation of the main phases —
ettringite and amorphous aluminium hydroxide as described by
reaction (1). The origin of the third peak observed in the low calcium
sulfate system is usually attributed to the depletion of gypsum and
monosulfoaluminate starts to precipitate [37,38]. The height of the
first peak is proportional to the amount of hemihydrate in the system.
The time of occurrence of the first two peaks is similar for the low and
high calcium sulfate systems. There is a negligible difference in hydra-
tion kinetics between the systemswith limestone or quartz substitution
and the cumulative heat of hydration is also similar for limestone and
quartz as shown in Fig. 4c and d. The small difference can be attributed
to the experimental error and/or to the small difference in particle size
distribution according to Fig. 1. From these figures it is difficult to
determine if the limestone is reacting: it seems to act as filler like
quartz during the first 28 days of hydration. The heat generated in
reactions (3) and (4) describing the formation of monocarboaluminate
and hemicarboaluminate varies from 26 to 60 J/g CAC+ C$, respective-
ly. These values were calculated from the enthalpies of the reactions
a.70CA-30HH
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Fig. 2. Compressive strength of low calcium sulfate mortars (a) and of high calcium sulfate mor
strength relative to the reference mortar without substitution. a.70CA–30HH. b.50CA–50HH.
using the values from the CEMDATA14 database [34]. In the low sulfate
systems there is a difference of around 20±10 J/g CAC+C$, which is in
the range of the heat that should be generated by the reactions de-
scribed above. The experimental error is relatively high compared to
the small differences due to limestone reaction; therefore calorimetry
measurements cannot be used to detect the reaction of limestone.
Nevertheless, the compressive strength tests confirm that limestone
reacts from the first day in the low calcium sulfate system.

3.3. Experimental and thermodynamic prediction

Thephase assemblages of the 3 calcium sulfate compositions studied
with and without limestone substitution are presented in this section.
The samples analysed with XRD, TGA and SEM were cured under
water whereas the calorimetry samples were in sealed conditions.
TGA was used to quantify the amount of bound water and this value is
needed for Rietveld analyses. TGA does not give additional information
compared to XRD quantitative results, except for the presence of amor-
phous aluminium hydroxide which is found in all the systems. The TGA
results of the 70CA–30HH system are shown as an example in Fig. 5, the
AH3 peak is at ~260 °C.

Fig. 6 shows the evolution of the anhydrous and hydrated phases for
the different systems without (left) and with (right) limestone. The
analyses were done at 1, 7, 14, 28, 90, 180 and 365 days of hydration.
The data points are joined by straight lines as a guide only. Hemihydrate
reacts rapidly and completely to form gypsum both of which are indi-
cated as C$Hx in the figure.

In all the systems there is a rapid consumption of calcium sulfate and
CA in the first day to form ettringite and AH3 (identifiable by TGA but
part of amorphous in Fig. 6), according to reaction (1). Limestone addi-
tion enhances slightly the degree of hydration of CAC cement during the
first day. This is the so-called filler effect; it is related to more available
space or water for hydrates growth (i.e. when adding 20% of filler the
w/b ratio increases from 0.4 to 0.5 if limestone is considered inert at
this age) and maybe to more nucleation sites [8,39,40].

In the lowsulfate systems (70CA–30HH) the amount of ettringite after
one day decreases due to the lack of sulfate and monosulfoaluminate
precipitates (reaction (2)). In the system with limestone only a
small amount of monosulfoaluminate is formed and there is no
significant decrease in the amount of ettringite. This is due to the forma-
tion of hemicarboaluminate and monocarboaluminate (indicated as
CO3-AFm) when CaCO3 is added to the system which consumes the
b.50CA-50HH
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excess aluminate from CA, instead of reacting with ettringite to form
monosulfoaluminate. This is similar to the effect of limestone on the re-
action of Portland cement [5]. There is also a small amount of CO3-AFm
phases formed in the system without limestone addition due to the
calcite impurity in the calcium sulfate hemihydrate.

Moving from the low sulfate system to the intermediate (60CA–
40HH–20Cc) and then to the high sulfate (55CA–45HH–20Cc), the
amount of carboaluminate formed in the systems with limestone de-
creases, indicating less and less reaction of the limestone component.
Calcium sulfate is in excess in the high sulfate systems, this could result
in high expansion as described in [36].

The experimental phase assemblage can be comparedwith the ther-
modynamic prediction of the stable phases that can be formed. Fig. 7
shows the systems with variable proportions of hemihydrate relative
to CAwith 20wt.% limestone and aw/b ratio of 0.4. The degree of hydra-
tion of CA and hemihydrate is set to 100% and limestone is free to react.
The 3 dashed vertical lines indicate the 3 studied compositions. The
amount of reacted limestone decreases with the calcium sulfate con-
tent. Above 50 mol% of calcium sulfate, when there is excess of calcium
sulfate, the limestone does not react anymore. The sulfate reactswith all
the aluminate forming ettringite and aluminium hydroxide. Therefore
no carbonate phases can form. This is the reason why in the compres-
sive strength tests there is no or a small limestone contribution in
high sulfate systems. The maximum amount of ettringite is attained at
50 mol% according to the stoichiometry of reaction (1). By reducing
the degree of hydration of CA, the maximum solid volume attained at
50 mol% decreases and shifts to lower calcium sulfate amounts.
The pH (Fig. 7, right axis) drops when there is excess of gypsum, i.e.
when limestone cannot react. The same simulation was done using
the full composition of CAC cement with the degree of hydration ac-
cording to the experimental measurements at 1 year of hydration. The
phase assemblage did not differ much from the simpler CA–HH–Cc sys-
tems; the main difference being the formation of C2ASH8 from C2AS
present in the CAC. As this phase was not detected with XRD analyses
of limestone systems, the simulation of the simpler system is presented
here.

Fig. 8 shows the maximum amount of reacted limestone as a func-
tion of calcium sulfate. The values on both the y-axes are valid for a
system where CA is 50 wt.% of CAC and the degree of hydration of CA
is 100%. The relative amount of reacted limestone is indicated on
the left y-axis, while the relative mass of reacting limestone with re-
spect to CAC + HH content indicated on the right y-axis. It can be
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observed how fast the amount of reacted limestone decreases when
the amount of calcium sulfate increases. Above 50 mol% of calcium sul-
fate, i.e. when there is an excess of sulfatewith respect to aluminate, the
ettringite is more stable than carbonate AFm therefore limestone is not
consumed. Experimental values are also presented for the 3 studied
compositions; the amount of reacted limestone is calculated from the
amount of formed hemicarboaluminate andmonocarboaluminatemea-
sured with XRD Rietveld analyses. The measured values are in agree-
ment with the simulation. It is shown that only a small amount of
limestone can react in these systems, less than 20wt.% of it for a substi-
tution level of 20 wt.%. Limestone or calcium carbonate is consumed
only when the SO4

2− ions are depleted in the pore solution, i.e. below
50 mol% of calcium sulfate. In this case the remaining Ca2+ and
Al(OH)−4 ions will react with carbonates to form hemicarboaluminate
and/or monocarboaluminate.
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hydration are presented in Fig. 9. The results indicated with S2 are from
the simulation with the correct degree of hydration for CA according to
XRD analyses at 1 year while S1 are from the first simulation with 100%
degree of hydration for CA and hemihydrate (Fig. 7). The S2 simulation
is more representative of the real samples. The simulation shows
only the stable phases. Therefore, hemicarboaluminate is not formed
and only monocarboaluminate forms. Experimental observations
show that metastable hemicarboaluminate forms initially instead of
monocarboaluminate. This is probably due to faster formation kinetics
of hemicarboaluminate compared to monocarboaluminate [6], kinetics
that are not taken into account in the simulation. The portion marked
CO3-AFm includes both monocarboaluminate and hemicarboaluminate
from the XRD results. The amount of ettringite predicted thermody-
namically is always above the experimental valueswhichmay be attrib-
uted to the sample preparation technique as discussed in the Materials
and methods section. Hydrogarnet does not appear as a stable phase in
the thermodynamic simulation even though small amounts are detect-
ed experimentally. The real composition of the hydrogarnet was not
studied as it is a minor phase formed in these systems and this study
a. Systems without substitution
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The compressive strength is also presented. a. Systems without substitution. b. Systems with 2
focuses more on the reaction of limestone. The amount of amorphous
aluminium hydroxide is estimated from TGA results as it is microcrys-
talline and mainly XRD amorphous. Despite these differences, the
agreement between the experimental and simulated phase assem-
blages is quite reasonable.

3.4. Porosity evaluation and links to compressive strength

The porosity measured with MIP on cement paste after 28 days of
hydration is presented in Fig. 10. The porosity and the threshold pore
radius increase with the substitution and decrease with the calcium
sulfate level.

The porosity can be calculated from the thermodynamic simulation
presented in Fig. 7 by assuming that the volume of pores corresponds to
the difference between the initial total volume (anhydrous solid +
water) and the final solid volume (anhydrous solid + hydrates).
Fig. 11a and b show the calculated porosity as a function of calcium
b. Systems with 20% limestone
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sulfate content for the simulated systems without and with limestone
substitution, respectively. The degree of hydration of CA varies from
80% to 100% for non-substituted systems and 85% to 100% for substitut-
ed systems. The values of 80% and 85% correspond roughly to the degree
of hydration of CA at 28 days of hydration, which is the age atwhich the
MIPmeasurementsweremade. In the systemswithout substitution, the
water is totally consumed between 40 and 70 mol% of calcium sulfate
calculated for 100% degree of hydration of CA (Fig. 11a). There is very
good agreement between the experimental and calculated values de-
spite the differences in the phases assemblages discussed above and
the likelihood that the sample preparation technique (solvent exchange
and vacuum) may dehydrate some phases (such as ettringite) and so
increase the porosity.

The mechanical properties of a material are strongly related to its
porosity. The compressive strength decreases when the porosity in-
creases [41,42]. This is observed in Fig. 11. The compressive strength
of the mortars hydrated for 28 days increases as the porosity decreases
with the calcium sulfate content.

Fig. 12 shows the compressive strength as a function of the total po-
rosity for the systems without and with limestone substitution at
28 days of hydration. The 70CA–30HH systems have comparable com-
pressive strength even though the porosity increaseswith the limestone
substitution. The two other systemswith higher calcium sulfate content
show a reduction of the compressive strength and an increase of the
total porosity when limestone is added to the system. The difference
in compressive strength decreases as the amount of reacted limestone
increases. This highlights the fact that two chemically different systems
(with or without limestone) can have similar compressive strength
even if the total porosities are different. Consequently, there is not a
unique relation between porosity and compressive strength when the
chemical composition changes.

3.5. Microstructure

Themicrostructures of the different systemswith 20wt.% limestone
substitution are shown in Fig. 13. There are partially hydrated CAC
grains, limestone grains and hydrates. Ettringite is characterized by a
lot of small cracks. This is due to the exposure to vacuum during sample
preparation and in themicroscope chamberwhich removes water from
this phase and causes shrinkage and cracking. There is a higher amount
of ettringite in the high calcium sulfate system (Fig. 13c). The dark grey
hydrates correspond to amorphous aluminium hydroxide and the light
grey hydrates are highly intermixed phases. Plots of the element ratios
(S/Al vs Ca/Al) for EDS analyses done on 200 points in the hydratedma-
trix at 28 days are shown in Fig. 14. The high level of intermixing of the
phases is clearly visible in these plots as there is a cloud of points
between the composition of AH3, ettringite, monosulfoaluminate,
hemicarboaluminate and monocarboaluminate. As the calcium sulfate
content increases (from Fig. 14a to b), the cloud of points moves to-
wards the binary composition of AH3 and ettringite highly intermixed.

4. Conclusions

Experiments and thermodynamic simulation show that the reaction
of limestone is very dependent of the balance between aluminate and
sulfate. Two scenarios for the role of limestone in the CAC–calcium
sulfate system are observed:

• Full reaction of calcium sulfate (b40 mol% calcium sulfate): calcium
aluminate reacts with carbonate ions from the limestone to form
hemicarboaluminate andmonocarboaluminate. The ettringite formed
is conserved instead of reacting with CA to form calcium aluminate
monosulfoaluminate.

• Excess of calcium sulfate (N40 mol% calcium sulfate): all the calcium
aluminate reacts with sulfate ions to form ettringite and aluminium
hydroxide. In this case, limestone acts as filler.

Even in the system with the lowest content of calcium sulfate
(30 mol% HH) the amount of limestone which reacts is only 4 g for
100 g of anhydrous solid (one fifth of the 20 wt.% added). Nevertheless,
this small amount of reacting limestonemakes a considerable difference
on the overall mineralogy. These systems have comparable or higher
strengths than the systems without limestone from 7 days, despite
their higher porosity.
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The systems with higher sulfate content form more ettringite and
have generally higher compressive strengths. The main drawback at
these high levels of calcium sulfate is that the samples can expand
uncontrollably, which may lead to the destruction of the material [36].
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