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Abstract: Early age hydration and the rheological behavior of cement pastes are related to their
reactivity. The reactivity of Ordinary Portland Cement (OPC) and calcium sulfoaluminate cement
(CSA) blends, with a CSA percentage of less than 10%, are investigated in this paper. Different
percentages of CSA replacement are studied. First, an isothermal calorimetry study of the different
cement pastes is performed to understand the effect of CSA on the evolution of the heat of hydration.
Then, in order to understand the reactional mechanism of these cement pastes, X-ray diffraction
(XRD) and thermogravimetric analysis (TGA/DTG) studies were conducted on one blended mix
made out of 7% CSA and compared to the pure cement pastes of OPC and CSA. Later, the evolution
of the yield stress as a function of the CSA percentage was studied. A synergy is shown between
both OPC and CSA once mixed together, leading to a 57% and 45% higher ettringite formation for
the blend compared to 100% OPC and 100% CSA cement pastes, respectively. This implies that the
CSA amount affects the reactivity of OPC/CSA blends. This was confirmed by the variation in both
the heat of hydration and yield stress evolution as a function of the percentage of CSA.

Keywords: calcium sulfoaluminate cement (CSA); hydration; yield stress; OPC/CSA blends

1. Introduction

Portland cement and calcium sulfoaluminate cement blends are nowadays being inte-
grated into a lot of applications, although OPC is still the most important compound of
modern cement [1]. Recently, calcium sulfoaluminate cement has been used in the construc-
tion field in high early-strength concrete, in self-leveling screed, for alkali-silica reaction
mitigation, and for municipal solid waste incineration bottom ash recycling [2—4]. The
incorporation of CSA is usually partial by mixing both OPC and CSA cement to formulate
OPC/CSA blends. OPC/CSA mixes have already been used in special applications [2,5].
For example, these blends are used in ground-granulated blast furnace slag acceleration [5].
Further, OPC and CSA are used in the direct encapsulation of waste materials [5,6]. Com-
bining CSA with OPC is also known to be used in the 3D printing of cementitious material.
It has proven to provide buildability for 3D printed mortars by changing the CSA percent-
age in order to control, in the short term, the chemical and rheological behaviors [7]. The
hydration mechanisms of calcium sulfoaluminate cement have been the interest of several
studies [8,9]. For example, Garcia-Maria et al. [9] studied the gypsum amount effect on
CSA pastes. Others studied the setting and strength of CSA [2] and its advantages in the
stabilization of wastes [10,11]. In addition to being considered a green competitor for OPC
by releasing less CO, during its manufacture, CSA cement is characterized by its rapid
setting and high compressive strength, resulting in the integration of this cement in the
construction field. In CSA cement, setting time and compressive strength are related to the
amount of gypsum. Different hydrates can be formed during the hydration of the CSA
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cement, as shown in Equations (1)—(3). Its main hydrate, ettringite, is a key parameter for
controlling mechanical performances in the short term [9]:

C4A3S + 2CSH, + 34H — C3A.3CS.32H + 2AH; (1)
C4A3S + 8CSH, + 6CH + 74H — 3 C3A.3CS.32H 2)
AHj; + 3CH+ 3CS , + 20H — C3A.3CS.32H (3)

CSA cement is being added as an alternative to OPC since it can control setting time,
shrinkage, and durability [12,13]. The formation of ettringite, due to the early hydration of
ye’elimite (C4A39), is linked to the percentage of CSA in the blend (Trauchessec et al. [13]).
Further, these authors relate the composition of the cement (for example, the amount of
lime in OPC) to the performance of the blend. Therefore, modifying the CSA amount or
the cement composition results in adjusting mortar strength. Moreover, Le Saofit et al. [14]
couple thermodynamic modeling with kinetic equations, which describe the dissolution
of the OPC and CSA, to adequately predict the number of hydrates and pore solution
compositions as a function of time.

The addition of small amounts of CSA in OPC has also proven to significantly change
the rheological behavior of the fresh material. In some applications where high thixotropy
of the material is required, such as 3D printing [15], adding CSA with OPC also appears to
be an interesting solution [7]. The combined effect of CSA on the chemistry and rheology
of OPC/CSA blends has not been addressed in the literature. Such data can be of particular
interest for the premix development of innovative materials with specific performances
(e.g., for 3D printing).

The main objective of this paper was to study the influence of CSA percentage (less
than 10%) on the chemistry and rheology of OPC/CSA blend cement pastes in order
to better control their very short-term properties. First, cement pastes of 4 percentages
with less than 10% of CSA were studied through isothermal calorimetry and compared to
pure OPC and CSA cement pastes. Then, the reactional mechanism of two pure cement
pastes made out of OPC and CSA and a particular one made out of 7% CSA and 93%
OPC—developed in an earlier study [7]—were studied in XRD and DTA-TGA. Finally, the
rheological behavior of the 6 cement pastes was evaluated to understand the impact of CSA
percentage on the yield stress evolution of the blends.

2. Materials and Methods
2.1. Materials

A CEM 1525 N SR3 CE PM-CP2 NF (EXTREMAT) and a calcium sulfoaluminate
cement (Alpenat), both from Vicat, a superplasicizer/high water reducer from Sika (Tempo
11), and a calcareous 0/2 mm crushed sand from Carriéres du Boulonnais are used in the
following study. The chemical and mineral compositions of the two types of cement are
shown in Tables 1 and 2.

Cement pastes P100/0, P98/2, P95/5, P93/7, P90/10, and P0/100 were studied, with
the first number referring to the mass percentage of OPC and the second to the mass
percentage of CSA. For example, P98/2 refers to a mix made with 98% OPC and 2% CSA.
All specimens are manufactured with a water-to-cement ratio of W/C = 0.5.

Table 1. Chemical composition of OPC and CSA.

Composition NayO eq. Fire Loss 950 °C MgO SiO, Al,O3 Fe, O3 CaO SO;3 Cl—
OPC 0.46 1.20 0.91 20.96 3.65 5.05 64.02 2.24 0.06
CSA 0.16 3.8 nd 8.16 18.22 7.64 43.60 15.24 0.05

nd: not determined.
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Table 2. Mineralogical composition and main characteristics of OPC and CSA.

Composition CsS C4A3S (%] C3MS, C3A C3FT C4AF cS Free Lime
OoPC 62.6 - 16.5 - 1.5 - 13.1 3.8 0.5
CSA - 54.3 29.1 45 - 9.3 - 0.4 0.2

--: absent. Cement chemistry notation is used, where C = CaO, S = SiO,, A = AL,O3, F = Fe; O3, S= 503, M = MgO,
and T = TiO,,

2.2. Characterization Methods

The heat of hydration of the cement pastes was measured using an isothermal calorime-
ter, CALMETIX. Both were kept at 20 °C for 24 h. Then, 40 g of blended cement and 20 g
of water were mixed for 3 min and placed in the calorimeter. The heat of hydration was
measured every minute for 48 h for P100/0, P93/7, and P0/100 pastes and for 1 h for all
the other pastes.

Rheological measurements were performed with an Anton Paar MCR 102 rheometer
in order to measure the increase in the yield stress of the pastes during the first hour after
mixing. The parallel plate geometry was used with plates of 25 mm, made rough by gluing
abrasive paper on their surface. Struers waterproof silicon carbide paper P1200 was used
as abrasive paper. Measurements were carried out with a gap of Imm at a temperature of
20 °C. A total of 6 g of cement was manually stirred with 3 g of water. Cement pastes were
mixed for 1:40 min, from the water and cement contact, before being placed on the fixed
base of the rheometer. After the displacement of the rotating top section to the measurement
position, the excess was removed, and measurements started at 3 min after installing a cap
on the plates in order to protect the sample from desiccation. The yield stress was measured
by applying a constant shear rate of 0.025 s ! for 30 s, with the shear stress corresponding
to the peak value obtained. A total of 11 measurements of shear stress were taken during
the first hour (each measurement was preceded by a period of rest of 4:30 min).

In order to identify the hydration products, the hydration of cement pastes P100/0,
P93/7, and P0/100 was stopped at 20 min, 1 h, 2, 7, and 28 days. Cement pastes at each
term were manually ground into a powder with a mortar and pestle. The powders were
immersed in 50 mL of isopropanol in a flask with continuous mixing for 6 min. Then, the
content of the flask was filtered using a Buchner filter. Once all the water was removed,
50 mL of isopropanol from a clean flask was added in order to wash the powder. Once
the isopropanol was completely removed by filtration, the residue was dried in the oven
at 40 °C for 48 h and then placed in a desiccator containing silica gel and sharp soda for
10 days to ensure that the moisture was completely removed from the specimens.

The X-ray diffraction (XRD) analyses were realized using a diffractometer Bruker D8

with an anticathode in cobalt (AK«1 = 1.74 g). The detector was a lynx eye. The acquisition
was carried out over a range of 20, from 6° to 80°, with a step of 0.02°, and a time per step
of 179 s. Obtained diffractograms were treated by Eva Bruker software.

The thermograms were realized using Netzsch STA 409 in mode TGA /DSC. The
heating program was divided into 3 segments: a dynamic of 2 °C/min between 20 and
105 °C, one static of 1 h 15 min at 105 °C and a dynamic of 3 °C/min between 105 and
1200 °C. Thermograms were measured on samples grounded in an agate mortar. The tested
sample was 50 £ 2 mg, and the reference sample contained 50 mg of alumina. As the
temperature increased, the sample decomposed and released water and/or carbon dioxide,
or devitrified. Each phase was characterized by an endothermic or exothermic peak. The
amount of chemically bound water present was measured by the mass loss occurring at
each peak evaluated and so the phases were determined.
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3. Results
3.1. Chemical Characterization
3.1.1. Reactivity of Blends

Figure 1 presents the evolution of the heat of hydration during the first 48 h of the
three cement pastes, P100/0, P93/7, and P0/100. After cement mixing, an induction period
occurred, during which its consistency remained constant. Induction time was determined
by the intercept of two tangent lines obtained from the heat rate data: one during the
induction period and the other during the early stage of the acceleration period [16]. The
induction periods of the three cement pastes, P100/0, P0/100, and P93/7 differ (5h, 2 h, and
1 h, respectively). After that, P100/0 and P93/7 presented similar behaviors (second peak),
with a delay for P100/0 compared to P93 /7. This peak represented the tricalcium silicate
(alite) reacting to calcium silicate hydrates and calcium hydroxide. An additional peak
was observed after about 15 h (indicated by an arrow) in paste P100/0. It corresponded to
the time when calcium sulfate (setting regulator) was consumed and the remaining trical-
ciumaluminate phase (C3A) no longer reacted to ettringite (calcium aluminate trisulfate
hydrate) but reacted to other phases like monosulfate or monocarbonate [17]. This peak
was not present for P93/7. According to Le Saout et al. [12], this peak was delayed due
to the delay in C3A hydration to 50 h. Over the first 48 h, P93/7 and P100/0 presented
similar shapes, but with a shorter induction period for the former. This suggests that both
of them presented the same phases, but the kinetic of the hydration reactions was faster
for P93/7. P0/100 presented two peaks (in addition to the first one due to dissolution):
one for the reaction of the ye’elimite phase (calcium aluminum sulfate, C4A3S) with cal-
cium sulfate to ettringite and the second for the depletion of calcium sulfate to calcium
monosulfoaluminate (AFm) [18,19].

25
——P100/0

——PO/100
20 ——P93/7

]
~
=
E 5
c
s
=
jd
-
=3
=
= 10
Q
9
(]
[
- =~

| /

0

0 4 9 14 19 24 28 33 38 43 a8

Time (hours)

Figure 1. The heat of hydration of the 3 cement pastes: P100/0, P93/7, and P0/100.

Cement pastes made out of 0, 2, 5, 7, 10, and 100% of CSA were studied using an
isothermal calorimeter. According to Le Saout et al. [14], the reactional mechanism of
OPC was not affected by the percentage of CSA added to the OPC/CA blends for CSA
percentages of less than 15%.

Figure 2 presents the evolution of the cumulative heat of hydration for the P100/0,
P98/2,P95/5,P93/7, P90/10, and P0/100 cement pastes at 20 min, 40 min, 1 h, and 2 h.
According to Figure 2, the cumulative heat of hydration increased with the increase of
the CSA percentage in the blend at all intervals. This increase presents a linear evolution
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between 0 and 10%. However, the OPC/CSA blends present higher values with respect to
both pure OPC and CSA, reflecting an increase in the intensity of the reactions in the blends.
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Figure 2. Evolution of the cumulative heat of hydration as a function of the CSA percentage at 20 min,
40 min, 1 h, and 2 h.

3.1.2. XRD

Figures 3-5 present the XRD diagrams of cement pastes the P100/0, P0/100, and
P93/7, respectively, at 20 min, 1 h, 2, 7, and 28 days between 20 =5 ° and 20 = 30 °. The
XRD of P93/7 presented similar peaks as P100/0 except for some supplementary peaks of
ettringite at 20 min and 1 h. By comparing the curves at 20 = 10° of the 3 mixes (20 min and
1 h), ettringite peaks resulting from CSA were not present for P0/100. These results are in
good agreement with those of Le Saout et al. [14] and Trauchessec et al. [13], who indicate
the presence of ettringite at an early age (1 h) for OPC/CSA blends.

E: Ettringite .

P: Portlandite —— P100/0 20min

Y: Ye'elimite —— P100/0 1!1r

G: Gypsum ——— P100/0 2j

CS: Calcium Sulfate —— P100/0 7j
—— P100/0 28j

5 10 15 28 20 25 30

Figure 3. XRD diagrams for P100/0 at 20 minutes, 1 h, 2, 7, and 28 days.
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Figure 4. XRD diagrams for P93/7 at 20 minutes, 1 h, 2, 7, and 28 days.
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Figure 5. XRD diagrams for P0/100 at 20 minutes, 1 h, 2, 7, and 28 days.

Table 3 summarizes the phases identified by XRD for the three cement pastes. In 100%
CSA specimens, the ye’elimite was not hydrated during the first hour and ettringite was
formed at 2 days. The ye’elimite present in OPC/CSA blends was no more present after
2 days. This may be due to the small quantity (7%) of CSA added, and this quantity being
completely hydrated within two days. However, the ye’elimite and gypsum hydration
into ettringite in P93 /7 started at 20 min (earlier than both the pure 100% CSA and pure
100% OPC, which did not present ettringite during the first hour). Therefore, ettringite
resulted from the hydration of the ye’elimite. The impact of OPC was reflected on CSA
by providing the gypsum reacting with ye’elimite (CSA), producing ettringite at early
ages [8,9]. The ettringite formation can be explained, according to Telesca et al. [20], by
the OPC contribution to ettringite generation depending on the calcium sulfate amounts
involved in the reactions with tricalcium aluminate and brownmillerite, and the reaction
with C4A3S and calcium hydroxide produced by the hydration of calcium silicates. In fact,
by comparing the ettringite formation in Equation (2) to that in Equation (1), it can be seen
that in the presence of portlandite, more ettringite was formed. Gypsum provided the
necessary amount of sulfate to form ettringite, but this was not the case for the quantity of
calcium required. Portlandite and/or lime, provided by OPC, ensure the remaining needed
calcium. The effect of the OPC was confirmed by our results because if the ye’elimite was
the only source of ettringite, the latter would have been found in higher concentrations in
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the 100% CSA. In addition, the source of calcium sulfate in the CSA cement is anhydrite
(Table 2). According to Garcia-Matté [9], the production of ettringite due to anhydrite
is smaller than that due to gypsum, in the short term. This can be clarified as follows,
based on the CSA composition. In fact, in 100% CSA, the anhydrite present will hydrate to
produce gypsum;

CS + 2H — CSH2 (4)

Table 3. Phases present in each cement paste, identified at every term using XRD.

Calcium
Paste Time Ye’elimite  Gypsum Sulfate Ettringite Portlandite
(Anhydrite)

P100/0 20 min Vv
1h _ v _
2 days
7 days
28 days
60 days

P93/7 20 min
1h
2 days
7 days
28 days
60 days

P0/100 20 min
1h
2 days
7 days
28 days
60 days
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The latter was, at a later stage, dissolved to react with ye’elimite and produce ettringite
according to Equation (3). However, once mixed with OPC, in addition to Equation (4),
ettringite was formed directly by the gypsum (provided by OPC) reacting with ye’elimite
(provided by CSA).

By comparing XRD results to the calorimetry for the first hour, P93/7 and P100/0 had
the same shape but with a shorter induction period for P93/7. XRD results explained the
accelerated kinetic of the hydration reactions for the latter. Further, the higher cumulative
heat of hydration of P93/7 for this mix, compared to the two others, can be attributed to
the ettringite amount produced during the first two hours. A synergy between OPC and
CSA, due to the early formation of ettringite, is shown here, thus explaining the higher
heat of hydration observed for all the mixes containing CSA and OPC in Figure 2.

3.1.3. TGA-DTG

Figures 68 show thermogravimetric derivative curves of DTG for the three OPC/CSA
mixes, P100/0, P93/7, and P0/100, at different terms (20 min, 1 h, 2 days, 7 days, 28 days,
and 60 days), respectively. The weight losses corresponding to the ettringite (AFt) (100 °C),
calcium monosulfoaluminate (AFm) (160 °C), portlandite (CH) (450 °C), and the decarbon-
atation (680 °C) were monitored. After one hour, P0/100 reflected 4 weight losses as well.
A small peak corresponding to ettringite (100 °C) is shown, with increases up to 28 days. In
addition, 2 other peaks corresponding to AFm (160 °C) and Gibbsite (AH3) (240 °C) were
detected. There was slight weight loss at 20 min for both P100/0 and P0/100 compared to
P93/7, probably due to the negligible hydration during this period. P93/7 reveals the same
phase as P100/0 (at the same temperatures and terms), but with ettringite starting earlier at
20 min.
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Figure 6. DTG of P100/0 for 20 min, 1 h, 2, 7, 28, and 60 days.
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Figure 7. DTG of P93/7 for 20 min, 1 h, 2,7, 28, and 60 days.
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Figure 8. DTG of P0/100 for 20 min, 1 h, 2,7, 28, and 60 days.
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The thermogravimetric analyses of each of the OPC/CSA percentages (P100/0, P93/7,
and P0/100) are presented for the different terms (20 min, 1 h, 2 days, 7 days, and 28 days)
in Table 4 in order to quantify each phase. When comparing the weight loss of the three
cement pastes, the AFt formation was reflected by its weight loss increase up to 28 days.
The decrease in weight loss of AFt and increase in AFm shows the transformation of AFt
into AFm after 28 days.

Table 4. Weight loss percentage of each of the compositions of P100/0, P93/7, and P0/100 at 20 min,
1h,2,7,28, and 60 days.

Composition Weight Loss Percentage (%)

20 min 1h

P100/0 P93/7 P0/100 P100/0 P93/7 P0/100
AFt (40 °C-110 °C) 0.861 1.356 0.930 0.977 1.960 1.199
AFm (110 °C-250°C)  0.110 0.168 0.015 0.110 0.127 0.049
CH (390 °C-500 °C) 0.137 0.229 0.222 0.189 0.192 0.240
AHj3 (200 °C-350 °C) 0.149 0.213

2 days 7 days

P100/0 P93/7 P0/100 P100/0 P93/7 P0/100
AFt (40 °C-110 °C) 4.706 5.607 12.593 7.821 9.171 15.896
AFm (110 °C-250°C)  2.689 2.029 3.142 2.843 3.038 2.484
CH (390 °C-500 °C) 3.739 3.316 0.939 4.516 4.636 0.911
AHj3 (200 °C-350 °C) 5.069 5.005

28 days 60 days

P100/0 P93/7 P0/100 P100/0 P93/7 P0/100
AFt (40 °C-110 °C) 7.336 7.815 15.258 5.280 5.241 3.468
AFm (110 °C-250 °C)  3.287 3.501 2.552 4.578 4.906 13.386
CH (390 °C-500 °C) 5.183 4.531 0.945 5.529 4.984 0.920
AHj3 (200 °C-350 °C) 5.079 6.086

The results presented in Table 4 show that the ettringite amount at 20 min was greater
for P93/7 than both for P100/0 and P0/100.

The Gibbsite (AH3), theoretically formed through the hydration of the ye’elimite, was
highly present in P0/100. However, this was not the case for P93/7. This was due to the
lack of calcium and sulfate in the PO/100 mix, as discussed earlier, leading to the formation
of AHj;. However, the quantity of calcium produced by OPC was enough for the formation
of ettringite in P93/7. Both Trauchessec and Chaunsali [13,21] confirm that there is no
presence of Gibbsite for OPC/CSA mixes with less than 15% CSA.

From the above XRD and TGA /DTG, we found the same synergy as in isothermal
calorimetry between the 2 types of cement. The cumulated heat between t = 0 and the time
of appearance of the second sharp peak (around 2 h) corresponded to the heat released by
the formation of AFm and ettringite from C3A hydration [22]. Therefore, the increase in
the cumulative heat of hydration for the OPC/CSA blends reflected a larger formation of
AFm and ettringite when the percentage of CSA increased in the cement paste.

The higher formation of ettringite and AFm for P93/7 compared to the pure mixes
(P0/100 and P100/0) was shown in the TGA-DTG. The formation of ettringite may be due
to the high presence of lime in the OPC composition compared to the percentage of CSA
in the mix (7%). According to Martin et al. [23] and Trauchessec et al. [13], the OPC-free
lime is a key parameter that affects the hydration of the CSA. The hydration kinetics of
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ye’elimite in CSA and the formation of ettringite are accelerated by the increase in the
amount of lime in OPC.

3.2. Yield Stress Evolution

After placing the paste into the rheometer cell, the development of yield stress was
examined over a period of 60 min. Before taking the first yield stress value and before each
new measurement, the pastes were allowed to stand for 270 s. Each stress measurement was
performed for a period of 30 s, during which the cement paste was sheared at a constant
rate of 0.025 s~ 1. Figure 9 shows that during shearing, the stress progressively increases up
to a peak value corresponding to the static yield stress of the cement paste.

2500
- P100/0 O
2000 +—| X P100/0 4.

5 ~ P93/7
@ 1500 +—— < P93/7
v
: @
§ 1000 _—
5@ e

500 % @

x@‘mwwum » o
0

t t+30sec t+270sec t+300sec t+570sec t+600sec
Time (seconds)

Figure 9. Shear stress diagrams of P100/0 and P93/7 as a function of time at different intervals (note
that the time is restricted during the rest period between two consecutive measurements) [24].

The reproducibility of this measurement has already been explored in a previous study
comparing the yield stress values obtained with two replicates for pure OPC cement pastes
(identical to P100/0) and a cement paste containing 7% CSA (identical to P93/7) [24]. It has
been shown that yield stress measurement is reproducible with a pure OPC cement paste.
However, when CSA was added to the paste, larger differences were observed between
the two replicates. This is probably due to the higher reactivity of the mixture, which
causes rapid changes in the behavior of the paste. Also, the small quantity of CSA mixed
leading to the heterogeneity of the mix may be an additional reason for the dispersion of
the values. Nevertheless, these deviations were small compared to the average value of the
yield stresses, and the accuracy of the measurement can be considered sufficient for the
purpose of this study.

Figure 10 presents the yield stress evolution for each of the cement pastes as a function
of time during the first 25 min. These curves reflect a rapid increase in the yield stress when
the CSA percentage is increased. The variation of the yield stress follows an increasing
polynomial trend curve. Perrot et al. [25] obtained an exponential growth of the yield
stress over 75 min for a cement paste containing cement, kaolin, and limestone filler with
a polycarboxylate-type polymer powder. However, they considered it linear during the
first 40 min. Similarly, in our results, the yield stress evolution is not linear over 60 min, as
shown in Figure 10. The yield stress evolution of 100% OPC and 100% CSA cement pastes
could be considered linear during the first 30 min. This is not the case for the blended mixes.
The blends present behavior that can be assumed to be linear just over the first 15 min.
This is probably due to the higher reactivity presented in the earlier part influencing their
rheological behavioral evolution in the short term. Therefore, in order to compare the
following results, the linearity of all curves has been restricted to the first 15 min.
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Figure 10. Yield stress evolution as a function of time during the first 1500 first seconds.

The rheological parameter of interest in this study is yield stress and its evolution
over time. The thixotropic behavior of cement paste is of particular interest in several
applications, especially in the case of 3D printing, where the buildability of the cementitious
mixture is directly related to the structuration rate of the paste [26]. Roussel et al. [27] define
the structuration rate Ay, as the constant rate of this increase according to Equation (5):

T0(t) = Amixt + T00 (5)

with 199 being the yield stress of the material with no time at rest, and considering a linear
evolution of the yield stress increase in time during the induction period.

By considering these curves linear during the first 15 min, as discussed before, the
structuration rate can be calculated. According to Equation (5), yield stress 1y(t) at a
given resting time, t, is calculated as follows: Ty(t) = Ayt + To0. However, it can be
seen in Figure 10 that the initial yield stress is negligible with respect to the yield stress
evolution, and the initial yield stress value, 1y, was forced to zero for the identification
of the Ay value of all the studied mixes. This hypothesis is in accordance with Ovarlez
and Roussel [27], who consider that the initial yield stress value can be neglected as
To(t) = Appixt. Further, the first value recorded corresponds to the yield stress after a rest
of 5 min and does not correspond to 7.

According to these results, Ay, (P0/100) was slightly higher than Ay,;,(P100/0). The
Auix of the OPC/CSA blends was higher than both the P100/0 and P0/100. During this
period, the shear stresses were shown to increase when the percentage of CSA added to the
cement pastes increased. However, the Ay,;, value related to P93/7 was higher than that of
P90/10 during the first 15 min. After 15 min, the yield stress of P90/10 rose higher than
P93/7.

Table 5 presents the Ay, and determination factor of all cement pastes. The R? values
progressively decreased from 0.96 for the pure OPC paste, down to 0.82 for the pure CSA
paste, with the R? value being globally smaller as the CSA percentage increased. The
smaller R? values for pastes containing CSA were mainly due to the nonlinearity of the
yield stress—time relation, as presented in Figure 10. Indeed, the presence of a small amount
of CSA accelerated the early hydration of the material, and the period, during which the
yield stress evolution could be considered linear, is probably smaller than 15 min for these
pastes [25]. However, it was decided to determine the Ay, value of all the mixes over
the same period of time (15 min) in order to easily compare the different pastes with a
single value.
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Table 5. Ay, and R? evolution during the first 15 min.

Cement Paste Aupix (Pals) R?
P0/100 0.128 0.8202
P90/10 1.183 0.848

P93/7 1.302 0.883
P95/5 0.496 0.876
P98/2 0.341 0.935
P100/0 0.167 0.964

The difference in the yield stress curves over this interval, even when the CSA percent-
age was changed by small amounts, clearly reflects the impact of the CSA on the rheological
behavior of the OPC/CSA mixes.

These results are compatible with Champenois et al. [8], where CSA cement paste
presented a slow stiffening during the first hour. Further, by comparing these results to
Ovarlez and Roussel [28] or to Assaad et al. [29], the structuration rate was between 0.1
and 1.7 Pa/s and between 0.3 and 1.6 Pa/s for self-compacting concrete. Within the first
15 min, the Ay,jx values were within these margins

4. Discussion

The objective of this study was to understand the effect of the partial substitution (less
than 10%) of OPC with CSA on the reactional mechanism and the rheological behavior of
the cement pastes. The heat of hydration indicated higher hydration for blended cement
compared to pure cement. This was proven by the phases shown in the XRD and the weight
losses of the TGA-DTG. Cement blends with CSA percentages less than 10% provided the
same hydration products as OPC but with a higher amount of primary ettringite. Since the
hydration of C3A was delayed, the short-term formation of ettringite in OPC/CSA blends
can be interpreted in two ways. On one hand, the ye’elimite in CSA accelerated by the
high lime present in the OPC generates more ettringite, according to Equation (2). On the
other hand, the hydration of CSA is related to the sulfate source present [30]. There are
two sources of sulfate in the OPC/CSA mix: the anhydrite in the CSA and the gypsum
in the OPC. Gypsum is shown to hydrate faster at earlier ages than anhydrite [18,30-32].
This explains the higher reactivity of the gypsum in OPC with ye’elimite at early ages
accompanied by that of the anhydrite hydration. Therefore, a higher amount of ettringite
was formed in the OPC/CSA mix compared to 100% CSA.

The ettringite formed has been proven to affect workability. Prince et al. found that the
rheology of cement pastes is related to ettringite formation [33]. Our results show that the
early formation of ettringite in blend OPC/CSA mixes also affects the rheological behaviors
of the pastes. Indeed, the evolution of yield stress over time becomes faster as the amount
of CSA in the mixes increases. Therefore, a synergy of up to one hour between the OPC
and CSA is reflected in the chemical and rheological studies. This compatibility between
the two characteristics allows OPC/CSA blends to be used in special applications in the
construction field, such as 3D printing. In fact, the increase in the kinetics of the chemical
reactions leads to an increase in the evolution of the structuration rate of the rest of the
cement paste [33]. This is reflected in mortars by increases in buildability. In a previous
article [7], it has been shown that the addition of 7% of CSA improves the buildability of a
mortar made of OPC.

5. Conclusions

In this study, the hydration mechanism and rheological behavior of cement pastes were
explored in parallel. Different amounts of CSA cement—Iless than 10%—replacing the OPC
were studied. Chemical and rheological studies showed similar behavior when the CSA
cement percentage was varied in OPC/CSA cement pastes. XRD showed that ettringite
formation in the blend appeared at an early age for P93/7 (20 min), contrarily to P100/0
and P0/100 pastes. Ettringite formation was accelerated with respect to P0/100, due to the
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lime and gypsum coming from the OPC accelerating the hydration of the ye’elimite in CSA.
These reactions happening at an early age (20 min) show the impact of the addition of these
two types of cement with each other. Weight losses in TGA-TDG comply with the XRD
results. The ettringite and portlandite amounts found in the blend at early ages (20 min)
exceeding both 100% OPC and 100% CSA cement pastes confirm that synergy is found
between the two types of cement, increasing the hydration of both once they are mixed.

In addition, the heat of hydration and structuration rate both increase when the
percentage of CSA increases in OPC/CSA blends, and they are higher for blends compared
to pure OPC and CSA cement pastes. The intensity of the heat of hydration and higher
thixotropic behavior can both be explained by the accelerated ettringite formation in the
short term.

This compatibility between the OPC and CSA cement will be useful for special ap-
plications in the construction field, such as 3D printing. This study can be of particular
interest for the premix development of innovative materials with specific performances. It
is suggested to study the use of CSA percentage (less than 10%) to reduce the autogenous
shrinkage of cement pastes in order to better control the early-age cracking of concrete.
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