ETH Library

Hydration control of ternary
cements for digital fabrication with
concrete
Conference Paper
Author(s):
Das, Arnesh; Reiter, Lex; Wangler, Timothy; Flatt, Robert J.
Publication date:
2019
Permanent link:
https://doi.org/10.3929/ethz-b-000388699
Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

Hydration control of ternary cements for digital fabrication with concrete
Arnesh Das1, Lex Reiter1, Timothy Wangler1, Robert J. Flatt1
1

Institute for Building Materials, ETH Zurich, Switzerland

Abstract
Novel building processes such as layered extrusion with concrete offer both advantages and
pose challenges to building materials, one of them being early age strength. In particular, the
material needs to sustain its own weight upon placing as well as that of the subsequently
deposited layers. If many layers should be built, this involves set acceleration. Ternary blended
cementitious systems comprising ordinary Portland cement (OPC), calcium aluminate cement
(CAC) and a calcium sulfate source (C$) such as anhydrite (along with appropriate usage of
chemical admixtures) could potentially be used to achieve this purpose. In this study, the
evolution of rheological properties and progress of hydration of such a ternary cement has been
investigated. A CAC paste was used as an accelerator for an OPC-C$ mix, keeping a fixed
ratio of CAC to C$ of 2:1 and substituting 5%, 10%, 15% and 20% of the OPC. The progress
of hydration and its products were studied using isothermal calorimetry, X-ray diffraction
analysis (XRD) and scanning electron microscopy (SEM). This was compared to the yield
stress evolution as measured with rheometric methods and the results were found to correlate
well with each other. It was found that as the dosage of CAC increased in the mixes, more
ettringite was formed and this was mainly responsible for the evolution of storage
modulus/yield stress. Also, using anhydrite meant that there were no signs of sulphate
depletion.
Keywords: layered extrusion; ternary; CAC; anhydrite.
1. Introduction
Digital fabrication has been called as the “third industrial revolution” by the Economist [1]. In
recent years, there has been an ever-increasing interest for research in the field of digital
fabrication with concrete and it certainly has shown promising signs of revolutionizing the
construction industry. Among the various digital fabrication processes, the concept of 3D
printing/layered extrusion with concrete has been the most researched one [2, 3]. Such building
processes offer a lot of advantages such as freedom of shape and constructing without
formworks, thereby reducing cost and time. However, there are certain materials engineering
challenges that need to be overcome. The material must initially be fluid enough so that it can
be pumped to the point of placing and then be well extrudable, meaning that it should hold its
shape after being forced out of the nozzle/printer. Finally, after being printed, a particular layer
of concrete should be able to sustain its own weight as well as the weight of the subsequently
placed layers [3, 4, 5, 6]. Therefore, in order to achieve this, the hydration of cement has to be
retarded initially and then accelerated before extruding. It would also be expected that the
evolution of strength/yield stress is at least linear over time to keep up with the increasing load
on printed layers.
Calcium aluminate cements (CAC) are a class of cements that are known for their rapid
hardening properties. However, they are seldom used alone. They are mainly used in mixed
binder systems with calcium sulphate to form the main hydration product ettringite [7, 8]. This
study investigates the potential of using ternary blended cement systems comprising ordinary
Portland cement (OPC), CAC and a calcium sulphate source (C$) for layered extrusion
processes. The addition of a calcium sulphate source to an OPC-CAC system is necessary to
avoid the issue of sulphate depletion [9]. The presence of aluminate ions in the pore solution
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is known to inhibit the dissolution of silicates and therefore, excess aluminates from CAC can
affect the long-term strength development of the cement system [9].
There has been a fair amount of research conducted in the past to study the chemistry of such
ternary cement systems but studies at early age are very limited. In order to effectively control
the hydration of such a ternary system, it is necessary to better understand its chemistry at early
age. In this study, the evolution of rheological properties and progress of hydration of such a
ternary cement has been investigated. A CAC paste was used as an accelerator for an OPC-C$
mix, keeping a fixed ratio of CAC to C$ of 2:1 and substituting 5%, 10%, 15% and 20% of the
OPC. The progress of hydration and its products were studied using isothermal calorimetry,
scanning electron microscopy (SEM) and X-ray diffraction analysis (XRD). This was then
compared to the yield stress evolution as measured with rheometric methods.
2. Materials and Methods
Both ternary cement paste and mortar mixes were used. The OPC used for this study was a
CEM I 52.5R (Holcim Normo 5R). Ciment Fondu (Kerneos) with about 40% monocalcium
aluminate (CA) content was used as CAC, while anhydrite was used as the calcium sulphate
source. For the mortar mixes, crushed limestone aggregates of size 0-2 mm (volume fraction
of 0.48), silica fume and limestone filler (8% and 15% by weight of cementitious material
respectively) were also used. Commercially available PCE based superplasticizer
MasterGlenium ACE30 and a 30% sucrose solution (retarder) were also used for the mortar
mixes only (1% and 0.2% by weight of cementitious material respectively). The water to
cement ratio for both the OPC and CAC mixes was 0.38. The ternary mixes were named as TR
95, TR 90, TR 85 and TR 80 for substitution of 5%, 10%, 15% and 20% of the OPC by CACC$ respectively.
2.1 Mixing procedure
The OPC-C$ and CAC pastes were prepared using an IKA mixer equipped with a 4-bladed
propeller stirrer. For both cases, the dry powder was added to the water and mixed at 500 rpm
for 3 minutes. The accelerator CAC paste mix was added to the OPC-C$ paste after 1 hour of
mixing the latter. This was then mixed for 1 minute, again at 500 rpm. The base mortar mixes
were prepared in a Hobart mixer wherein the fluids were added to the dry powder. The
superplasticizer and retarder were previously mixed along with the water. This was mixed for
2 minutes at low speed and 1 minute at medium speed. The accelerator CAC paste for mortar
was prepared in the same way as above and added after 1 hour of mixing the mortar. This was
then mixed for 1 minute at low speed.
2.2 Isothermal calorimetry
The progress of hydration of a reference OPC paste and the various OPC-C$ and ternary mixes
were studied using isothermal calorimetry. The calorimeters TAM AIR and I-Cal 8000 were
used for the cement paste and mortar mixes respectively. Both calorimeters were set to 230C.
The hydration of ternary and OPC mixes was considered with respect to time of acceleration
(1h after initial water contact).
2.3 Hydration stoppage
The hydration of the ternary cement paste mixes was stopped after 1 hour of adding the CAC
paste following a procedure by Mantellato et al. [10], conducting a solvent exchange with
isopropanol at -18°C and using 100 mL isopropanol for 5 g cement paste. Drying occurred in
a desiccator with anhydrous calcium chloride.
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2.4 XRD and SEM
XRD and SEM analyses were carried out on powder samples (hydration stopped at 1 hour) of
the various ternary cement paste mixes. For XRD, the samples were ground and sieved through
20µ. A method called Razor tamped surface (RTS) was used for mounting the sample on the
sample holder [11]. A Bruker D8 Advance diffractometer was used for the XRD measurement
of the samples. A cobalt anode was used for the generation of X-rays and measurement was
done on a range of 2q values ranging from 5-800. The qualitative phase analysis was done in
software Diffrac.Eva V4.3 while the quantification of the phases was done in software Profex
3.13.0. For SEM, a Safematic CCU-010 Metal Sputter Coater was used to coat the samples
with Pt-Pd alloy with a thickness of 4 nm to make them conductive. The images were then
acquired using instrument FEI Magellan 400.
2.5 Rotational rheometer
The various ternary cement paste mixes as well as an OPC paste mix (at 1 hour) were subjected
to three periods of testing on a rotational rheometer (Anton Paar MCR 501). The rheometer
used a serrated parallel plate geometry with a gap of 1 mm between the upper and lower plates
and their diameters being 25 mm and 50 mm respectively. The test was started immediately
after the mixing. The first two periods for the test were same as that followed by Reiter et al.
[12]. In the first period, the samples were sheared with a constant strain rate of 50 s-1 while the
second period applied a shear strain oscillation of 0.0005% at a frequency of 1 Hz for 20
minutes. The third period involved applying an increasing strain amplitude from 0.001% to
10% at a frequency of 1 Hz.
2.6 Penetration and compressive strength
Penetration and compressive strength measurements were conducted on the various ternary
mortar mixes. The needle for the penetration test had a conical shape with a height of 30 mm
and a radius of 10 mm and was attached to a load cell of 1 kN in a Zwick universal testing
machine. The mortar mixes were cast into cylindrical molds having diameter of 90 mm and
height of 120 mm. Once the conical part was level with the sample surface, the test started with
the needle inserting at a rate of 20 mm/h. The penetration stress was calculated based on the
area of the needle which was 314 mm2. Uniaxial compression tests were carried out in
displacement-controlled mode at a rate of 0.2 mm/s. The mortar mixes were cast into
cylindrical samples having diameter of 70 mm and height of 140 mm. The samples were
demolded 10 minutes prior to measurement and a foam sheet was placed between the sample
and steel calotte to ensure uniform loading over the surface.
3.Results and Discussion
3.1 Isothermal calorimetry for cement paste mixes
The progress of hydration of all the OPC-C$ and ternary cement paste mixes was studied using
isothermal calorimetry. All OPC-C$ pastes remained in the induction period of hydration
between 1 and 2 hours and had a heat rate value of 0.75 mW/g of binder. The accelerator CAC
paste was added at 1 hour of the OPC-C$ mixes and the progress of hydration thereafter of the
various ternary mixes as well as that of a reference OPC paste mix is shown in Figure 1.
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Figure 1. Isothermal calorimetry of OPC paste and various ternary mixes (1 hour after initial water
contact)

Figure 1a) shows a heat release increase in the first minutes of CAC addition and that increases
with the amount added. However, the time of onset of the acceleration period is roughly the
same for all mixes (2 hours). Table 1 shows the cumulative heat released per gram of binder in
the first two hours as well as heat released per gram of OPC after the onset point (2 hours) until
48 hours for all the mixes. Also, it is observed that the height of the main hydration peak
decreases as the amount of CAC in the mix increases, however, normalized to the OPC quantity
the cumulative heat at 2 days remains the same. The presence of additional aluminates does
not seem to affect the hydration of silicates as can be seen from the relatively similar heat
values for all mixes after the onset point.
Table 1. Cumulative heat released for OPC paste and various ternary mixes

Mix ID
OPC
TR 95
TR 90
TR 85
TR 80

Heat released in first 2 hours
[J/g of binder]
4.8
7.2
14.8
27.7
50.2

Heat released after onset point
[J/g of OPC]
278.6
264.5
271.4
266.9
266.7

3.2 XRD and SEM
The qualitative analysis of the XRD patterns of the various ternary cement mixes revealed the
presence of ettringite (AFt) as the only hydration product. Table 2 shows the quantities of the
various phases obtained from XRD measurements/Rietveld refinement. The fact that other
crystalline hydration products such as portlandite and monosulphate aluminate hydrate (AFm)
were not found from XRD measurements can also be justified from the SEM images of the
various mixes, although the presence of amorphous phases cannot be excluded. Figure 2 shows
the SEM images of the various ternary mixes. The SEM images do not reveal the presence of
any hexagonal/plate-like crystals. From Table 2, it can be seen that the amount of ettringite
formed in the first hour increases with higher CAC content. This is also qualitatively evident
from the SEM images wherein presence of more and thicker needle like crystals is observed.
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Table 2. Quantification of phases from XRD measurements/Rietveld refinement

Phase

TR 95
62.08
3.16
3.91
10.90
6.57
0.81
2.24
10.33

C3S
C2S
C3A
C4AF
Gypsum
Anhydrite
CA
Ettringite

(a)

(c)

Weight [%]
TR 90
TR 85
56.88
54.18
2.79
2.06
3.66
3.71
11.96
11.88
6.44
5.37
1.03
1.46
4.73
5.07
12.50
16.27

TR 80
52.24
1.28
3.82
11.76
5.90
1.71
3.93
19.36

(b)

(d)

Figure 2. SEM images of (a) TR 95; (b) TR 90; (c) TR 85; (d) TR 80; after 1 hour of adding CAC
paste
3.3 Rotational rheometry

After the first pre-shearing period, all the mixes reached a steady state shear stress value with
similar apparent viscosity (8-12 Pa s). This means that the structure is broken down to a similar
degree at the start of the small amplitude oscillatory strain phase and this simulates the
condition after the mixing and extrusion process. The second period tested the evolution of
storage modulus with time. Figure 3 shows the evolution of storage modulus with time for the
various ternary mixes as well as a reference OPC paste mix. It is observed that the storage
modulus evolves linearly over time for mixes TR 95, TR 90 and TR 85 and the increase in
slope is also progressively linear. However, the increase in storage modulus for mix TR 80 is
significantly larger. The evolution of storage modulus for these mixes can be well correlated
to the heat of hydration observed during the same timeframe as well as to the increase in the
amount of ettringite formed as observed from XRD measurements and the SEM images.
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Figure 3. Evolution of storage modulus with time for OPC paste and various ternary cement paste
mixes

In the third period, a strain amplitude sweep is applied to measure critical strain and yield
stress. Table 3 shows the critical strain and yield stress values for the various ternary mixes.
Both critical strain and yield stress values increase as the CAC content increases. While critical
strain increases linearly with the increase in CAC content, the increase in yield stress values
from TR 85 to TR 80 is significantly larger compared to the increase observed from TR 95 to
TR 90 and from TR 90 to TR 85. This correlates well to the relatively high increase in storage
modulus observed for TR 80. There seems to be an exponential evolution of the yield stress
and storage modulus with CAC dosage, especially for the ternary mixes.
Table 3. Critical strain, yield stress and storage modulus (after 2nd period) values for various mixes

Mix ID
OPC
TR 95
TR 90
TR 85
TR 80

Critical strain [%]
0.071
0.057
0.088
0.112
0.136

Yield stress [Pa]
93.8
927
4170
9150
23400

Storage modulus [MPa]
0.9
7
19
41
172

3.4 Isothermal calorimetry for mortars
Figure 4 shows the isothermal calorimetry results of various ternary mortars as well as of the
non-accelerated OPC mortar mix.
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Figure 4. Isothermal calorimetry for non-accelerated OPC and ternary mortars (after acceleration)
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Similar to the observation made from isothermal calorimetry of cement paste mixtures, the heat
of hydration in the early minutes for ternary mortars also increases as CAC content increases.
The onset of acceleration period is slightly accelerated with higher dosage of CAC. This
suggests that the addition of CAC is negating the retarding effect of superplasticizers and
sucrose. Also, there are no signs of sulphate depletion taking place which is similar to that
observed for cement paste mixes.
3.5 Penetration and compressive strength
Figure 5 shows the evolution of stress from penetration test and compressive strength with time
for the ternary mortar mixes compared to the OPC mortar without acceleration. All ternary
blends demonstrate a significant strength buildup over time, reaching one hour after
acceleration, 10 kPa compressive strength for TR 95 and more than 100 kPa for higher
substitution. There seems to be a linear evolution of compressive strength for a given
composition with time. The slope of strength increase appears to increase in a way similar to
that observed in cement pastes, being very sensitive (10x) from the OPC mortar to TR 95 and
doubling each time from TR 90 to TR 85 to TR 80. The results from the penetration test are
however somewhat different. As can be seen from the figure, there is a steep increase in slope
from TR 95 to TR 90.
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Figure 5. Evolution of penetration stress and compressive strength for ternary mortars

4. Conclusions
This study investigated the potential of using ternary blended cement systems for the purpose
of layered extrusion. CAC paste was used as an accelerator for an OPC-C$ mix. The progress
of hydration and evolution of rheological properties were studied for different substitutions of
the OPC by CAC-C$. The results obtained from the different rheometric tests in both pastes
and mortars seemed to correlate well to the results from isothermal calorimetry, XRD and
SEM. It was found that as the dosage of CAC increased in the mixes, more ettringite was
formed and this was mainly responsible for the evolution of storage modulus/yield stress. Also,
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because a calcium sulphate source such as anhydrite was used in the ratio of 1:2 with respect
to CAC, signs of sulphate depletion before the occurrence of silicate hydration were not visible
in isothermal calorimetry. Higher CAC dosage also did not seem to have any negative impact
on the hydration of silicates from OPC. In conclusion, it can be said that such ternary cement
systems have enormous potential to be used for layered extrusion work. However, more studies
need to be conducted in order to better understand the chemistry of such systems, especially
because the strength buildup response is not linear with dosage.
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