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ABSTRACT

Digital fabrication processes with concrete offer several advantages compared to conventional processes, however, a major criticism with related concrete mixes has
been with regard to their high cement paste content and consequent carbon footprint. One of the ways to address this is to reduce ordinary Portland cement (OPC)
content in such mixes by using supplementary cementitious materials. This paper reports on such an approach for two different digital fabrication methods: digital
casting system and 3D concrete printing. Results focus on the combined use of such low carbon blends with a calcium aluminate cement (CAC) based accelerator. Two
such accelerators were studied: one being mainly crystalline based and the other mainly amorphous. Their performance is assessed at different temperatures. It is
concluded that crystalline CAC is more suitable for applications above 20 °C while at temperature below 20 °C, amorphous CAC should be preferred. This paper also
delves deeper into the effect of amorphous CAC on the hydration of tricalcium silicate present in OPC. It shows that the effect of amorphous CAC on that silicate
depends on the OPC content of the system as well as on the type and amount of calcium sulfate used in the accelerator formulation.

1. Introduction

Research in digital fabrication with concrete has progressed greatly
in the past years and as a result, interest in this field is also ever flour-
ishing. There are many works that address the advantages and chal-
lenges associated with digital fabrication methods over conventional
ones [1-6]. 3D concrete printing (3DP) and digital casting systems (DCS)
are two of the well-established methods of digital fabrication [7-13].

In both cases, there remain however both materials science and
process engineering challenges that need to be overcome. To begin, the
material needs to be stable and pumpable for long periods of time
without a significant flow loss. For this, it is common to retard the
material to block the tricalcium silicate hydration and ensure enough
open time [14,15]. Next, the material must be placeable according to
process requirements. For instance, for 3D printing, the material needs
to be extrudable with a yield stress sufficiently high for it to hold its
shape after extrusion, whereas for digital casting, the material must be
self-compacting so that it can easily fill the formwork [12,15]. Finally,
for either process, the next requirement is for the material to build up
strength rapidly. For this purpose, the material is often accelerated prior
to the placing process and such a concept is referred to as ‘set on de-
mand’ [16-22].

For ease of processing, digital concrete mixes are often associated
with high cement paste content and a major criticism has been that such
mixes are not the most sustainable. Furthermore, the set control of such
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mixes with most commercially available accelerators is easier to achieve
when the ordinary Portland cement (OPC) content is relatively high.
Another major limitation regards the size and volume of aggregates that
can be incorporated into such mixes [23,24]. This is mainly due to
processing and equipment limitations (pumping and inline mixing).
Concerning the sustainability aspect, there are two ways of reducing the
carbon footprint of the material - first, by increasing the volume of the
aggregates and second, by substituting a part of the OPC by supple-
mentary cementitious materials (SCMs). This study primarily focuses on
the latter, and specifically on the strength build-up aspect, identifying
suitable accelerators for such systems. Thereby, it brings an important
addition to the currently still rather limited literature on the low carbon
digital concrete mixes [25-28]. Information on process optimization
and increased aggregate volume can be found elsewhere [29-32].

1.1. Strength development phases

Depending on the type of digital fabrication method, different
strength development phases can be defined. This paper mainly focuses
on the methods of digital casting and 3D printing. Fig. 1 shows the
different strength development phases for the two processes. It is to be
noted that the initial yield stress for the two processes are different.

For digital casting, three strength development phases may be
identified (Fig. 1a).
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Fig. 1. Strength development phases for (a) Digital Casting System and (b) 3D concrete printing.

1. Early-age stiffening: One of the major advantages of the DCS is that
the casting can be done in a continuous process in structurally
optimized and low-cost thin formworks [12,13]. As the material is
accelerated prior to the casting step, this allows having very limited
build-up of hydrostatic pressure on the formwork. This strength
evolution is critical for the fabrication phase.

2. Demolding/transport strength: The second stage of strength evo-
lution mainly concerns the first 4-6 h. This characteristic of DCS can
be exploited by the precast concrete industry. The current practice in
the precast industry is that material is cast in standard formworks
following the approach of batch processing and they are demolded
about 10-24 h later. For DCS, since the material is accelerated before
the casting process, it should be possible to demold/transport the
elements earlier, provided the required strength (12-15 MPa as
recommended by industry) is achieved. This can increase the pro-
duction rate by about 50 % [12].

3. Long-term strength: Finally, the cast elements need to reach the
required long-term strength properties, and this should be achiev-
able through the hydration of OPC and SCMs. However, it is
important to ensure that the accelerator type and formulation used
does not adversely affect binder hydration in any way.

For 3D concrete printing, two strength development stages (Fig. 1b)
may be identified.

1. A) Early-age stiffening: The strength build-up during the produc-
tion phase is needed so that any extruded layer can sustain its own
weight as well as that of the layers that would be subsequently placed
over it. We distinguish two main approaches. First, an unsheared
material, also referred to as a continuous brick, which stays in place
after extrusion without accelerator, but may have a slower long-term
strength gain. Second, the sheared material, this requires the addi-
tion of an accelerator to set as it is extruded and not flow out too
much. Its initial strength gain rate is higher owing to the accelerator
and therefore allows for a fast vertical building rate [15,16].B)
Buildability rate: After deposition, the material needs to gain
strength at a sufficient rate to avoid the lower layers from collapsing
under the initial load. It is also understood that a too high initial
strength gain may be detrimental to interlayer bonding, leading to
the formation of so-called cold joints [15]. In contrast to DCS, there is
no formwork to provide even a minimal support to the material, and
the risk of cold joints is higher because the lower yield stress of DCS
favors a better connection. However, in the case of DCS with thin
formworks, a sufficient buildability rate is still important to keep the
hydrostatic pressure to a minimum.

2. Long-term strength: After fabrication, the 3D printed structure
would then have to fulfil the required long-term strength properties,
and this is to be provided by the binder hydration. Again, it is

important that this hydration, in most case in particular that of tri-
calcium silicate (C3S), is not compromised due to use of certain ac-
celerators or any other admixtures included in the mix design [18,
19].

Among the various strength development phases, the first stage of
‘early-age stiffening’ is the most critical for either process, and having
proper control over it can be even more challenging. There are
numerous thickeners and accelerators that can be used for this. Viscosity
modifying admixtures (VMASs) can contribute to an increase of yield
stress but since they mostly influence the flocculation behavior, the
required production strength would likely be difficult to achieve,
particularly when a tall structure is to be printed/cast [15,33-35].
Common accelerators based on calcium chloride, calcium nitrate and
C-S-H seeds are also available, but since they act on the silicate hydra-
tion, their benefit in providing the required ‘early-age stiffening’ in the
first half hour to 1 h is limited [32-34]. Aluminate based accelerators
based on either suspensions of calcium aluminate cement or aluminium
sulfate rich solutions are more effective for the first stage and have been
successfully used for 3D printing and DCS [11,15,16]. Such accelerators
are also not affected by the retarders used for blocking silicate hydration
[19]. Their performance is however influenced by temperature [36].

For DCS, the dosage of aluminate-based accelerators commonly used
would not provide the required strength for demolding/transporting the
elements. In order to obtain this strength, it is critical that the onset of
silicate hydration happens well before the estimated demolding time.
The fact that the base material mix is initially retarded to block the
silicate hydration can make the situation trickier. Therefore, the correct
dosage of retarder should be used so that the induction period of hy-
dration after acceleration is not too long. Additionally, the temperature
and both the type(s) and amount of SCM(s) used can also impact the
onset point. In the case of 3D printing, the onset of silicate hydration is
also critical for the stability of the printed structure, particularly for tall
structures of height over 1m.

1.2. Aluminate-silicate-sulfate balance

For each of the strength development stages mentioned in the pre-
vious section, the aluminate-silicate-sulfate balance plays quite a critical
role. It is well known that a high concentration of aluminate ions in the
pore solution can adversely impact the C3S hydration, which will
eventually delay the onset point and also lower the long-term strength
significantly [37-39]. Concerning the mechanism of the retarding action
of aluminates on silicates, a major hypothesis is that the ions adsorb on
to the surface of C3S and block its dissolution [40,41]. Another hy-
pothesis states that the presence of aluminate ions means that C-A-S-H
precipitates instead of C-S-H and the former cannot act as seeds for
further C-S-H growth, thus penalizing C3S hydration [42]. A third
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hypothesis talks about hydration products such as ettringite forming a
barrier around the C3S particles which inhibits dissolution [43]. How-
ever, this is not widely accepted as it was shown that even very low
amounts of aluminate ions can heavily retard C3S hydration [39].

One of the most common ways of avoiding the negative effect of
aluminates is by using an additional calcium sulfate source. This helps to
consume aluminate ions released in solution by precipitating them in
ettringite which has a low solubility [44,45]. The type and amount of
calcium sulfate used also plays a crucial role. The main calcium sulfate
phases arranged in the decreasing order of their reactivity are hemihy-
drate (CaS04.0.5H>0), gypsum (CaS0O4.2H50) and anhydrite (CaSO4). If
aluminate-based accelerators are used, the dissolution rate of the chosen
calcium sulfate phase is also critical, particularly depending on the
amount and rate at which the aluminates can dissolve [46]. Apart from
this, it should be noted that a too high dosage of sulfates can lead to
expansion issues [47,48].

In this paper, we have investigated the performance of calcium
aluminate-based accelerators on blended cements. Further to this, an
accelerator based on C-S-H seeds is also included. The performance of
these accelerators is assessed at different temperatures. Studies are
mainly based on progress of hydration, evolution of rheology immedi-
ately after acceleration and strength measurements. Based on this, we
provide insights into mechanisms involved at early-age in the studied
blended cement systems. Finally, conclusions are drawn about the
suitability of such accelerator(s) for digital fabrication processes as DCS
and 3DCP.

2. Materials and methods
2.1. Material

The OPC used for this study is CEM I 52.5R (Holcim Normo 5R). Two
blended cement (BC) mixes were studied and for comparative purpose,
an OPC mix was also included in the study. They have been named as
BC70 (70 % OPC) and BC50 (50 % OPC). The SCMs used were limestone
(LS; Nekafill 15, source: Kalkfabrik Nestal AG) and silica fume (SF;
source: Holcim). The water to binder ratio of the studied cement paste
mixes was 0.45. The composition of the BC mixes are as follows.

e BC70: 70%0PC +20%LS +10%SF
e BC50: 50%0PC +40%LS +10%SF

For studies on concrete mixes, apart from the above binders,
limestone-based aggregates of size 0-4 mm and 4-8 mm were used. A
commercially available PCE based superplasticizer called Master-
Glenium ACE30 was used, while the viscosity modifying admixture
(VMA) used was called MasterMatrix SCC2 (both sourced from Master
Builders Solutions, Switzerland). An accelerator based on C-S-H seeds
(X-seed STE54; Master Builder Solutions, Switzerland) was also used.
For the BC concrete mixes, the water to binder ratio was 0.37. A lower
water to binder ratio compared to the paste mixes was selected as the
concrete mixes were prepared with superplasticizer, so the required self-
compacting nature of the material was obtained. For the hydration
studies on paste samples, the use of superplasticizer was avoided, and for
it to be self-compacting, a higher water to binder ratio of 0.45 was
selected. The difference in water to binder ratio for the paste was
deemed okay since this has minimal effect on hydration kinetics.

Two different grades of CAC based accelerator were used for the
study. One is crystalline based (CryCAC; Ciment Fondu, Imerys France)
and the other is amorphous based (AmpCAC; LEAP FIT, Imerys France).
The ratio of CryCAC to anhydrite was always fixed at 2:1. The
commercially available amorphous based CAC already has the anhydrite
included in it, the ratio of CAC to C$ being 1:1. A pure amorphous CAC
(LEAP PURE, Imerys France) was also used which did not have any
anhydrite included. Different ratios of AmpCAC and anhydrite (Anhy;
Francis Flower) were tried with the LEAP PURE material. Additionally,
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Table 1
Mineralogical composition of used OPC and CryCAC using Rietveld analysis of
XRD patterns. Phase quantities are normalized to 100 % of crystalline phases.

OPC CryCAC
Phase Amount [% wt] Phase Amount [% wt]
CsS 67.94 CA 63.14
CaS 6.73 Ci247 3.81
CsA 5.37 C,S 8.85
C4AF 11.13 CoAS 2.78
Gypsum 7.25 C4AF 21.43
Anhydrite 0.42
Calcite 1.15
Table 2

Specific surface area (SSA) and characteristic particle diameter Dsy of used
materials.

Material SSA [m?/g] Dso [pm]
OPC 0.96 13.1
CryCAC 0.76 13.7
AmpCAC 0.82 12.4
Anhy 1.61 13.8
Hemi 1.52 18.8
LS 1.10 141
SF 20.20 0.8

hemihydrate (Hemi; FIXIT) was used as an alternative calcium sulfate
source and the effect of inclusion of portlandite (CH; Sigma Aldrich) was
also investigated. The CAC based accelerator pastes had a water to
binder ratio of 0.38 and they were always retarded with tartaric acid
(TA). The dosage of TA was 0.1 % and 0.3 % by weight of binder for the
CryCAC and AmpCAC respectively.

Table 1 shows the mineralogical composition of used OPC and Cry-
CAC using Rietveld analysis of XRD patterns. A Bruker D8 Advance
Diffractometer which uses a cobalt anode for the generation of X-rays
was used for the XRD measurement. The measurement was done on a
range of 20 values from 5-80°. The qualitative and quantitative phase
analysis were then done in DiffracEva V4.3 and Profex 3.13.0 respec-
tively. Phase quantities are normalized to 100 % of crystalline phases.
With regard to AmpCAC (for which XRD analysis is not possible), it is
known to have up to 95 % of amorphous calcium aluminate phases
wherein the ratio of C to A is 1.7 (based on information received from
producer/supplier, Imerys, France).

Table 2 shows information about BET specfic surface area (SSA)
measurements as well as characteristic particle diameter (Dsp) of the
used materials. The BET specific surface area measurements of the ma-
terials used were done on instrument Micromeritics Tristar I 3020 using
a BET multi-point nitrogen physisorption apparatus, while Dgy was
measured by laser diffraction after dispersion in isopropanol.

2.2. Mixing procedure

The preparation of the cement pastes was done in ambient lab tem-
perature (20 °C). For the experiments done at 10 °C, all the raw mate-
rials were stored in a fridge at 7 °C, while the mixing happened in lab
temperature.

The cement pastes were prepared using an IKA mixer which was
operated at 500 rpm for 2 min. A delayed addition of the accelerator
paste was followed, pertaining to the requirements of digital fabrication
processes. The accelerator paste was added to the base mix, after at least
10 min of preparation of the latter. This was done to ensure that the base
mix is well into the induction period. The dosage of accelerator was done
by weight of binder. After addition to the base mix, it was mixed for an
additional 1 min with the IKA mixer, again at 500 rpm.

For the concrete mixes, all the ingredients of the base mix were
mixed for 5 min. The admixtures were added to the mixing water. The
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Table 3

Summary of experimental methods followed and parameters studied in sections

3.1 and 3.2.

Section  Name

Experimental methods
followed

Parameters studied

3.1 CryCAC vs
AmpCAC

3.2 Influence of
AmpCAC on

C3S hydration

1.Rotational rheometry of
paste samples at 16 °C
and 23 °C.

2.6h compressive
strength measurement of
concrete mixes at

16-18 °C.

3.Isothermal calorimetry
of paste samples at 16 °C.
1.Rotational rheometry of
paste samples at 10 °C
and 16 °C to study early-
age stiffening.
2.Isothermal calorimetry
of paste samples at 10 °C

1.Effect of CryCAC on
early-age stiffening of
OPC, BC70 and BC50 at
23°C.

2.Effect of CryCAC and
AmpCAC on early-age
stiffening and demolding
strength at 16 °C.

1.Effect of AmpCAC
dosage.

2.Effect of AmpCAC to C
$ ratio.

3.Effect of hemihydrate
and calcium hydroxide

and 23 °C.

accelerator paste was subsequently added to the base mix after at least
10 min and mixed for an additional 1 min.

2.3. Rotational rheometry

The rheometer used was AntonPaar MCR 501. A parallel plate ge-
ometry was used, with the diameters of the upper and lower plates being
25 mm and 50 mm respectively. The test protocol followed was in
accordance with Reiter et al. [49]. In a first period, the samples were
pre-sheared with a constant shear rate of 50 s™, which resulted in a
constant shear stress for all mixes before measuring strength evolution.
As part of the second period, samples were subjected to a very small
oscillatory shear strain (0.0005 %) with a frequency of 20 Hz. The
evolution of storage modulus over time was then monitored for 20 min.
The rheometry measurements were done at 10 °C, 16 °C and 23 °C.

2.4. Isothermal calorimetry and compressive strength

A TAMAIr calorimeter was used to monitor the progress of hydration
of the various accelerated mixes. It was operated at 10 °C and 16 °C. The
compressive strength was tested for the concrete mixes on 15 cm cubes
and the temperature range of curing/testing was 16-18 °C. The strength
was measured at 6h after accelerator addition. Three cubes were cast for
each tested mix and a machine from the company ‘Testing GmbH’ was
used for testing the cubes.

2.5. Pore solution extraction and ICP-OES

Pore solution analysis was done for mix BC50 before and after ac-
celeration. The pore solution was extracted by centrifugation and for the
accelerated mixes, they were extracted immediately after acceleration.
The centrifuge Allegra25R was used, and it was operated at 10000 rpm
for 4 min.

The pore solutions were then immediately filtered using a 0.45 pm
Nylon filter (Millipore). Samples were then diluted with 2 % nitric acid
by weight. For each mix, samples were prepared with dilutions of 1:10
and 1:200 for the quantification of low-concentration elements (Al, Mg,
Fe and Si) and high concentration elements (Ca, Na, K, S). For the ICP-
OES measurement, the device Agilent 5100/5110 VDV was used.

3. Results and discussion

The first sub-section (3.1) shows results that help in identifying
accelerator type/formulation that are suitable for digital casting and 3D
printing, at two different temperature ranges: below and above 20 °C, a
choice justified based on the accelerator behavior. First, we look at the
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Fig. 2. Evolution of storage modulus over time for OPC and various blended
systems at 23 °C. All mixes are accelerated with 5%CryCAC by weight of binder.

‘early-age stiffening’ performance of CryCAC and AmpCAC at 23 °C and
16 °C, followed by compressive strength measurements at 6h. The
isothermal calorimetry results of the different mixes are also included
which further validate the observations of the strength measurements.
In section 3.2, we delve deeper into the effect of AmpCAC on C3S hy-
dration. A colour convention has been used for presenting the different
results throughout the paper. The OPC, BC70 and BC50 mixes are rep-
resented by black, blue and green respectively.

Table 3 shows an overview of sections 3.1 and 3.2 with regard to
experimental methods followed and parameters studied in each case.

3.1. CryCAC vs AmpCAC at 23 °C and 16 °C

3.1.1. Early-age stiffening

Based on previous studies, it was concluded that at 23 °C, CryCAC is
the preferred accelerator [36]. Fig. 2 shows the evolution of storage
modulus over time for accelerated OPC and various blended systems at
23 °C. All accelerated samples show rates of strength gain that are
similar and much larger compared to a non-accelerated OPC mix. This
indicates that in the reported measured period (20 min), early-age
stiffening with CryCAC is independent of the OPC or C3S amount. In-
sights about the involvement of C3S hydration in the first hour for
OPC-CAC-C$ systems can be found in Das et al. [50].

Fig. 3 shows the evolution of storage modulus for various accelerated
mixes at 16 °C, using both CryCAC and AmpCAC. As can be seen in
Fig. 3a, AmpCAC shows a faster rate of strength build-up compared to
CryCAC. For the latter, both BC70 and BC50 mixes show similar rate of
strength development which again confirms the observation made at
23 °C. Also, AmpCAC shows a much faster rate of strength build-up for
BC50 compared to that of BC70 which suggests that the OPC content of
the system a role to play here. We look at this effect in more detail in
section 3.2.1. Fig. 3b shows the evolution of storage modulus for mix
BC50 at different dosages of AmpCAC. A higher dosage expectedly re-
sults in faster strength evolution which however does not scale linearly
with the dosage. Indeed, at 2.5 % AmpCAC dosage, there is absolutely no
increase in strength gain with respect to an unaccelerated OPC system.
This points to the performance of AmpCAC having a dosage dependency
with a threshold below which it does not seem to work.

3.1.2. Demolding/transport strength

Based on Fig. 3, it is clear that below 20 °C, AmpCAC is the preferred
accelerator when it comes to obtaining the desired ‘early-age stiffening’
for a given digital fabrication process. Next, we look at the performance
of the two accelerator types for the ‘demolding/transport strength’. This
is particularly critical for increasing productivity for digital casting
processes.

Fig. 4 shows the compressive strength measurements for the various
mixes at 6h after acceleration. Past experience showed that at 16-18 °C,
the calcium aluminate accelerators alone struggled to reach demolding
strengths at 6h. For this reason, experiments were conducted by adding
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Fig. 5. Heat rates curves from isothermal calorimetry (at 16 °C) of the various
accelerated mixes.

C-S-H seeds to mixes along with those calcium aluminate accelerators. A
dosage of 5 % C-S-H seeds was selected, keeping in mind the lower
temperature of the casting/curing conditions. In what follows, we report
on the 6h strength of these mixes including both a calcium aluminate
and a C-S-H seed accelerator. First, the OPC concrete mix shows a
strength of 20.1 MPa with 8%CryCAC which is well above the required
strength of 12-15 MPa for demolding/transporting the cast element. For
mix BC70, an 8 % dosage of AmpCAC and CryCAC results in strength of
12.6 MPa and 10.6 MPa respectively. While this suggests that AmpCAC
may be better than CryCAC below 20 °C, it is cannot deliver demolding
strengths in the lower carbon blend BC50 at the same dosage (4.7 MPa at
6h).

Fig. 5 shows the heat rate curves from isothermal calorimetry (at
16 °C) of the various accelerated mixes. Both accelerated mixes of BC70
have essentially the same silicate peak of hydration, indicating that for
BC70, neither accelerator has any adverse effect on tricalcium silicate
hydration. The higher strength of BC70 accelerated with AmpCAC
compared to that with CryCAC therefore most probably comes from the

16
£
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s 4
a —OPC

0

0 5 10 15 20
Time [min]

Fig. 6. Evolution of storage modulus over time for OPC and various blended
systems at 10 °C. All mixes are accelerated with 5%AmpCAC by weight
of binder.

fact that AmpCAC has higher amounts (90-95 %) of reactive component
compared to CryCAC (55 % CA).

The lower peak of BC70 compared to OPC mix is expected as the
silicate content of the mix is lower for the former. However, the silicate
peak for accelerated BC50 is drastically lower and furthermore, its onset
also takes place much later, after 9h instead of about 2h (as observed for
the other mixes). This explains the particularly low 6h strength of BC50.
It also indicates that in the case of BC50, an 8 % dosage of AmpCAC
negatively affects the silicate hydration, most likely due to the aluminate
ions in the pore solution. We delve deeper into this effect of AmpCAC on
silicate hydration in section 3.2.

3.1.3. CryCAC vs AmpCAC

Before moving into the next section, we can draw some conclusions
based on the results presented thus far. It has been established that
AmpCAC appears to be the more appropriate accelerator to use at low
temperatures, as it shows a more robust performance at temperatures
below 20 °C. This is in line with previous reports that the dissolution rate
of AmpCAC is not affected in the temperature range of 5-20 °C [51]. On
the other hand, CryCAC is more suitable for temperatures above 20 °C.
The open time of the respective accelerator pastes at these temperatures
is also critical. It is particularly difficult to retard the AmpCAC and
therefore, its application for digital fabrication processes is limited to
low temperatures [36].

In terms of early-age stiffening at 16 °C, AmpCAC shows better
performance compared to CryCAC. The strength results at 6h also con-
firms that AmpCAC is better for demolding/transporting the cast
element. For OPC systems, AmpCAC up to a dosage of 8 % does not affect
the silicate hydration but in the case of BC mixes, there seems to be an
effect which likely depends on the OPC content of the mix.
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Fig. 7. Heat rates curves from isothermal calorimetry (at 10 °C) of OPC and
BC50 accelerated with different dosages of AmpCAC, (a) heat rate is normalized
by weight of binder, (b) heat rate is normalized by weight of OPC.

3.2. Influence of AmpCAC on C3S hydration

At lower temperatures (10 °C), it was concluded in an earlier study
that AmpCAC should be used [36]. Building on that, we examine the
storage modulus evolution of various binders at 10 °C, all accelerated
with 5% AmpCAC. As can be seen from Fig. 6, the initial rate of strength
build-up increases as the OPC content of the mix decreases. The reason
for this is to be found in the fact that as the OPC content decreases, the
overall sulfate content of the mix also decreases due to gypsum present
in OPC. Indeed, a higher amount of calcium sulfate should promote a
faster formation of ettringite and reaction of AmpCAC.

Based on Figs. 4-6, AmpCAC shows different performance depending
on the OPC content of the system. Specifically, a significantly higher rate
of strength build-up is observed with BC50 during the ‘early-age stiff-
ening period’, while a significantly lower strength is obtained at 6h with
that same binder. Also, from Fig. 5 it is clear that AmpCAC affects the
hydration of CsS, a topic that we deal with in more detail in the
following section.

Fig. 7 shows the heat rates curves from isothermal calorimetry (at
10 °C) of OPC and BC50 accelerated with different dosages of AmpCAC.
The silicate hydration proceeds normally for the OPC mixes up to an
AmpCAC dosage of 10 % as well as for BC50 up to a dosage of 5 % by
weight of binder. However, BC50 accelerated with 7 % AmpCAC shows a
delayed silicate hydration with a significantly smaller peak. In partic-
ular, Fig. 7 (b) shows heat rate curves of the different accelerated mixes
normalized by weight of OPC. As can be seen, up to a dosage of 5 %
AmpCAC, the peak of silicate hydration is very similar to that of the
accelerated OPC mixes. However, for the case of 7 % AmpCAC dosage,
the peak is much lower and the onset of hydration happens much later,
after 6h.

It is likely that this results from a flash set. Indeed, a very sudden
change in rheology was observed for mix BC50_7%AmpCAC, which
prevented it from being measured for strength build-up in the rheom-
eter. To gain further insights into the behavior of AmpCAC in systems
with low OPC content, the following factors were examined.
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Fig. 8. Heat rates curves from isothermal calorimetry (at 10 °C) of mix BC50
with various ratios of CAC to C$. The accelerator dosage is 7 % by weight
of binder.
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Fig. 9. Heat rate curves from isothermal calorimetry (at 10 °C) of different
mixes at different CAC to C$ ratios. It is shown for different accelerator dosages.

e CAC to C$ ratio: The commercially available AmpCAC (LEAP FIT)
has a CAC to C$ ratio of 1:1. Different ratios of CAC to C$ (with pure
AmpCAC and anhydrite) were tested and their behavior was
observed by calorimetry.

e Hemihydrate: Apart from the amount and type of calcium sulfates

present in a system, the rate at which they dissolve could also have an

effect in preventing the flash set. Therefore, hemihydrate was also
tested instead of anhydrite.

Calcium hydroxide (CH): As reported by El Housseini, the addition

of CH can help in the hydration of C3S [52]. Thus, this compound was

also added in the base mix and progress of hydration was assessed.

3.2.1. Effect of AmpCAC to C$ ratio

Fig. 8 shows the heat rate curves from isothermal calorimetry (at
10 °C) of mix BC50 with four different ratios of CAC to C$, all with the
same accelerator dosage (7 % by weight of binder). The two samples
with the higher anhydrite content (CAC to C$ ratio of 1:2 and 2:3) leads
to the silicate hydration to proceed normally, while the two lower ones
show the reaction to be inhibited (CAC to C$ ratios of 1:1 and 2:1).

Fig. 9 shows the heat rate curves from isothermal calorimetry (at
10 °C) of different mixes (OPC, BC70 and BC50) with various CAC to C$
ratios and for different accelerator dosages. There are two categories of
mixes herein, one in which the C3S hydration proceeds normally and the
other in which it is retarded. In particular, mix BC50 with a 7 % accel-
erator dosage at 1:1 CAC to C$ ratio shows a strongly inhibited C3S
hydration, while this is not the case for the same accelerator dosage but
with a CAC to C$ ratio of 2:3 ratio. If we keep the CAC to C$ ratio at 1:1
but reduce the accelerator dosage from 7 % to a 5 % dosage, the C3S
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Table 4
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Ratios of pure AmpCAC to sulfates for studied mixes at different accelerator dosages. Mixes are arranged from top to bottom in increasing order of the ratio.

Base mix name Accelerator dosage [%]

Selected ratio of pure AmpCAC to C$ Ratio of pureAmpCAC to sulfates(mix)

No retardation BC50 7
BC50 5
OPC 10
Retardation BC50 7
BC70 7

2:3 0.38
1:1 0.43
1:1 0.44
1:1 0.52
2:1 0.68

——— BC50_7%AmpCAC(1CAC:1Hemi)

----- BC50_7%AmpCAC(2CAC:1Hemi)

BCS0_7%AmpCAC(1CAC:1 Arhy)
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e
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Heat Rate [mW/g of binder]
=)
wn

0 6 12 18
Time [h]
(b)

Fig. 10. Heat rate curves from isothermal calorimetry (at 10 °C) of mix BC50
with 7 % accelerator dosage (a) different ratio of AmpCAC to hemihydrate (b)
Different dosages of CH addition in the base mix. These mixes are compared
with BC50 with 7 % AmpCAC (1:1).

hydration is not inhibited either. Also for a 1:1 CAC to C$ ratio but with
OPC as a binder, no C3S retardation is observed, even with a 10 %
dosage. Apart from this, for an intermediate case with BC70, a 7 %
dosage with 1:1 ratio does not affect silicate hydration but a ratio of 2:1
does. These results essentially show that the behavior of AmpCAC de-
pends on the sulfate content of the whole system.

The OPC used in the study has a gypsum content of 7 % by weight.
The gypsum from the OPC and the anhydrite from the accelerator paste
contribute to the sulfate content of the entire system. The actual ratio of
AmpCAC to sulfates in the system may be calculated based on Equation
(1):

Sulfatesy; = Sulfatescopc) + Sulfatesgc. (€8]

For the samples reported above, Table 4 shows the ratio of pure
AmpCAC to total sulfates in the mix. Again, there are two categories of
mixes, one in which silicate hydration progresses normally and one in
which it is retarded. The last column reports the AmpCAC to sulfate ratio
in the mix, including the OPC content, and this shows that both sample
groups are separated around a threshold of that ratio between 0.44 and
0.52.

3.2.2. Effect of hemihydrate (Hemi) and calcium hydroxide (CH)

Fig. 10 shows the heat rate curves from isothermal calorimetry (at
10 °C) of mix BC50 with 7 % accelerator dosage. From Fig. 10 (a), it can
be seen that an accelerator formulation based on AmpCAC to hemihy-
drate ratio of 1:1 does not affect the silicate hydration. However, if the
ratio is changed to 2:1, then a retardation of CsS hydration is observed.
The retardation effect is even more pronounced than the case of 1:1 ratio

20

BCS0_5%AmpCAC(ICAC:1 Anhy)

BCS0_5%AmpCAC(2CAC:3Anhy)

= = = BCS0_5%AmpCAC(ICAC: 1 Anhy)_2.5%CH

BC50_5%AmpCAC( ICAC: 1 Hemi)

Storage Modulus [MPa]
)

oPC

0 5 10 15 20
Time [min]

Fig. 11. Evolution of storage modulus at 16 °C for mix BC50 with different
accelerator formulations.
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Fig. 12. Cumulative heat released for mix BC50 at 16 °C between 0.5 and 6h
with and without acceleration.

of AmpCAC to anhydrite. This confirms further that both the sulfate
content as well as the dissolution rate is critical. From Fig. 10b, it can be
seen that CH addition helps the C3S hydration to proceed normally. In
fact, the hydration process is accelerated as CH dosage is increased from
2.5 % to 5 %. For the cases of CH addition, this was used to replace the
respective amount of limestone in the mix.

3.2.3. Early-age stiffening with hemihydrate (Hemi) and calcium hydroxide
(CH)

As previously mentioned, and as can be seen from Fig. 10, replacing
anhydrite with hemihydrate and addition of CH do have a positive effect
on the hydration of C3S. However, for the purpose of digital fabrication,
the early-age stiffening is equally important, which is why the effect of
both hemihydrate and CH on strength build-up immediately after ac-
celeration was checked with rheometry. Fig. 11 shows the evolution of
storage modulus at 16 °C for mix BC50 with different accelerator for-
mulations. A first observation is that with either hemihydrate or CH
addition, there is no strength build-up whatsoever. It therefore seems
that both block the hydration of AmpCAC. It can also be seen that at 5 %
accelerator dosage (with anhydrite), the formulation with 1:1 ratio has a
higher rate of strength build-up and higher ultimate storage modulus
value (at the end of 20 min) compared to that of the 2:3 case. This is
expected as pure AmpCAC content is higher in the former.

Fig. 12 shows the cumulative heat released for mix BC50 at 16 °C
between 0.5 and 6h with and without acceleration. As can be seen, the
cumulative heat released for mixes with either hemihydrate or CH
addition are very similar to non-accelerated BC50. These mixes have
significantly low heat releases at 6h, compared to the cases where im-
mediate strength build-up was observed (1CAC:1Anhy and



A. Das et al.

Cement and Concrete Composites 159 (2025) 105991

Table 5

Pore solution concentrations of elements Al, S and Ca for mix BC50 with different accelerator formulations. The accelerated mixes have an AmpCAC dosage of 7 %.
Mix name AmpCAC dosage [%] C3S retardation? Concentration [mM] Flash set?

Al S Ca

BC50 0 No 0.007 56.43 22.23 No
BC50_2.5%CH 7 0.004 55.37 16.59
BC50_1:1Hemi 0.006 78.08 27.33
BC50_1:1Anhy Yes 6.476 61.54 3.88 Yes
BC50_2:1Anhy 19.33 35.55 1.15

2CAC:3Anhy). It seems that both hemihydrate and CH block the hy-
dration of AmpCAC and hydration proceeds similar to non-accelerated
BC50. Due to limitations of calorimetry that needs time for tempera-
ture stabilization in the first 20-30 min, cumulative heat data was
mainly examined from the 30-min mark.

3.2.3.1. Pore solution composition. To further confirm whether a flash
set is occurring or not, ICP measurements were done on mix BC50 with
four different accelerator formulations, all with 7 % accelerator dosage.
Two of these samples delay the silicate hydration and two do not.
Table 5 shows their pore solution concentrations for the key elements for
Al, S and Ca. In the case of hemihydrate (1:1 ratio with pure AmpCAC)
and CH addition (1:1 ratio of AmpCAC and anhydrite), the aluminate ion
concentrations are very low and quite similar to the case of non-
accelerated BC50. On the other hand, the mixes with anhydrite (1:1
and 1:2 ratio with AmpCAC) show much higher aluminate ion concen-
trations, suggesting that the retardation of C3S hydration is due to a flash
set. These results align well with the calorimetry curves of these mixes.

The sulfate concentrations for all mixes are very similar. For both
cases of flash set, the measured high sulfate concentrations may be
explained as follows. First, the alkali sulfates present in OPC can be
expected to contribute to this. Second, it can be argued that flash set
occurs within a few seconds while sample preparation for ICP takes few
minutes. Therefore, this leaves enough time for the sulfates to dissolve
after the flash set has happened. In any case, it should be underlined that
in both cases of flash set, samples show much lower calcium concen-
trations compared to the other cases.

For the cases of ‘no flash set’, the pore solution composition is very
similar to an OPC pore solution in the induction period. Based on these
concentrations, GEMS [53] shows that the hydration products that can
precipitate are ettringite, C-S-H and CH. On the other hand, for the ‘flash
set’ cases, monosulphate is found to have positive saturation index
values, indicating the possibility of its formation. However, it is to be
noted that these thermodynamic calculations do not say anything about
the kinetics of dissolution and precipitation.

3.3. Acceleration of BC50 with AmpCAC

It was seen that for mix BC50, with an AmpCAC to anhydrite ratio of
1:1 and an accelerator dosage of 7 %, that the hydration of C3S is delayed
and that much lower strength at 6h is obtained. This can be attributed to
a case of flash set, which is supported by the high amount of aluminate
ions in the pore solution, as reported in Table 2. This negative impact on
C3S hydration disappears when decreasing the AmpCAC to anhydrite
ratio either to 2:3 or 1:2. In fact, a higher amount of anhydrite seems

Table 6

better for the silicate hydration. In the case of a 1:2 ratio, the onset point
is similar to the non-accelerated BC50. It is likely that a higher amount of
sulfates slows down the reaction of AmpCAC or accelerates the forma-
tion of ettringite, decreasing the concentration of aluminate ions in so-
lution and preventing them from interfering with the hydration of C3S.

El Housseini et al. [52] also studied the influence of AmpCAC on C3S
hydration whereby the ratio of AmpCAC to anhydrite was fixed at 1:1.
Their study was about the effect of the molar ratio of C to A on the
hydration of CsS. They found that at high dosage (10 %), the AmpCAC
with C to A ratio of 1.7 (similar to our study) adversely affected the
silicates while the one with a ratio of 2.2 did not have any effect. They
mentioned that a certain critical concentration of calcium in the pore
solution is needed so that portlandite is supersaturated (which happened
in the case of 2.2 ratio) and this can trigger the C3S hydration. In the case
of C/A ratio of 1.7, an enhancement of the degree of C3S hydration was
observed upon addition of 2 % CH, an observation which aligns well
with our case. In our study, the cases where we see the silicate hydration
being delayed also show low calcium concentrations, which has been
attributed to a case of flash set. It is likely that calcium aluminate hy-
drates are forming as a consequence.

It was also seen that one can prevent the flash set and the retardation
of C3S hydration by using hemihydrate instead of anhydrite, as well as
using CH in the base mix. In either case, calcium ions may be provided
relatively quickly which should also accelerate the formation of ettrin-
gite and early-age strength build-up. However, there was absolutely no
strength build-up observed for these cases, which may suggest that the
afore-mentioned accelerator modification rather inhibit AmpCAC reac-
tion rather than promote rapid and sustained ettringite formation. The
cases of using AmpCAC with C/A ratio of 2.2 (with anhydrite) may be
similar to that of using AmpCAC (C/A ratio of 1.7) with hemihydrate but
the influence on early-age stiffening for the former has not been studied
in El Housseini et al. [52].

The case of hemihydrate blocking the hydration of AmpCAC may
bear similarities to the case of gypsum blocking C3A hydration, whereby
the formation of ettringite is also observed but understood to be a side
effect responsible for keeping down aluminate concentration in solution
owing to its low solubility.

When including CH in the base mix, additional calcium and hy-
droxide ions should be provided to the pore solution prior to accelera-
tion (possibly up to CH saturation). This should a priori penalize the
dissolution of both AmpCAC and anhydrite, attenuating their contri-
bution to the overall hydration process and probably explaining that
strength does not build-up in the case of CH addition.

Summary of the applicability of the different blended cement systems and accelerator(s) that can be used for the two digital fabrication methods.

Digital Casting (demold after 6h)

3D printing

Applicable: Accelerator Applicable: Accelerator formulation
T <20°C T>20°C T <20°C T>20°C
OPC Yes AmpCAC(1:1) C-S-H-seed CryCAC(2:1) Yes AmpCAC(1:1) CryCAC(2:1)
BC70 Yes AmpCAC(1:1) C-S-H-seed CryCAC(2:1) Yes AmpCAC(1:1) CryCAC(2:1)
BC50 No - CryCAC(2:1) Yes AmpCAC(2:3) CryCAC(2:1)




A. Das et al.
3.4. Selection of BC system and accelerator for different applications

Concerning the two blended cement systems investigated in the
study, both can be used for either digital casting or 3D printing above
20 °C. In such cases, CryCAC would be the accelerator used and the
performance in terms of early-age stiffening is similar for all of them. For
digital casting in particular, the demolding/transport strength matters
and hence, onset of silicate hydration as well peak value of hydration are
critical, which directly depends on the OPC content of the system.

For temperatures below 20 °C, since the desired ‘early-age stiffening’
can be obtained with AmpCAC, mixes BC70 and BC50 should be appli-
cable for 3D printing. For BC50 in particular, the AmpCAC to anhydrite
ratio should be 2:3 so that the silicate hydration or in other words, the
long-term strength is not compromised. In the case of digital casting,
BC50 does not seem applicable at low temperatures as the required 6h
strength could not be achieved. Also, for OPC and BC70, along with
AmpCAC, C-S-H seeds may be added so that the silicate hydration is also
accelerated. The addition of C-S-H seeds for 3D printing is however not a
necessity since such accelerators do not have any effect during the
‘early-age stiffening’ period and their influence on the long-term hy-
dration/strength is minimal. Table 6 summarizes the applicability of the
different blended cement systems and accelerator(s) that can be used for
the two digital fabrication methods. For the accelerator formulation, the
number in the bracket signifies the recommended CAC to anhydrite
ratio.

4. Conclusions

In this paper, we investigated the performance of calcium aluminate-
based accelerators on blended cement systems. An accelerator addi-
tionally including C-S-H seeds is also included in the study. The per-
formance of these accelerators has been assessed at different
temperature. Based on the calorimetry, rheometry and strength mea-
surements, the following conclusions can be drawn.

For temperatures above 20 °C, blended cement mixes BC70 and BC50
may be used with CryCAC as the accelerator, for both digital casting
as well 3D printing applications.

For temperatures below 20 °C, AmpCAC would be the preferred
accelerator. Blended cement mixes BC70 and BC50 can be used for
3D printing applications, however, for digital casting, only BC70 may
be used. In all cases, it is recommended to include C-S-H seeds to
reach rapid demolding times for digital casting at low temperatures.
Depending on the OPC content of the system, the correct dosage of
AmpCAC as well as its ratio to anhydrite need to be carefully chosen.
In particular, it was found that for an accelerator dosage of 7 %, an
AmpCAC to anhydrite ratio of 2:3 is safe to not adversely affect the
silicate hydration of BC50. For the case of BC70, an AmpCAC to
anhydrite ratio of 1:1 is safe while a ratio of 2:1 is not.

The case of flash set and retardation of C3S can be prevented by using
hemihydrate instead of anhydrite in the accelerator formulation, and
by including CH in the base mix. However, these cases do not show
any early-age stiffening, rendering them useless for either digital
casting or 3D printing.

Overall, this paper has highlighted possible pathways to reduce the
carbon footprint of digital fabrication mixes both for digital casting and
3D printing. In most cases, decent performances can be obtained with
50 % less OPC, with low temperature digital casting only allowing 30 %
reduction for the conditions considered in this paper. These promising
routes do however require adequate selection of the accelerator and
further research on this topic can be expected to render optimization
more robust to enable large scale sustainable digital fabrication.
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