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Binders composed of ordinary Portland cement (OPC), calcium sulphoaluminate clinker (CSA) and anhy-
drite (CS) were examined in order to study the impact of variations of the OPC:CSA:CS ratio on the hydra-
tion process and related mortar properties. A first sample series had various anhydrite contents and fixed
OPC to CSA ratio, and a second various OPC contents and fixed CSA to CS ratio. Experiments made on
pastes and thermodynamic modelling showed that the phase assemblage formed during the hydration
of the binders was not very sensitive to changes in modal composition, while the ettringite to monosulp-
hoaluminate volume ratio was influenced. All mixes started to hydrate with the formation of ettringite
during a reaction involving C4A3S and calcium sulphate. This generated high early strength. Until about
7 d, mainly the CSA clinker reacted, and 15–20% of the dry binder was converted to ettringite. From about
7 d on, the OPC clinker phase alite reacted significantly, strätlingite, C–S–H and monosulphoaluminate
formed, while the ettringite content decreased. According to the laboratory experiments, the CSA clinker
was mainly responsible for the early mechanical properties, while OPC played an important role at later
ages.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction phases [5]. The first type is dimensionally stable and contains addi-
The hydration processes of ordinary Portland cement (OPC) and
of calcium sulphoaluminate cement (CSA) are very well docu-
mented. The OPC clinker is mainly composed of four phases, two
calcium silicates C3S and C2S, one calcium aluminate C3A, and fer-
rite C4AF, to which calcium sulphate is added to control setting. C3S
and C3A mainly contribute to the early hydration, while C2S hy-
drates slower and plays a role for the late properties of the cement
[1] (cement notation will be used in the text with A:Al2O3, C:CaO,
C:CO2, F:Fe2O3, H:H2O, M:MgO, S:SiO2, S:SO3). Within the first min-
utes of hydration, ettringite (C3A�3CS�H32, AFt) forms due to the
reaction of C3A with the added calcium sulphate. After some hours,
C3S begins to hydrate and generates C–S–H, while more AFt is pro-
duced via the reaction of C3A [2,3]. Portlandite (CH) forms within
the first hours. After some days, when all the added calcium sul-
phate is consumed, monocarbonate (C3A�CC�H11) forms if calcite
is present in the cement. If calcite is low or absent, hemicarbonate
(C3A�CC0.5�H12) and/or monosulphoaluminate (C3A�CS�H12, AFm)
can form [4].

There are three main types of CSA cement used for different
purposes. They all have the same main constituent, ye’elimite
(C4A3S), a calcium sulphoaluminate phase, but variable accessory
ll rights reserved.

: +41 44 823 40 35.
er).
tional C2S. The two other types expand and have been used as addi-
tives to OPC to prevent shrinkage. The second type is richer in
aluminium with C3A, C12A7, CA and an inert phase C2AS. The third
type contains anhydrite or gypsum and free lime. The hydration
products depend on the type of CSA cement used, on the amount
of calcium sulphate added and on the water to cement ratio [5–
7]. The hydration mechanism in the presence of calcium sulphate
is well characterized. If calcium sulphate is present, AFt is the first
phase to form within the first hours in association with aluminium
hydroxide [6], due to the reaction between C4A3S and calcium sul-
phate. The beginning of the AFt formation and of the ye’elimite
hydration is related to the reactivity of the added calcium sulphate
[8–10]. Both are retarded when the reactivity of the calcium sul-
phate is low. As soon as all of the calcium sulphate has been con-
sumed and in the absence of free lime, monosulphoaluminate
(C3A�CS�H12, AFm) can form, together with aluminium hydroxide.
In the presence of free lime, a monosulphoaluminate-hydroxy-
AFm-solid solution will form in the cement. If C2S is present, C–
S–H and strätlingite (C2ASH8) can be formed. Binders based on
the rapid formation of AFt can generate expansion, rapid hardening
and high early strength. However, mortars based on sulphoalumi-
nate-belite cement blended with OPC (low C4A3S system) and
cured at 60% or 100%RH show lower strength than OPC at 90 d
[11,12].

It is well known that the type and quantity of calcium sulphate
added to OPC or CSA influence their hydration process, modifying
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setting time and durability. In OPC, the added calcium sulphate is
optimized considering the amount and the reactivity of the C3A,
in order to form AFt during early hydration [13]. In CSA cement,
the amount of calcium sulphate does not generally modify the type
of hydrates formed, which are AFt and AFm, but mainly the AFt/
AFm ratio and the water demand to achieve complete hydration
[10,14]. This has an impact on the porosity and on the mechanical
strength of the cement. When excess calcium sulphate is present,
AFm will not form in the hydrating binder.

Laboratory clinkers composed of C4A3S, C5S2S and anhydrite
(CS) with a CS/C4A3S mass ratio of 0.5 are assumed to generate
AFt during the following reaction: C4A3S + 2CS + 38H ?
C3A�3CS�H32 + 2AH3. If the water to binder (C4A3S + CS) ratio re-
lated to this reaction is not satisfied (w/binder of 0.78), the mortars
stored at 23 �C and 100%RH tend to expand and/or crack, while the
same mortars stored in air shrink [15]. Similar mortars containing
additional C3A have high early strength (1 d), and the curing condi-
tions strongly modify the mechanical resistance reached. Samples
stored at 23 �C and 100%RH show compressive strength up to
50 MPa, while samples stored under the same conditions and then
placed for 21 d at 65%RH show values >100 MPa [16]. Experiments
and thermodynamic modelling performed on CSA cements (CSA
clinker + Ca-sulphate) showed that these cements have a chemical
shrinkage about two times higher than OPC, reaching �11 cm3/
100 g dry cement after 28 d [7,17].

In ternary binders composed of Portland clinker, synthesized
C4A3S and calcium sulphate, the reactivity of the calcium sulphate
is of high importance for the hydration mechanism of the binder
[18]. If the calcium sulphate reacts too slowly, the lack of Ca2+

and SO2�
4 in solution can generate the formation of AFm instead

of AFt.
The precise hydration mechanisms of ternary mixes composed

of OPC, CSA clinker and calcium sulphate have not been described
yet. The objective of the present study is to characterize the latter
hydration process and to determine not only if the two types of
clinkers react simultaneously or consecutively, but also which
clinker is responsible for the early and late mechanical properties.
The influence of the calcium sulphate dosage and of the OPC to
CSA ratio on the hydration process was studied. Due to the rapid
setting (within a few minutes) and for practical applications, cit-
ric acid was added as a set retarder to the ternary binders or
mortars.
Table 1
Chemical analysis and phase composition of the materials used.

OPC CSA CS OPC

Chemical analysis (g/100 g)a Normative composition (g/
CaO 61.9 36.2 40.3 C3Sd 56
SiO2 19.6 4.1 0.8 b-C2Sd 15
Al2O3 5.1 44.8 0.3 C3Ad

cubic 3.5
Fe2O3 2.9 1.3 0.2 C3Ad

orthorhombic 1.3
MgO 2.3 1.1 0.1 C4AFd 11
K2O 1.01 0.25 0.04 MgOd 1.0
Na2O 0.26 0.07 0.03 CaCO3

d 4.8
SO3 3.0 8.9 57.2 CSH2

d 4.0
P2O5 0.20 0.08 0.03 K2SO4

e 1.6
TiO2 0.28 2.19 0.01 Na2SO4

e 0.2
Mn2O3 0.07 0.02 0.01 CaO (free)e 0.2
SrO 0.15 0.12
Cl 0.032 <0.01 Density (g/cm3) 3.1
LOI 2.68b 0.72b 0.56c Blaine (cm2/g) 28

a XRF data uncorrected for loss on ignition (LOI).
b 950 �C.
c 900 �C.
d From Rietveld analysis.
e From chemical analysis.
2. Materials and methods

All of the experiments were carried out using an OPC CEM I
42.5 N (according to EN 197-1), a commercial CSA clinker and a
technical anhydrite (Table 1), with specific surfaces of 2810,
4770 and 3820 cm2/g, respectively. The first sample series were
tested to check the influence of the calcium sulphate content on
the hydration mechanism (studied OPC:CSA:CS mass ratios were
8:3:0.5, 8:3:0.75, 8:3:1, 8:3:1.25) keeping OPC/CSA constant. In
the second series, the influence of the OPC/CSA ratio (5:3:1,
6:3:1, 7:3:1, 8:3:1) was investigated, keeping CSA/CS constant. A
citric acid content of 0.27% referred to the total binder
(OPC + CSA + anhydrite) was added to all the samples. One mix
without citric acid (8:3:1w) was prepared to study the impact of
citric acid on the hydration process and to serve as a reference.
The chemical composition of the materials was measured by X-
ray fluorescence (XRF), and free lime content was determined
according to Franke [19]. To determine the content of soluble alka-
lis in the OPC and in the CSA clinker, 10 g of cement/clinker were
stirred in 100 ml of deionised water for 5 min at room tempera-
ture. The concentrations of Na+, K+ and SO2�

4 in solution were mea-
sured by ion chromatography. The mineralogical composition of
the materials was obtained from X-ray diffraction (XRD)/Rietveld
analysis.

All of the experiments were performed at 20 �C and at a w/
c = 0.5 by mass. Heat flow curves related to the hydration process
were obtained by isothermal calorimetry with a Thermometric
TAM Air instrument calibrated at 600 mW, where �5 g of paste
was mixed inside the apparatus. In order to determine the miner-
alogical composition of the samples, 5 g of each mix was prepared
and stored in a sealed container for 5 and 30 min, 2 and 6 h, 1, 7, 28
and 90 d. Prior to XRD and thermogravimetric analysis (TGA/DTG),
the pastes were crushed, placed in isopropanol for 30 min and
rinsed twice with diethyl ether in order to stop hydration. All sam-
ples were ground to a particle size < 63 lm. The XRD experiments
were performed with a PANalytical X’Pert Pro MPD diffractometer
in a h–h-configuration employing Cu Ka radiation. The powdered
samples were scanned between 5� and 80� with the X’Celerator
detector. The TGA analyses were performed with a Mettler Toledo
TGA/SDTA851e, where �10 mg of sample was placed in an open
vessel under N2 atmosphere, and investigated at a heating rate of
20 �C/minute up to 980 �C.
CSA CS

100 g)
.1 C4A3Sd 68.1
.5 C2ASd 14.8

C3Ad 3.4
CAd 7.8

.5 CA2
d 1.2

CTd 3.6
MgOd 1.0
K2SO4

e 0.018
6 Na2SO4

e 0.003
7 CaO (free)e <0.1
7

3 Density (g/cm3) 2.77 Density (g/cm3) 2.92
10 Blaine (cm2/g) 4770 Blaine (cm2/g) 3820



0

20

40

60

80

100

120

0.0    0.5    1.0    1.5    2.0   2.5    3.0    3.5    4.0
Time (hours)

H
ea

t f
lo

w
 (m

W
/g

) 8:3:0.5
8:3:0.75
8:3:1
8:3:1.25
8:3:1w

without citric acid

0

20

40

60

80

100

120

H
ea

t f
lo

w
 (m

W
/g

)

5:3:1
6:3:1
7:3:1
8:3:1
8:3:1w

without citric acid

0.0    0.5    1.0    1.5    2.0   2.5    3.0    3.5    4.0
Time (hours)

(a)

(b)

L. Pelletier et al. / Cement & Concrete Composites 32 (2010) 497–507 499
For scanning electron microscopy (SEM), hydration of the sam-
ples was stopped (as for XRD), and they were subsequently stored
at 40 �C for 2 d before vacuum impregnation with epoxy resin. The
microscope was operated at 15 kV for the acquisition of backscat-
tered electron images and EDX semi-quantitative analyses. In order
to quantify the main phases and the evolution of the porosity, the
image analysis technique described by Ben Haha [20] was used.
This method is based on the segmentation of grey levels from back-
scattered electron images and the pore size investigated is
P0.3 lm.

For strength measurements, mortars were mixed according to
the EN 196-1 and 4 cm � 4 cm � 16 cm prisms were produced.
They were removed from the mould after 6 h and placed in a
humidity chamber at 20 �C and 98% relative humidity until 24 h.
Beyond this time, prisms were stored in tap water at 20 �C. Plain
OPC mortar was measured as a reference (w/c = 0.5 by mass).

Thermodynamic modelling was used to study the chemical and
mineralogical changes associated with the variation of the calcium
sulphate or OPC contents in the mixes. It was carried out using the
Gibbs free energy minimization program GEMS [21]. GEMS is a
broad-purpose geochemical modelling code which computes equi-
librium phase assemblage and speciation in a complex chemical
system from its total bulk elemental composition. Chemical inter-
actions involving solids, solid solutions, and aqueous electrolytes
are considered simultaneously. The speciation of the dissolved spe-
cies as well as the kind and amount of solids precipitated are cal-
culated [4,22]. The thermodynamic data for aqueous species,
gaseous phases as well as solids, were taken from the PSI-GEMS
thermodynamic database [23,24]. Cement specific data were taken
from Lothenbach et al. [25] and Matschei et al. [26]. A case where
50% of the OPC clinker has reacted was chosen. It approximately
corresponds to the hydration of the 8:3:1 ternary binder after
28 d at 20 �C. For the calculations, a w/c of 0.5 was used and was
shown to be sufficient for the full hydration of the CSA clinker
and of 50% of the OPC.
Fig. 1. Heat flow calorimetry on the ternary binders with (a) various calcium
sulphate contents and (b) various OPC contents. OPC:CSA:CS ratios are given as
mass ratios. ‘‘w” indicates the absence of the citric acid retarder.
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3. Characterization of the hydration mechanism

3.1. Calorimetry

All samples are characterized by the presence of two peaks
within the first 24 h (Fig. 1a–b). In all the binders, the two peaks
appear at the same time. The first peak occurs between 20 and
25 min, while the second one begins at approximately 2 h. The first
peak is very intense and sharp, while the second peak is less in-
tense and broad. In the binder without citric acid (8:3:1w), the first
peak occurs sooner after 5 min and the second one begins at 1.5 h.
After 2 d, the binder without citric acid shows two additional broad
peaks exhibiting a very low heat flow, while these two peaks did
not appear in the other samples during the first 7 d (Fig. 2).
0.0
0 1 2 3 4 5 6 7 8

Time (days)

with citric acid

Fig. 2. Heat flow calorimetry on the ternary binders illustrating the hydration
process occurring after some days. All samples with citric acid are comparable to
8:3:1 and were omitted. OPC:CSA:CS ratios are given as mass ratios. ‘‘w” indicates
the absence of the citric acid retarder.
3.2. XRD

The hydrates formed during the hydration process are similar in
all the samples with or without citric acid. The amount of calcium
sulphate or OPC content only slightly modifies the timing of forma-
tion of hydrates or the complete consumption of the anhydrous
phases (Table 2). The hydration mechanism can be subdivided into
three periods. The first period relates to the early hydration (first
24 h) and is characterized by the dissolution of C4A3S and of the
two calcium sulphates present in the binder (CS and CSH2 from
the OPC). AFt is formed simultaneously (Fig. 3a–b). Its formation
is quick and it is present after 5 min. Gypsum is exhausted from
the system before anhydrite (Table 2). Secondary gypsum from
the hydration of anhydrite was never observed. After some days,
all the calcium sulphates have been consumed, and C4AHx, strä-
tlingite (C2ASH8) and hemicarbonate are formed (Fig. 3b). The third
period includes the formation of monosulphoaluminate and mono-
carbonate. From our results, the second and third periods are dis-
tinct in 8:3:1 and 8:3:1w, while they are overlapping in the



Table 2
Hydration kinetics of the studied mixes.

OPC:CSA:CS
mass ratios

Consumption Formation

CSH2 CS C4A3S AFt AFt max AFt maxa (g/100 g) AFt 90 da (g/100 g) AH3
b Other Ic Other II d

8:3:0.5 30 min–2 h 2–6 h 28–90 d 0–5 min 1 d 19 12 30 min–2 h 7 d–28 de 7 d–28 d
8:3:0.75 30 min–2 h 2–6 h 7–28 d 0–5 min 1 d 22 12 30 min–2 h 7 d–28 d 7 d–28 d
8:3:1 30 min–2 h 2–6 h 7–28 d 0–5 min 6 h 18 16 30 min–2 h 7 d–28 d 28 d–90 d
8:3:1.25 30 min–2 h 6 h–1 d 7–28 d 0–5 min 6 h 19 15 30 min–2 h 7 d–28 d 7 d–28 d
6:3:1 30 min–2 h 6 h–1 d 7–28 d 0–5 min 6 h 19 17 30 min–2 h 7 d–28 d 7 d–28 d
7:3:1 30 min–2 h 2–6 h 7–28 d 0–5 min 1 d 19 15 30 min–2 h 7 d–28 d 7 d–28 d
8:3:1w 30 min–2 h 2–6 h 1–7 d 0–5 min 6 h 18 15 30 min–2 h 1 d–7 d 28 d–90 d

The term consumption refers to the disappearance of the XRD signal of CSH2;CS or C4A3S.
a Calculated from TGA analysis.
b Deduced from TGA curves.
c Includes C4AHx, strätlingite, hemicarbonate.
d Includes monosulphoaluminate and monocarbonate.
e Except for strätlingite 1 d–7 d.

Fig. 3. Variation of XRD diffractograms of 8:3:1w and 8:3:1 with time illustrating (a) ye’elimite and anhydrite consumption and (b) crystallization of the hydrates.
AFt = ettringite, C4A3S = ye’elimite, CS = anhydrite, St = strätlingite, C4AHx = hydroxy-AFm, M = monosulphoaluminate, G = gypsum, Hc = hemicarbonate and Mc = monocar-
bonate. OPC:CSA:CS ratios are given as mass ratios. ‘‘w” indicates the absence of the citric acid retarder.
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other mixes (Table 2). This could be due to a lack of sampling be-
tween 7 and 28 d. Crystalline aluminium hydroxide (AH3) was
not observed by XRD.

3.3. TGA

The TGA analyses confirmed the mineralogical observations
made by XRD. AFt is formed very fast in all the systems and its con-
tent is very high after 1 d (Fig. 4). For that reason, the AFt-related
peak certainly covers some smaller peaks in the range 50–200 �C,
like the ones of strätlingite, hemicarbonate or monocarbonate. It
can also partially cover the series of peaks related to monosulphoa-
luminate and C4AHx. The amount of AFt present in the various
binders was calculated from the TGA curves in the range 50–
110 �C to avoid the main overlaps. According to reference measure-
ment on pure ettringite dried as in the present study, 20 water
molecules were associated with AFt. The results are semi-quantita-
tive and presented in Fig. 5. From the TGA curves, the presence of
aluminium hydroxide (AH3) was observed. The derivative curves
show a broad and flat signal in the range �200–300 �C (<0.01%/
K) appearing between 30 min and 2 h. This period corresponds to
the one of AFt formation. For that reason, the observed broad peak
is probably not related to the monosulphate phases, but to AH3.
However, it cannot be excluded that the aluminium hydroxide
gel is also linked to some free water molecules, which could lead
to an additional water loss around 100 �C during the TGA analysis.
The AH3 is certainly amorphous or micro-crystalline, as it was not
observed in any XRD spectrum. At later ages when monosulphoa-
luminate or C4AHx are present in the system, the presence or ab-
sence of AH3 cannot be deduced from the TGA curves because of
the overlap of these different signals.

In all the binders containing citric acid, the AFt formation is re-
tarded compared with the binder mixed with water (8:3:1w).
However, AFt appears after 5 min in all cases (Table 2). In the
two sample series, the amount of AFt is similar in all the mixes
at 6 h including the one mixed with water without citric acid
(Fig. 5a–b). The series with various calcium sulphate contents
can be subdivided into two groups. The first group is characterized
by low sulphate contents (8:3:0.5, 8:3:0.75), a maximum AFt con-
tent reached at 1 d and a strong decrease in the AFt content after
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the maximum peak (Fig. 5a). The second group has higher sulphate
contents (8:3:1, 8:3:1.25), a maximum AFt content reached after
6 h and a weak decrease in the AFt content after the maximum
(Fig. 5a). In the series with increasing OPC content, the mixes also
show a maximum AFt content and then a decrease (Fig. 5b). At 2 h,
when all the gypsum has been consumed (anhydrite is still pres-
ent), the OPC-rich samples contain more AFt than the OPC-poor
samples.

A main difference between the various binders is related to the
AFt to AFm-phase ratio which changes between 7 and 28 d. During
this transition, the AFt content seems to decrease, while C4AHx and
monosulphoaluminate increase (Figs. 3 and 4). This observation is
valid for both sample series (variation of calcium sulphate and
OPC, respectively).

4. Characterization of the microstructure and chemical
composition of the hydrates

4.1. Scanning electron microscopy

The samples 8:3:1 and 6:3:1 were analyzed by SEM to deter-
mine the evolution of the microstructure and the mineralogical
     6 h       1 d        7 d        28 d      90 d 
Time

      6 h       1 d        7 d        28 d      90 d
Time

in (a) series with varying calcium sulphate contents and (b) series with various OPC
itric acid retarder.
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composition of their hydrated matrix. The two samples show a
similar microstructure and chemical evolution. After 6 h, the CSA
clinker grains have already reacted and show irregular rims due
to the onset of reaction (Fig. 6a), while the OPC clinker grains ap-
pear still intact (Fig. 6e). In both samples, the presence of AH3

was easily confirmed until 7 d, because it has a much darker grey
level than the other hydrates (allowing the estimation of its vol-
ume percentage from image analysis). It has extensively formed
before 6 h and fills the majority of the pores. Between 6 h and
7 d, CSA clinker is still responsible for the hydration of the binder.
Between 7 and 28 d, the OPC clinker begins to react and shows cor-
roded rims, while the CSA clinker grains are nearly fully consumed
(Fig. 6d and h). There is also a modification in the grey level inten-
sity of the matrix, which gets lighter indicating a denser
microstructure.
Fig. 6. Backscattered electron images illustrating the textures of (a–d) 8:3:1 and (e–
AH3 = amorphous or micro-crystalline aluminium hydroxide. OPC:CSA:CS ratios are give
The chemical analyses performed in both samples between 7
and 28 d show that at 7 d, the matrix is AFt-dominated and con-
tains additional C4AHx and AH3 (Fig. 7a and c). In sample 8:3:1,
many of the 7 d points are aligned along the AFt-monosulphoalu-
minate line, while this is not the case in 6:3:1. According to this
observation, the matrix of 6:3:1 at 7 d is probably poor in mono-
sulphoaluminate compared to 8:3:1. After 28 d, the chemical com-
position of the matrix mainly lies in the C–S–H–SO4–AFm–C2ASH8

triangle and is then AFm-dominated (Fig. 7a–d). Diagrams illus-
trating the Ca/Si ratio clearly show that some OPC clinker has re-
acted between 7 and 28 d (Fig. 7b and d). The composition of the
hydrates formed near the OPC clinker grains is close to that of C–
S–H.

The image analysis performed on 8:3:1 confirmed the previous
observations (Table 3). The hydration process can be subdivided
h) 6:3:1 at 6 h, 1, 7 and 28 d. OPC = OPC clinker, CSA = CSA clinker, Qtz = quartz,
n as mass ratios.



Fig. 7. Semi-quantitative EDX chemical analyses obtained by SEM on hydrates at 7 and 28 d on (a) and (b) sample 8:3:1 and (c) and (d) sample 6:3:1. Results after 6 h and 1 d
were omitted because they are similar to the results at 7 d. AFt = ettringite, C2ASH8 = strätlingite, C4AHx = hydroxy-AFm, M = monosulphoaluminate, AH3 = amorphous or
micro-crystalline aluminium hydroxide, mat = matrix, pore = surface of the air voids, OPC = around OPC clinker grains.

Table 3
Microstructural analysis of 8:3:1 from SEM images.

Volume (%) 0 min 1 d 7 d 28 d

Mean ± Mean ± Mean ±

CSA clinker 10.9 8 1 7 2 0 0
OPC clinker 25.6 21 4 22 2 13 3
Anhydrite 3.4 0 0 0 0 0 0
AH3 – 22 2 19 2 –a –a

Other hydrates – 42 2 48 3 85 3
Pores (P0.3 lm) – 8 1 4 1 2 1

a Too small to be quantified separately, included in other hydrates. Volume at
0 min calculated from mass% and density of the materials.
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into two periods. During the first period, from mixing to 7 d, the
hydration of the binder is mainly dominated by the reaction of
the CSA clinker grains with the two calcium sulphates. An impor-
tant amount of AH3 is formed with 22 volume% (given as volume
as gel-like AH3 can incorporate more than 1.5 water molecules
per Al, giving an overestimated mass fraction), and the porosity
is low after 1 d at 8 volume%. The pore size investigated being
P0.3 lm, the porosity values refer to capillary pores and do not
take the gel pores into account. During the second period, be-
tween 7 and 28 d, the reactive CSA clinker phases have been con-
sumed and the OPC clinker content strongly decreases from 22 to
13 volume%. The AH3 is consumed and the porosity decreases
from 4 to 2 volume%. After 28 d, 85 volume% is occupied by
hydrates.

The decrease of the porosity observed within the first 7 d corre-
sponds to the one of a CSA clinker with anhydrite at w/c = 0.5 [27].
At this water to cement ratio, the hydration of the CSA clinker with
anhydrite is slowed down after 7 d, possibly due to a lack of free
water for the further hydration of the clinker [27]. In the ternary
system with the same water to cement ratio, about 30 mass% of
the initial mixed water is still available after 7 d (calculated from
the TGA results and similar for all mixes), allowing the hydration
of the OPC and a further decrease of the porosity.
4.2. Mortar properties

4.2.1. Flexural and compressive strength
All the samples could be demoulded after 6 h, because they

show good flexural and compressive strengths at that age, 0.2–
1.7 MPa and 2–8 MPa, respectively. In the first sample series (keep-
ing OPC/CSA constant) at 7 and 100 d, the higher the calcium sul-
phate content the higher the compressive strength (Fig. 8a). After
7 d, the samples from the first series show values between 12
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Fig. 8. Compressive strength of the two sample series (a) with various calcium sulphate contents and (b) with various OPC contents. OPC was stored under similar conditions.
OPC:CSA:CS ratios are given as mass ratios.

504 L. Pelletier et al. / Cement & Concrete Composites 32 (2010) 497–507
and 35 MPa and continue to gain strength until 100 d. In the sec-
ond sample series (keeping CSA/CS constant), the OPC content
influences the compressive strength at 1 and 7 d, where the lower
the OPC content the higher the strength (Fig. 8b). At 6 h or 100 d,
all the samples from the second series show similar values.

4.2.2. Thermodynamic modelling
To visualise the changes in the composition of the hydrate

assemblage during the hydration of the OPC-CSA-anhydrite sys-
tem, the kinetics of dissolution found by XRD for the 8:3:1 mix
was used for the modelling (Fig. 9a). The observed progress of dis-
solution of CSA and OPC was fitted by empirical equations. This
empirical description results in a rough estimation of the degree
of reaction over time (valid only for the investigated OPC-CSA
blend) and enables the calculation of changes in the hydrate
assemblage as a function of time.

As described before, C4A3S initially reacts while the OPC reac-
tion is retarded. The calculations indicate that the reaction of
C4A3S with anhydrite results in the formation of ettringite and
AH3, which is consistent with the hydrates observed within the
first days (Figs. 3b and 4). Thermodynamic calculations predict
the transformation of anhydrite to gypsum, which was not ob-
served in the experiments as the kinetics of this reaction is rela-
tively slow [28]. For that reason, such formation of gypsum was
intentionally prevented in the final model. As the reaction of OPC
sets in after approximately a week, the formation of C–S–H (with
C/S ratio of approximately 1), monocarbonate, strätlingite and
monosulphoaluminate is calculated, which agrees with the exper-
imental observations (Fig. 3). Later the ettringite starts to dissolve,
while some monosulphoaluminate is formed.

The modelling of the variation of the anhydrite content shows
that it has a low impact on the type of hydrates formed, while it
strongly influences the AFt to monosulphoaluminate volume ratio
(Fig. 9b). For the anhydrite contents corresponding to our experi-
ments (0.5, 0.75, 1, 1.25), the model additionally predicts the for-
mation of C–S–H, C4AH13 and strätlingite, which are all observed
in pastes by XRD and TGA. Some hydrotalcite is also predicted. This
phase being poorly crystalline in cement [29], it could be present in
the pastes as an XRD-amorphous phase. The model predicts the
presence of monocarbonate in the tested mixes, which is not in
agreement with the XRD patterns showing the presence of mono-
carbonate and hemicarbonate. This discrepancy is probably related
to slow kinetics of monocarbonate formation. In OPC blended with
limestone (4 wt.%), hemicarbonate has been observed as an inter-
mediate phase which was later transformed to monocarbonate
[4]. In addition in the calculated mixtures, hemicarbonate is only
slightly less stable than monocarbonate. A decrease of the solubil-
ity product of hemicarbonate by 0.2 log units (which is well within
the inaccuracy of the solubility products used), would lead to the
prediction of hemicarbonate and a destabilization of monosulp-
hoaluminate, resulting in the formation of more ettringite and less
monocarbonate and a higher total volume.

The modelling of the variation of the OPC content gives a similar
phase assemblage (Fig. 9c). The OPC content also influences the AFt
to monosulphoaluminate ratio, while it determines the amount of
strätlingite which can form in the system. The higher the OPC con-
tent the lower the amounts of strätlingite and ettringite formed.
5. Discussion

5.1. Reactions related to the hydration mechanism

The hydration scheme can be subdivided into early hydration
where ettringite and AH3 are the main hydrates to form and late
hydration where other hydrates form (C4AHx, C2ASH8, C–S–H,
monosulphoaluminate). From the strong decrease of the C4A3S
and of the gypsum and anhydrite observed in the mixes (Fig. 10),
we can conclude that the AFt-forming reaction (1) occurs during
the first hydration phase [6].

C4A3Sþ 2CSþ 38H! C3A � 3CS � H32 þ 2AH3 ð1Þ

However in the mix with the lowest anhydrite content
(8:3:0.5), calculations showed that the calcium sulphate addition
is not sufficient to fully react with the C4A3S via reaction (1) even
if gypsum from the OPC is additionally considered as a sulphate
source. In this sample, minor quantities of monosulphoaluminate
may be produced. Minor quantities of CA or C3A may participate
later in the early hydration when the calcium sulphates are ex-
hausted, leading to the formation of additional monosulphoalumi-
nate. Even if AH3 was not observed before 2 h by TGA, we assume
that reaction (1) is the first and main one to occur because AH3 was
identified after 1 d by SEM (AH3 is difficult to quantify because it is
amorphous or micro-crystalline, and minor quantities may not be
detectable by the TGA at early age) and is predicted by the thermo-
dynamic modelling (Fig. 9a). The preferred C4A3S consumption



Fig. 9. Modelled hydration of the ternary binder (a) in mix 8:3:1 over time, (b) with
the variation of the anhydrite content and (c) with the variation of the OPC content.
Volume expressed as cm3/g dry cement and calculation made with w/c = 0.5 and
20 �C. Variation of the anhydrite or OPC content modelled for 50% of the OPC clinker
reacted (equivalent to the hydration of the system after �28 d). The x-axis in (b)
and (c) represents OPC:CSA:CS as mass ratios. The decrease of the total volume in
Fig. 9a corresponds to the calculated chemical shrinkage of the 8:3:1 mix.
AFt = ettringite, AH3 = amorphous or micro-crystalline aluminium hydroxide,
Anh = anhydrite, Cal = calcite, M = monosulphoaluminate solid solution with
C4AHx, Mc = monocarbonate, OPC clinker = unreacted OPC clinker, St = strätlingite,
Yee = ye’elimite (C4A3S).
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compared to the OPC clinker reaction is well illustrated on the
images from the SEM (Fig. 6) and by XRD (Fig. 10). According to
these observations, C4A3S has the highest reactivity in the ternary
system.

In a second hydration step the OPC clinker starts to react and
C3S can be consumed via reactions (2), (3) (Fig. 10), producing strä-
tlingite or C–S–H in association with portlandite (CH). Thermody-
namic modelling predicts the absence of AH3 from all the tested
mixes at 28 d, which is in agreement with the occurrence of reac-
tion (3) in the pastes. AH3 can react with portlandite and with the
calcite from the OPC to form monocarbonate as in reaction (4).

C3Sþ AH3 þ 6H! C2ASH8 þ CH ð2Þ
C3Sþ 3:7H! CSH1:7 þ 2CH ð3Þ
AH3 þ 3CHþ CCþ 5H! C4ACH11 ð4Þ

Simultaneously, C4AHx can form from the consumption of the
AH3 produced in reaction (1) or from the C3A of the OPC (reactions
5 and 6). In any case, CH needs to be present to allow C4AHx forma-
tion (x = 13 or 19 depending on the relative humidity). Considering
the absence of CH during the whole hydration process, we assume
that CH could have been produced during reactions (2), (3) and di-
rectly consumed in reactions (4)–(6).

AH3 þ 4CHþ 6H! C4AH13 ð5Þ
C3Aþ CHþ 12H! C4AH13 ð6Þ

Finally the monosulphoaluminate forms during reactions (7)
and/or (8) consuming some of the pre-existing phases [6]. The
occurrence of reaction (7) in 8:3:1 and 6:3:1 was clearly demon-
strated during the EDX analyses (Fig. 7) and by the decrease of
the ettringite content observed by XRD (Fig. 5). The late consump-
tion of C3A between 7 and 28 d, illustrated in Fig. 10, is in agree-
ment with reaction (8), the one of CA in reaction (9). These latter
reactions have already been observed in ternary systems com-
posed of OPC, calcium aluminate cement and calcium sulphate
[30,31].

3C4AH13 þ 2C3A � 3CS �H32 þ AH3 ! 6C3A � CS � H12 þ 34H ð7Þ
C3A � 3CS � H32 þ 2C3Aþ 4H! 3C3A � CS �H12 ð8Þ
C3A � 3CS � H32 þ 6CAþ 16H! 3C3A � CS � H12 þ 4AH3 ð9Þ
5.2. Retardation by citric acid addition

Comparing 8:3:1 to 8:3:1w, we can see that the addition of cit-
ric acid probably does not strongly modify the CSH2 and CS disso-
lution kinetics because these phases disappear within the same
time period in both cases (Table 2). C4A3S consumption and AFt
production are slowed down. From the calorimetric curves, it can
be seen that the first exothermic peak, which is related to the for-
mation of AFt and AH3, is delayed by about 20 min (Fig. 1). The
broader peaks observable after some days are also delayed in the
presence of citric acid (Fig. 2). They are probably related to the on-
set of the OPC clinker hydration and to the related formation of
strätlingite, hemicarbonate or monocarbonate, and/or to mono-
sulphoaluminate formation. From these observations, we can con-
clude that the retarder has an impact on early and late hydration
processes.

In the binder with citric acid, AFt production seems to be subdi-
vided into two periods (Fig. 5). A first period from 0 to 30 min
where AFt production is slow and a second one from 30 min to
6 h where AFt production is quicker. In the mix without citric acid,
the AFt formation is more linear. According to studies performed
on calcium aluminate cements, citrate ions cannot crystallize as
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salts, but may be complexed with Ca2+ and potentially lower its
concentration in the pore solution [32,33]. This could slow down
the AFt-formation rate. As the citric acid content in the system
was low (0.27% to the binder), this could have influenced the early
AFt-formation rate, but as soon as all the citrate ions would have
been complexed, the formation rate would have accelerated. On
the other hand, the study of Möschner [34] on OPC showed that
the complexation of Ca2+ is very weak and that citrate slows down
hydration by creating a protective layer of sorbed citrate on the
clinker grains. It was also demonstrated by Cody [35] that citric
acid prevents the nucleation and the crystal growth of ettringite.
However, it is beyond the scope of this paper to determine how cit-
ric acid retards the hydration of the ternary system.

5.3. Influence of the varying calcium sulphate content

The variation of the calcium sulphate content has little impact
on the hydration kinetics of the cement at constant OPC/CSA, and
on the phases which form as shown by experimental data and ther-
modynamic calculations (Figs. 1 and 10a; Table 2). However, it
clearly generates two different families in terms of AFt quantity
over time and strength development (Figs. 5 and 9a), and it strongly
influences the AFt to monosulphoaluminate ratio (Fig. 9b). The first
family includes the samples with high calcium sulphate contents
(8:3:1 and 8:3:1.25). They show a maximum AFt content after 6 h
and a low decrease of this content after the maximum peak. They
have the highest compressive strength at 1, 7 and 28 d. The second
family includes samples with low calcium sulphate contents
(8:3:0.5 and 8:3:0.75). They show a maximum AFt content after
1 d and a strong decrease of this content after the maximum peak.
They have the lowest compressive strength at 1, 7 and 28 d.
There is a positive correlation between the AFt to monosulphoa-
luminate ratio and the compressive strength at later ages (Figs. 8a
and 9b). The samples with the higher ratio have the higher com-
pressive strength at a defined age. This is confirmed by the thermo-
dynamic modelling which shows that an increased fraction of
anhydrite results in a higher volume of the hydrates and thus to
a lower porosity resulting in a higher compressive strength
(Figs. 8a and 9b).This is related to the lower volume of monosulp-
hoaluminate compared to AFt. The generation of additional poros-
ity can be roughly estimated from the molar volumes of the
reactants and products of the monosulphoaluminate-forming reac-
tions (molar volumes from Ito [36] and Lothenbach [4]). In reaction
(7), where the free water produced can be omitted, a volume de-
crease of about 69 cm3 per mole of monosulphoaluminate can be
calculated. In reactions (8) and (9), where free water can be consid-
ered and will generate chemical shrinkage, volume decreases of
10 cm3 and 86 cm3 are calculated per mole of monosulphoalumi-
nate produced.

5.4. Influence of the varying OPC content

The variation of the OPC content has little impact on the hydra-
tion kinetic of the cement at constant CSA/CS ratio, and almost no
effect on the phases which form as shown by experimental data
and thermodynamic calculations (Figs. 1b and 9c; Table 2). At 1
and 7 d, the higher the OPC content the lower the strength. As
OPC clinker participates minimally in the hydration process before
7 d (except for the dissolution of free lime and alkali sulphates), it
can be considered mainly as a filler during early hydration and
then does not contribute to early strength. The absence of reaction
of the OPC clinker during the early hydration is not related to the
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addition of the citric acid because the same observations were
made without the admixture (8:3:1w).

However, the OPC content slightly influences the AFt to mono-
sulphoaluminate ratio at later ages and the related compressive
strength as discussed above (Figs. 7, 8b and 9c). An increased frac-
tion of OPC results in a lower volume of the hydrate phases and
thus to a higher porosity resulting in a lower compressive strength.
The OPC content can play a role during late hydration because it
represents a C3S and C3A source for late hydration reactions. C3S
is involved in the strätlingite-forming reaction and C3A in the
monosulphoaluminate-forming reaction. The amount of AH3 is
the limiting factor for the formation of strätlingite. If the OPC con-
tent is high, CSA content is low, leading to a lower AFt and AH3 pro-
duction. This directly influences the amount of strätlingite which
can form (Fig. 9c). According to these observations, we conclude
that the OPC content of the binder can strongly influence the late
properties of the mortars.

6. Conclusions

Experiments made on pastes and thermodynamic modelling
show that the anhydrite content at fixed OPC to CSA ratio or the
OPC content at fixed CSA to CS ratio do not strongly influence
the hydrate assemblage of the ternary binders, while they do
determine the AFt to monosulphoaluminate volume ratio. All the
ternary binders tested in the present study hydrate very fast and
AFt is formed within the first 5 min by the reaction between
C4A3S, the main component of the CSA clinker, and the calcium sul-
phates. The quantity of AFt formed during early hydration can be
decreased in the presence of citric acid, but not eliminated (at
the studied concentration). Gypsum from the OPC is consumed fas-
ter than anhydrite in all mixes. This early hydration reaction gen-
erates high early strength with values up to �8 MPa measured at
6 h. During about 7 d, the CSA clinker is the main one to react
and the C4A3S concentration decreases, achieving a very low value
or zero at 28 d. After more than 7 d, C3S from the OPC begins to hy-
drate and generates C2ASH8 and C–S–H, while AFt reacts with other
phases to generate monosulphoaluminate. At 28 d, the hydrates
present in all the mixes are the same and include AFt, C4AHx,
monosulphoaluminate, hemicarbonate, monocarbonate and strä-
tlingite. The rapid formation of ettringite and the related high
mechanical resistance observed at early age are promising for the
development of fast setting and rapid-hardening materials.
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