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Abstract

The production of cement is associated with significant CO, emissions. The effective manner to cope with
this challenge is the production of composite cements characterized by high Portland cement clinker
replacement ratio. This contribution reports on the composition optimization of the ternary cement, with
the purpose to maximize the cement performance evolution while minimizing its environmental impact.
For this purpose, based on the understanding of the cement hydration and performance evolution, a
modelling tool was developed allowing predictions of the compressive strength depending on the cement
composition and curing time. The approach used accounted for the specific interactions among the
Portland cement clinker, granulated blast-furnace slag and limestone and for the specific microstructure
features in the investigate systems. The agreement between the predictions and performance evolution
measured had confirmed the accuracy of the models developed as well as of the general concept of the
composite cement optimization. Consequently, the effective global warming potential of the composite
cements was calculated. This revealed that composite cements characterized by approximatively 50 wt.-
% of Portland cement clinker, 40 wt.-% of granulated blast-furnace slag and 10 wt.-% of limestone are
characterized by an appreciable performance and by the appreciably low environmental footprint.
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1. Introduction

Cement industry is one of the largest manufactures of goods on Earth by mass, providing the building
materials that are easily accessible word wide. Unluckily, the cement production is associated with
significant CO, emissions (Salas et al., 2016; Scrivener et al., 2018). Since the demand for building materials
and particularly for the cement is increasing, the CO, emissions would further increase negatively
contributing to the climate changes, under business-as-usual scenario (Scrivener et al., 2018). The cement
industry has already reached significant reductions of CO, emissions associated with the cement
production. This has been achieved over the increased energy efficiency, use of alternative fuels and
through Portland cement clinker substitution by supplementary cementitious materials (SCMs). These
efforts need to be further followed to cope with the increasing cement demand. Particularly, the rate of
the SCMs used as partial replacements for Portland cement clinker (herein "clinker") needs to be
increased (Scrivener et al., 2018; Gartner and Hirao, 2015). Currently, the most suitable SCMs are semi-
hydraulic or pozzolanic materials such as granulated blast-furnace slags (herein "slag" ) and coal fly ashes
(Scrivener et al., 2018; Lothenbach et al., 2011). The availability of these materials with adequate quality
is limited to only about 20 wt.-% of global cement production and are unlikely to increase (Scrivener et
al., 2018). Application of another known SCM, limestone, is limited because of its little contribution to the
cement performance (De Weerdt et al., 2011). Thought, recent research work revealed that use of slag



and fly ash together with limestone may lead to the further increase of the clinker replacement ratio
(Scholer et al., 2017; Adu-Amankwah et al., 2017b).

HeidelbergCement launched a research program aiming at understanding of parameters that allow the
maximization of the cement clinker replacement by slag and limestone while meeting an adequate
cement performance. An additional target of these investigations was to limit the amount of slag. This
goal was achieved over the understanding of the interactions among the reacting clinker, slag and
limestone in cement (Adu-Amankwah et al., 2017b; Bolte and Zajac, 2016) accompanied by the
development of the optimal production methods for the composite cements. These efforts have led to
establishing the know-how supported by the modelling tools (Zajac and Ben Haha, 2014; Skocek et al.,
2017; Zajac et al., 2018) allowing the optimization of the cement composition and properties.

This contribution presents the numerical models for the optimization of the multicomponent cements.
The modelling results are validated in the cement mortars against the available literature data.
Additionally, the performance of the optimal compositions are verified in concrete.

2. The model

The optimization procedure applied within this work comprises several numerical models. Results
obtained at each calculation step constitute the input for the next step. By combining an empirical model
that describes the dissolution of the clinker phases with a thermodynamic equilibrium model that assumes
equilibrium between the solution and the hydrates together with an empirical model relating the porosity
with the strength, the evolution of the compressive strength can be linked to the initial cement
composition and time from mixing with water. Additionally, the intermediate modelling results may be
used as an indication of the durability performance (Kunther et al., 2013; Whittaker et al., 2016) and may
facilitate explanation of the phenomena observed. The here described approach is derived from the
modeling approaches developed in (Lothenbach and Winnefeld, 2006) and further improved in (Skocek
et al., 2017).

The modelling of the compressive strength evolution as a function of the cement composition and time is
based on the:

o Definition of the composite cement composition, including the composition of the clinker and
supplementary cementitious materials
e (Calculation of the reactive phases dissolution kinetics
e Thermodynamic calculations using a consistent thermodynamic dataset to predict the porosity
e (Calculation of the compressive strength based on the predicted porosity
Consequently, the global warming potential of the investigated composite cements was compared to the
calculated compressive strength to verify the “environmental efficiency” of the investigated systems.
In the next section, the reader finds the detailed description of each modelling step.
2.1. Materials and Composition
Basic characteristics of the clinker, slag and limestone are given in this section. The compositions in the

following ranges were investigated: 50 — 100 wt.-% clinker, 0 — 50 wt.-% slag and 0 — 50 wt.-% limestone.

Composite cements were made from a commercial Portland clinker with its typical composition (see Table
1), ground granulated blast-furnace slag and ground natural limestone (see Table 2). All the materials were
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produced or quarried in Germany. For the calculations, it was assumed that the slag and limestone contain
only glassy phase and calcite, respectively. The overall SOs level was set to 3 % by adding calcium sulfate

(anhydrite).

The modelled compositions are given in Figure 1.

..’..,.....\...
000000000000

Clinker (%)

Figure 1 Modelled compositions of cements

Table 1 Clinker content of CEM |1 52.5R (wt.-%)

Phase Alite Belite  Aluminate  Ferrite Calcite  Anhydrite Basanite  Others
CEM I 58.1 143 9.2 6.7 1.9 1.7 3.0 5.1
Table 2 Mineralogical composition of supplementary materials (wt.-%)
Phase Calcite Quartz Dolomite Anhydrite Amorphous/Others
Slag 2.4 0.1 - - 97.5
Limestone 96.6 0.4 1 - 2.0
Quartz 0.5 99.5 - - -
Anhydrite - 2.1 5.5 91.0 1.4

2.2. Kinetics of reaction

Multi-parametric smooth functions were used to idealized the reaction of the anhydrous phases in time.

These curves

were fitted to experimental data published in our earlier studies (Adu-Amankwah et al.,

2017b; Whittaker et al., 2014) as well on the other available literature data (Kocaba et al., 2012; Berodier



and Scrivener, 2015) . The composition of the materials used within these studies were similar to the
investigated earlier (Adu-Amankwah et al., 2017b; Whittaker et al., 2014).

The kinetics of the reaction of the slag was modified according to the results of Adu-Amankwah (Adu-
Amankwah et al., 2017b) and Berodier (Berodier and Scrivener, 2015). The reaction of slag is inversely
proportional to its content in the composite cement. Berodier has demonstrated that an increase of the
slag content from 10 to 30 wt.-% resulted in the limitation of the slag reaction by about 25 wt.-%. Similar
results are presented in the work of Adu-Amankwah et al. (Adu-Amankwah et al., 2017b), thought the
changes related to the decrease of the slag content from 50 to 30 wt.-% resulted in the slag reaction
increase by only 10 % at hydration times between 7 and 180 days. The differences can be explain in the
different water to cement ratio (w/c) used in these studies: in Berodier (Berodier and Scrivener, 2015) it
was mainly w/c = 0.40 while Adu-Amankwah (Adu-Amankwah et al., 2017b) used 0.50. Since at the later
hydration times, the slag hydration is mainly limited by the available space (Berodier and Scrivener, 2015),
the higher water to cement ration reduces the impact of the slag content on its reaction kinetics.
Consequently, the kinetics of the slag reaction was fitted as in the work of (Adu-Amankwah et al., 2017b;
Whittaker et al., 2014) for the cements containing 40 — 50 wt.-% of the slag at w/c = 0.50. The slag reaction
was used to decrease linearly with its content. The difference amounted for 25 % between 0 and 50 %
slag at the end of hydration (Figure 2).
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Figure 2 Hydration degrees of the clinker (left) and slag (right) fitted to the measured data in (Adu-
Amankwah et al., 2017b; Zajac et al., 2018). The slag hydration degree was fitted for the content of the slag
of 50 wt.-%. For the lower slag content the hydration of the slag was model to increases according to the data

in (Zajac et al., 2018; Berodier and Scrivener, 2015). The arrows indicate the increases of the reaction degree
of slag as a result of the decreasing slag content in cement.

The hydration degree of the clinker phases is modified to lower extend when compared to the hydration
degree of the slag, when changing the composition of the cement (Adu-Amankwah et al., 2017b; Berodier
and Scrivener, 2015). Consequently, it was kept constant independently from the cement composition.



The hydration kinetics were fitted to the data shown in (Adu-Amankwah et al., 2017b; Zajac et al., 2018)
(Figure 2).

2.3. Thermodynamic model

Thermodynamic modeling was applied to compute the composition of hydrated cementitious matrix at
different hydration times. This allowed for calculating the evolution of the total pore volume (Damidot et
al., 2011). Calculations were carried out by means of the geochemical modelling program GEMS (Gibbs
Energy Minimization Software) (Kulik et al., 2013; Wagner et al., 2012). The thermodynamic data were
from the PSI-GEMS database (Wolfgang Hummel et al., 2002; W Hummel et al., 2002). Additionally, the
data base was extended by the cement specific data (Lothenbach et al., 2018).

When modelling, the clinker phases, slag and calcium sulfate were dissolved congruently. Consequently,
their reaction degree emerged from the thermodynamic equilibrium and particularly it is limited by the
available alumina. Currently, the available model does not allow for the calculating the Al incorporation
in C-S-H phase. The modelled phase composition was modified with Al incorporation following the C-S-H
phase composition determined experimentally (Adu-Amankwah et al., 2017b; Whittaker et al., 2014).

2.4. Prediction of the compressive strength

The knowledge of the volume of hydrates and anhydrous materials enables the calculation of porosity
at a given hydration time (Zajac et al., 2018):

P(t) — (1 _ VAnhydrous(t)+VHydrates(t)) x 100% Eq. 1

Vwater+Vinitial cement

where P(t) is the pore volume at time t, Vuater is the volume of the mixing or free water, Vinitial cement S

volume of cement before reaction, Vanhydrous(t) is volume of unreacted cement, Vhyarates(t) is volume of
hydrates. The porosity calculated by the thermodynamic model was used for the calculation of the
prediction of the strength depending on the cement composition and the hydration time as

R.(t) = 3.7 P(t)"%2 x 101° Eq. 2
where R((t) is the compressive strength in MPa at time t. Equation 2 is a fit of data presented in Figure 3.

Within the present work, a simple relationship between the porosity and the compressive strength was
assumed. The relationship was fitted for the data presented in (Zajac and Ben Haha, 2014) and in (Zajac
et al.,, 2018). In the earlier work, we have shown that there is no unique relationship between the porosity
and strength (or between the gel-space ratio and the strength) for the neat cements and the composite
cements (Skocek et al., 2017; Zajac et al., 2018). However, this can be corrected by adjusting the density
of the C-S-H phase as demonstrated for neat Portland cements (Lothenbach et al., 2008b) composite
cements containing slag (Zajac et al., 2018) (Kucharczyk Sylwia et al., 2016; Ishida et al., 2011) and fly ash
(zajac and Ben Haha, 2014; Termkhajornkit and Nawa, 2007). Following the results of (Zajac et al., 2018),
the density of C-S-H was reduced to 2.0 g/cm? in the composite cements for replacement ration of 50 wt.-
%. In the plain Portland cement paste, the density of C-S-H was 2.4 g/cm?3, as given by GEMs. The simple
linear relationship between the density and the clinker content in cement was assumed, since no reliable
data exist for different replacement ratios (Figure 4). This concept reflects the difference in the
microstructure development between the neat cement and composite cements, i.e.: better filling capacity
of the composite cements discussed in the previous paragraph (Lothenbach et al., 2011).
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Figure 3 Comparison between measured compressive Figure 4 Apparent density of C-S-H used for the
strength and porosity volume calculated by GEMS, modelling of the compressive strength of the
data from (Zajac et al., 2018). The equation in the cements with different compositions.

graph is a fit of the data depicted by the red line. In
the equation, Rc is the compressive strength and P
the GEMS pore volume.

Although the correlation between the strength and porosity as well as the correction of the C-S-H phase
density is only empirical and does not explain the generic mechanisms, it was demonstrated that it is
suitable for the prediction of the compressive strength without explaining underlining mechanisms.

2.5. CO; balance (global warming potential)

Within this work, the potential to reduce the CO, emission associated with the cement production was
evaluated using a simplified analysis. The CO, emissions associated with the materials were taken from
The Cement Sustainability Initiative WBCSD-CSI (“The Cement Sustainability Initiative,” 2017) tool for
Environmental Product Declarations (EPDs) of concrete and cement (v1.4) (“The Cement Sustainability
Initiative Environmental Product Declaration (EPD),” 2017), based on Eco invent (v3.3) (“The ecoinvent
Database,” 2017).

Global warming potential (GWPCOZeq) takes into account the contribution of CHs, NOy, SOy, CO, gases

emitted during production of the material, including: excavation, manufacturing and transport. The
GWP¢g,eq Was calculated using equation (Maddalena et al., 2018):

GWP(o,eq = Y 1i(d; " ticoseq + Picoyeq) EQ.3
Where n; is the fraction of component, d; transportation distance, t;co,eq is the emission for the
transportation and p;co,eq is @mission associated with the production process.
The scenario investigated was for cement plant located in a central European country. The emission
associated with the clinker production was calculated to be 799 kgCOzeq/tclinker- This includes clinker
manufacturing and grinding. For the slag, calculations were performed when assuming the following

input: granulation of the slag requires 71.3 MJ/t, transport by a truck over 100 km, drying (0.22 GJ/t energy
for drying and 14 kWh/t for all mechanical treatments) and grinding of the slag 87 kWh/t. This gives the
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emissions associated with the ready to use slag of 85 kgCO3eq/tsiae. In the case of limestone, the processes
considered comprise transport over 3 km and grinding (10 kWh/t) giving 8 kgCOzeq/timestone ready to use
for the cement production. The mixing of components as well as the calcium sulfate quarrying and
grinding were not assumed in the calculation. This is because the contribution of these is the same in the
investigated here composition range and the contribution of both is limited in the overall picture.
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Figure 5 Specific CO: (global warming potential) emissions for the composite cements depending on the
cement composition.

The results of the calculated CO, specific emissions (global warming potential) depending on the cement
compositions are given in Figure 5. The graph shows the principle concept of the CO, reduction over the
clinker replacement by SCMs to save cement production associated CO, emissions. Since the global
warming potential for the clinker is significantly higher than for the slag and limestone, the replacement
of the clinker by the both SCMs brings a significant reduction of the emissions.

3. Results and discussion

3.1. Modelling results

The cement composition has a pronounced impact on the content of these phases and consequently on
the formed microstructure and performance (Lothenbach et al., 2011; Zajac et al., 2018). Modelling
predicts the formation of the C-S-H phase, portlandite and ettringite in all composition range investigated.
Depending on the limestone presence AFm phases (i.e. monosulfate, hemicarbonate and monocarbonate)
composition vary. In the presence of limestone monocarbonate is calculated, while in limestone free
system monosulfate is expected to precipitate (Adu-Amankwah et al., 2017b; Whittaker et al., 2014).
Additionally, hydrotalcite and hydrogarnets precipitate. However, their content is significantly lower (Adu-
Amankwabh et al., 2017b; Whittaker et al., 2014).

These impacts of cement compositions on hydrates assemblage are described in detail at the hydration
times of 28 days. Figure 6 shows the content of the AFm phases, ettringite, portlandite and C-S-H phases



for the compositions studied. Understanding of these impact is of a primary importance because the
phases formed govern the porosity and hence the resulting strength performance (Zajac et al., 2018).
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Figure 6 Effect of the cement composition of the content of the main hydrates at 28 days of hydration

Limestone blends with alumosilicate-bearing SCMs and clinker are characterized by complex interactions
between its constituents. In such type of composite cements, calcite from limestone reacts with the
available alumina from the clinker and slag to form monocarboaluminate phases instead of the
monosulfoaluminate phase present in cements without limestone (De Weerdt et al.,, 2011; Adu-
Amankwabh et al., 2017b; Zajac et al., 2014). This results in ettringite stabilization, decreased porosity and
increased strength. The adopted modelling method fully describes these interactions between alumina
bearing phases and limestone present and provides further insights. Figure 6 reveals that ettringite
content initially increases with the increasing content of limestone (calcite). Additionally, modelling
reveals that this is accompanied by the transformation of monosulfate to monocarbonate as described
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above (results not shown). The ettringite content stays constant from a calcite content of about 5 wt.-%,
further increase of calcite content does not promote the formation of any additional ettringite. Figure 6
gives as well the total content of AFm phases, i.e. the sum of monocarbonate and monosulfate. These are
the highest for the high clinker and the lowest slag contents and continuously decrease with increasing
calcite content. These both phenomena, i.e. the stable ettringite content and decreasing AFm phases
content from 2 — 5 wt.-% limestone, are explained by the impact of the cement composition on the
alumina balance. When the content of calcite increases, the available alumina content decreases, i.e.
alumina from dissolved clinker and slag, at given hydration time. Since the ettringite is thermodynamically
more stable than AFm phases, there is less and less available alumina to form AFm phases. Note that in
investigated composite cements, significant portion of alumina is located in the C-S-H phase (Lothenbach
et al.,, 2011; Adu-Amankwah et al., 2017b; Whittaker et al.,, 2014) and the sulfate content in the
investigated systems is kept constant. Consequently, the systems rich in limestone are virtually free from
AFm phases.

Portlandite is formed from the hydration of clinker. In slag containing composite cements, a part of
portlandite is consumed to from hydrates such as AFm and C-S-H phases (Lothenbach et al., 2011). This
interplay is fully captured by the model (Figure 6). The maximal portlandite content is predicted to be
present in the neat Portland cement. The increasing slag content results in a higher decrease of
portlandite content when compared to the impacts of limestone. The C-S-H phase content is the highest
for the compositions rich in clinker and slag. It is noticeable that already at 28 days of hydration, the
contribution of the slag is significant so that the highest C-S-H phase content is found for the samples rich
in slag. The increasing limestone content reduces the C-S-H phase content. Thought, because of the slag
contribution the blends containing 40 wt.-% of slag and 10 wt.-% of limestone are characterized by the
higher C-S-H content than the pure Portland cement at 28 days.
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Figure 7 Calculated porosity at 28 days of hydration



The resulting porosity is plotted in Figure 7. The lowest porosity is calculated for the systems rich in clinker
and the slag. The positive effect of the calcite and alumina bearing phases (De Weerdt et al., 2011; Adu-
Amankwah et al., 2017b; Zajac et al., 2014; Scholer et al., 2015) is visible; the lowest porosity is registered
for the samples characterized by about 5 wt.-% of limestone and up to 30 wt.-% of slag. The increase of
the slag content to more than 30 wt.-% results in the increase of the porosity. This indicates that the
increasing C-S-H volume is not able to compensate for the decrease of the other hydrates, e.g. portlandite.
The increase of the limestone content to more than about 5 wt.-% results always in the pore volume
increase.

The predicted compressive strength is shown in Figure 8 at three hydration times: 7, 28 and 180 days. The
early compressive strength is dominated by the content of the clinker. The higher the clinker, the higher
is the compressive strength. This observation is related to the kinetics of the reaction of the different
materials. As shown in Figure 2, the clinker phases (particularly CsS and CsA) react faster than slag. Thus,
at the early times, mainly the reaction of the clinker contributes to the formation of the microstructure
and resulting compressive strength. However, it is noticeable that already at that time some small
presence of limestone has a positive impact on the compressive strength according to the mechanisms
described in (De Weerdt et al., 2011; Lothenbach et al., 2008a).
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At 28 days of hydration, the contribution of the slag is clearly pronounced. The highest compressive
strength is visible for the cements containing between 0 and 30 wt.-% of slag. Further increase of the slag
content results in a reduction of the compressive strength since the relatively low reaction degree of the
slag at 28 days is not able to compensate for the dilution of the cement clinker. However, at 180 days of
hydration, the highest compressive strength is predicted for the system rich in slag, even if overall
hydration degree is lower, when compared to the pure Portland cement (compare to Figure 2). This
phenomenon is related to the fact that the slag containing blends are characterized by a more efficient
microstructure from the perspective of the strength formation, when compared to the pure Portland
cement (Zajac et al., 2018).

For all investigated cements, the increase of the limestone content by more than ~ 10 wt.-% results in the
decrease of the compressive strength (De Weerdt et al., 2011; Zajac et al., 2018; Lothenbach et al., 2008a).
Limestone contributed only limited to the formed microstructure by interacting with alumina bearing
phases.

The effective global warming potential was calculated as the global warming potential in kg of CO; that

needs to be emitted to produce the cement of a given compressive strength:

GWP

where GWPg is the effective global warming potential, GWP is the warming potential of the cement of a
given composition as shown in section “CO; balance” Figure 5 and Rc(t) is calculated compressive strength
for a given cement composition at given hydration time (Figure 8). The results of these calculations are
shown in Figure 9.

It is noticeable that despite the important relation between the cement composition and the resulting
strength (Figure 8), the effective global warming potential is the lowest for the systems characterized by
the high slag and limestone content at all hydration times.

The slag is an effective mean to reduce the global warming potential of the cement. It is associated with
the low global warming potential and contributes to the compressive strength significantly. Despite the
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fact that limestone does not contribute significantly to the strength, it significantly reduces the global
warming potential of cement. Consequently, it has a significant impact on the effective global warming
potential. Thought, when the limestone content is higher than about 25 %, the effective global warming
potential is similar to the pure Portland cement or even higher. This is related to the very strong reduction
of the compressive strength.

Consequently, there is an optimal content of the limestone from the perspective of the strength evolution
and global warming potential, contrary the increase of the slag content at the adopted scenarios, results
always in the reduction of the effective global warming potential.
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3.2. Results validation in mortar

Antoni et al. (Antoni et al., 2015) investigated the performance evolution of the ternary mixes made of
clinker, slag and limestone in the compositional range similar to the investigated within this work. They
have reported the 2, 7 and 28 days compressive strength results for 23 different ternary compositions,
containing up to 50 wt.-% limestone and slag. The cements were prepared in the laboratory by blending
the cement components in a laboratory mixer. The experimental conditions were as well similar to the
investigation used for the calibration of the modelling (Adu-Amankwah et al., 2017b; Zajac et al., 2018).
Mortar bars were cast according to EN 196-1 procedure, at constant w/c of 0.50. Standard sand was used
in all mortar mixes. The results of the strength measurements are re-plotted in Figure 10.
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Figure 10 Strength isolines in the ternary diagram
Clinker-Slag-Limestone at 7 days (left), 28 days
(middle) and

90 days (right) for up to 50 wt.-% replacement. Pins

are showing the tested compositions. Data re-plotted
from (Antoni et al., 2015)
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At early hydration times the slag and limestone mostly dilutes the clinker and consequently the strength
decreases. Improvement of the strength is noticeable for the low limestone contents. With the increasing
time from mixing with water, the contribution of the slag increases.

The measured compressive strength trends match very well the compressive strengths predicted by the
here adopted modelling approach. The measurement data do not capture, however, the positive impact
of limestone at all hydration times. While the measurements data are collected for limited range of the
composition, the modelling tools provide significantly higher resolution and are hence capable to precisely
find the optimal compositions.

This comparison confirms that adopted modelling approach can correctly account for the interactions in
the reacting multicomponent cement, microstructure features and consequently it correctly predicts the
compressive strength evolution.

3.3. Performance in concrete

As discussed, the compressive strength of the composite cement can be optimized reflecting as well their
environmental footprint. Though, an open field that needs more study is the durability behavior,
especially of the compositions characterized by the lower clinker content. The predictive models for the
concrete performance do not exist yet (Alexander and Thomas, 2015; Hooton, 2015).

In order to verify the performance of the composite cements, the laboratory blended cements were
tested in concretes. The tested cements are characterized by the clinker replacement ratio of 60 and 50
wt.-%, respectively, and contain 10 wt.-% of limestone. These blends are the most effective form the
perspective of the effective global warming potential (Figure 9) at 28 days and have an appreciable
performance (Figure 8). In order to prepare these cements, industrial CEM | 52.5 R was mixed with the
ground slag and ground limestone and calcium sulfate. Additionally, commercially available reference
composite cements, which are well established on the European market, were investigated (e.g. for
Germany (VDZ-Publikation, 2017) these are CEM 1I/A-S and CEM II/A-LL and CEM III/A). The composition
of the tested cements is given in Table 3. The target strength class of the cement was 42.5 as defined by
the EN 196-1 norm, and comparable to the average strength level on the German market.

Table 3 Composition of the cements used for the concrete preparation (wt.-%), following the definitions of EN

197-1
clinker slag limestone SOs
LabCEM1 60 30 10 2.9
LabCEM?2 50 40 10 2.9
CEM II/A-S42.5R 82 18 - 3.0
CEMII/A-LL32.5R 82 - 18 3.2
CEM /A 42.5N 60 40 2.8

The following concrete performances were tested: evolution of the compressive strength, carbonation
resistance, resistance of the concrete to the chloride attack and freeze-thaw resistance. The detailed
description of the methods is given in appendix. The composition of the concretes is given in Fehler!
Verweisquelle konnte nicht gefunden werden. in Appendix.
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Figure 11 Concrete strength evolution and carbonation rates. Additionally, the dashed line shows the
strength results for concrete based on CEM | 52.5 R used for the preparation of the LabCems, the carbonation
results are given for the same CEM 1 52.5 R.

The compressive strength evolution of the concretes is given in Fehler! Verweisquelle konnte nicht
gefunden werden.. The compressive strength of the two investigated laboratory made cements is similar
to the currently commercially available CEM II/A-S and CEM llI/A of the same strength class. However the
strength is initially lower when compared to the cement CEM II/A-LL. At 90 days from mixing with water,
all the cement are characterized by the same compressive strength.

The carbonation rates are presented in Fehler! Verweisquelle konnte nicht gefunden werden.-right. The
rates are inversely proportional to the clinker content of the cements. The carbonation rates of optimized
composite cements are comparable to the commercial CEM 1lI/A and higher than the investigated CEM |
and CEM Il cements.

The resistance of the concretes to the freeze-thaw without de-icing salt was examined. The results of the
scaling and the relative modules of elasticity evolution during the freeze-thaw test (CIF) are plotted in
Figure 12. The concrete samples based on the cement containing slag are characterized by the similar
performance. All these concretes had a relative modules of elastic > 75 % after 28 cycles fulfilling the
acceptance criterion according to German requirements (fiir Wasserbau, 2012). What is surprising is that
the concrete based on the commercial CEM II/A-LL has failed to meet this criterion. The scaling during the
CIF test was significantly below the limit of 1000 g/m? after 56 freeze-thaw cycles as given in (fir
Wasserbau, 2012).
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Figure 12 Evolution of the dynamic E-modulus and scaled material during the capillary suction and freeze-
thaw testing (CF) The read lines gives the limits for the exposure resistance classes. The dashed line shows the
results for concrete based on CEM 1 52.5 R used for the preparation of the LabCems.

The resistance of the concretes to the freeze-thaw with de-icing salt was tested according to CDF (capillary
suction, de-icing agent and freeze-thaw) test. The results are shown in Figure 13. All the tested concretes
are characterized by a lower scaling than 1500 g/m? after 28 freeze-thaw cycling as required by (Setzer
and Auberg, 1995).

The presented results agree well with the available literature data. Generally, the freeze-thaw
performance of the cement containing slag is similar or inferior when compared to the neat Portland
cements (CEM 1) (Utgenannt and Petersson, 2010). This is often associated with fact that the carbonation
resulting the opening of the microstructure of the slag cements white in the case of neat Portland cement
it is initially densifying the microstructure (Zhang et al., 2017; Adu-Amankwah et al., 2017a). Limestone,
when used at a higher replacement ratio, has a negative impact on the scaling resistance. For lower
dosages, it has no pronounced impact (Palm et al., 2016) and the cements with limestone generally fulfil
the requirements (Bolte and Zajac, 2016; Palm et al., 2016). These differences can be well explained with
the help of the modelling results shown in the section “Fehler! Verweisquelle konnte nicht gefunden
werden. Fehler! Verweisquelle konnte nicht gefunden werden.”. The replacement of the clinker by the
slag results in a reduction of the portlandite content and the increase of the C-S-H (Figure 6). Therefore,
in the case of the slag this is the C-S-H phase that is more prone to carbonation, resulting in its shrinkage
and opening of the microstructure (Chen et al., 2006; Morandeau et al., 2015). In the case of CEM |, the
portlandite is mainly carbonating phase which results in the increase of the solid volume and decrease of
the porosity. Figure 7 reveals that the increase of the limestone content over 10 % results in the increase
of the total porosity volume and consequently in a less durable concrete.

The results of rapid chloride migration tests are shown in Figure 13. The penetration of chloride into the
mortars is lower for the cements containing slag, when compared to the limestone cement and lower or
similar to the CEM I. In general, the slag is improving the resistance of the cement mortars and concretes
to the chloride migration because of the finer porosity, the higher chloride binding; both related to the
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increase of the C-S-H content as shown in Figure 6. It also increases capacity to chemical binding because
of the formation of the Friedel salt (Luo et al., 2003; Thomas et al., 2012). Thermodynamic modelling
reveals that in the composition range investigated, the mechanism related to the microstructure
densification and physical adsorption is dominating since the AFm phase content is similar for a given
limestone content.
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Figure 13 Evolution of the scaled material during the Figure 14 Rapid chloride migration coefficient
capillary suction, de-icing agent and freeze-thaw determined at 28 days. Additionally the chloride

(CDF) The read lines gives the limits for the exposure  migration coefficient is given for the same CEM 1 52.5
resistance classes. The dashed line shows the results R.
for concrete based on CEM | 52.5 R used for the
preparation of the LabCems.

Overall, the investigation of the mortars and concretes performance reveal that the LabCeml and
LabCem?2 are characterized by performance which is generally comparable to the CEM | used for the
production of these cements. Some properties, namely the carbonation and scaling resistance, as worse
while others, namely chloride resistance, are better. However, the performance of the optimized cement
is comparable or superior to the cements currently available in market such as CEM 1I/A-S and CEM llI/A,
which are of the same strength class. Compared to these cements, the optimized cements offer a
significant improvement of the effective global warming potential.

4. Conclusions

The production of the Portland cement clinker is associated with significant CO, emissions. The cement
industry has already reached considerable reductions in the CO;, emissions associated with cement
production. These efforts need to be further followed to cope with the increasing demand for the cement.
The quantities of the useful SCMs are limited and are unlikely to increase. Still, recent research work
revealed that use of granulated blast-furnace slag in combination with limestone may lead to further
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increase of the clinker replacement ratio while keeping the granulated blast-furnace slag content
relatively low in cement.

The present contribution demonstrates an optimization tool for the composition of multicomponent
cement enabling minimizing the Portland cement clinker and granulated blast-furnace slag content while
maximizing the performance of the cement.

The impact of the initial cement composition on the phase assemblage and resulting porosity was
investigated by means of the thermodynamic modelling supported by the hydration kinetics models. The
approach used accounted for the specific interactions among the clinker, slag and limestone. Knowledge
of the microstructure features in the investigate systems enabled the prediction of the compressive
strength at different hydration times. The modelling predictions were verified by the testing of laboratory
cements according to the existing standards. The general agreement between predictions and measured
performance evolution had confirmed the accuracy of the models developed as well as of the general
concept of the composite cement optimization. Consequently, the effective global warming potential of
the composite cements could be calculated. This revealed that composite cements characterized by the
approximatively 50 wt.-% of Portland cement clinker, 40 wt.-% of granulated blast-furnace slag and 10
wt.-% of limestone are characterized on one hand by the appreciable performance, on the other hand by
the lowest effective global warming potential and generally low warming potential.

Since the prediction of the durability performance is currently not possible, this was tested. This
investigation showed that the optimized cements are characterized by the durability performance
comparable or superior to the commercial composite cements. These are, however, characterized by
lower Portland cement clinker replacement ratio and hence associated with higher CO, emissions. The
modelling results further provided valuable insights into the underlying phenomena that helped to
analyze the experimental observations related to the concrete performance parameters.

It is important to note that the developed model is flexible with respect to the cement composition and
its kinetics of the hydration. Any composition of the Portland cement clinker, granulated blast-furnace
slag and limestone of the known hydration kinetics can be modelled and the performance predicted. This
applies as well for the different supplementary materials, e.g. fly ash or calcined clay.
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List of symbols and abbreviations

Cement chemistry shorthand notation used in cement science is applied in this paper:

C=Ca0, S =Si0,, A =Al,0;, F = Fe;03, M = MgO, H = H,0, c = CO,, $ = SO3

The main anhydrous phases and hydrates in cementitious systems are summarized in the table below:

Alite

Belite

Aluminate

Ferrite

Calcium silicate hydrate
Portlandite
Monocarbonate
Hemicarbonate
Monosulfate

Ettringite

CsS CasSiOs

C.S CazSi0s

GA CazAl;0s

C.AF 4Ca0-Al,05-Fe,0;

C-S-H xCa0-Si0,yH,0 (variable composition)
CH Ca(OH).

CsAcH1; (Mc)  3Ca0-Al,03-CaC03-11H,0

CsAcosH115 (He) 3Ca0-Al,03:0.5Ca(OH),:0.5CaC0s+11H,0
C4ASH1; (Ms)  3Ca0-Al,03:CaS04-12H,0

CeAS3Hs; (Et)  3Ca0-Al;03:3CaS04:32H,0
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