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Abstract

Cements with high substitution rates of ground granulated blast furnace slags (GGBS) have
the potential to significantly lower CO, emissions of concrete, but their early age strength
is often below those of traditional OPC cements. One way of mitigating this drawback is to
use accelerating admixtures. In this study, the effect of CaCl, additions on the hydration of
blended cements was investigated by measuring compressive strength, porosity, heat
release and propagation of ultrasound in blends containing 70 wt.% of GGBS. The onset of
formation of aluminate phases was monitored using in-situ XRD. The effect of CaCl, on
slag hydration was isolated by replacing GGBS by an inert quartz filler. Results showed that
compressive strength values at one, two and seven days were increased by 50% by the
CaCl, addition. The increases in compressive strength corresponded to a reduction in pore
space. GGBS hydration contributed to the heat development, structuration and
compressive strength of the blended cements from 15 hours. The addition of CaCl; led to
an earlier onset of the GGBS reaction, at around 10 hours, and increased the rate of GGBS
hydration during the first seven days. The time of onset of the GGBS contribution was also
the moment when AFm precipitation started. In CaCl,-containing blends, Cl was

incorporated in AFm.
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1. Introduction

Due to the high environmental impact of the cement production, current designs of cements
aim to reduce their carbon footprint. This is partially achieved by using supplementary
cementitious materials (SCM) as clinker substitutes. Ground Granulated Blast Furnace Slag
(GGBS), a glassy by-product of pig iron production, is a common SCM that has been used for
over 100 years [1], [2]. Partly replacing clinker by GGBS lowers costs and the CO, footprint of

the material and also enhances its physical and chemical resistance [1], [3]-[5].

Even though large differences exist between different slags, at high substitution levels, GGBS
blended cements typically show lower reactivity and early age performance than blends
containing higher amounts of clinker [6]—[9]. Some authors have even reported that GGBS
does not react during the first 24 hours of hydration, whereas others report a degree of slag
reaction between 10 and 30 % after one day of hydration [10]-[16]. The addition of GGBS
also influences the clinker hydration. At high clinker replacement levels, the effect of cement
dilution becomes greater than the positive filler-effect of increased nucleation sites [17]-

[19].

One promising way to compensate for the slower reaction of GGBS is to add accelerating
salts such as CaCl, [7], [20]—-[22]. CaCl, has been known to accelerate the hydration of
Portland cement for many years [23]. Even though the exact mechanism of action is still
under discussion, recent studies show that the effect of CaCl, can well be modeled by an
increase in the number of nucleii [24]-[28]. Besides, Cl and Ca ions to flocculate hydrophilic
colloids and stronger flocculation of C-S-H leads to bigger pores in the C-S-H gel resulting in
later diffusion control of the hydration reaction [26]. Furthermore, the presence of Ca
increases the supersaturation of the pore solution with Ca bearing mineral phases, including

C-S-H.

For GGBS blended cements, Bellmann et al. [7] reported that 2-day strength of GGBS —
Ca(OH); — cement blends could be increased by a factor of 3 when 3 wt.% CaCl, was added
and Van Rompaey [22] showed an accelerated hydration of GGBS blended cements in the
presence of CaCl,. In both studies, it remains unclear whether the increase in short-term
performance stems only from an accelerated cement hydration or if the addition of CaCl,

also has a significant impact on the GGBS hydration rate. Also, for fly-ash blended cements,



higher early age compressive strengths have been reported [29]-[31] and studies on natural
pozzolanic material have shown that CaCl, enhances their reactivity [32], [33]. The main
disadvantage of the use of CaCl, is the potentially increased corrosion of steel in reinforced
concrete by the presence of Cl ions [34]. But this effect appears to be low in slag blended

cements accelerated by CaCl2, because of chloride binding in Al-bearing hydrates [35], [36].

The aim of this work was to investigate if and to what extent CaCl, accelerates the hydration
of GGBS in blends of 70 % GGBS, 30 % cement. In order to identify the effect of CaCl, on the
GGBS hydration, samples of blended cements and model samples where GGBS was replaced
by an inert quartz filler were prepared with and without the addition of CaCl, for different
curing times [11]. For all samples, compressive strength development, early age
structuration, and heat development during hydration were analyzed. In addition, aluminate

formation and pore space evolution were monitored in slag-containing blends.

2. Materials and methods

2.1 Raw materials

An industrial GGBS from ECOCEM Dublin and a CEM | 52.5R (Blaine finenesses of 4350 cm?/g
and 4150 cm?/g, respectively), were used for this study. Their chemical compositions are
given in Table 1.Erreur ! Source du renvoi introuvable. The basicity index CaO/SiO, of the

GGBS was 1.16 and its amorphous content was > 99% as determined by QXRD.

To simulate the physical impacts of GGBS grains on nucleation, a fine quartz filler (C400 from
Sibelco) was selected with a particle size distribution is comparable to that of the GGBS
(Figure 1). The SiO, content of the quartz, measured by XRF, was >98.5 wt.%. Lab grade
CaCl,.2H,0 from Sigma-Aldrich was used as the accelerating salt. Weight percentages refer
to this hydrated CaCl, form. Sample IDs, compositions and analyses performed on each
sample are shown in Table 2. The amount of 1 wt.% CaCl, was fixed to be high enough to
have an observable effect, but below 0.65 wt.% of Cl in the binder pastes, which corresponds

to the maximum content allowed in concretes using CEM Il cements after EN-206/CN.



Table 1 - Chemical composition, loss on ignition and Blaine surfaces of the raw materials, measured
by XRF (GGBS) and ICP-OES (OPC)

GGBS OPC (CEM 1 52.5R)
Sio, wt.% 35.7 20.1
Al,0; wt.% 11.5 4.4
Cao0 wt.% 41.5 65.7
Fe203 wt.% 0.6 2.2
MgO wt.% 7.6 0.8
K,O wt.% 0.4 0.2
Na,O wt.% 0.3 0.2
SO; wt.% 0.7 3.6
TiO, wt.% 0.6 0.2
Cr,0; wt.% <0.05 <0.05
Mn,0; wt.% 0.4 0.1
P,0s wt.% <0.05 0.1
F wt.% <0.04 0.1
L.O.I .
(%) wt.% 0.8 2.5
Blaine cm?/g 4350 4150
o
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Figure 1. Particle size distribution of the quartz filler and the GGBS, measured by laser diffraction
granulometry in an ethanol suspension.



2.2 Compressive strength

Test prisms (40 mm x 40 mm x 160 mm) were cast from mortars containing one part of binder
and three parts of normalized sand, according to the standard EN 196-1:2016. The
water/binder (W/B) ratio was 0.5 and mixtures were prepared using standardized
CONTROLS Automix 65 mixers. If CaCl, was used for a sample, it was dissolved in the mixing
water prior to mixing. After demolding at 24 hours, the mortar prisms were cured under
water at 20°C until the different curing ages were reached. The mechanical strengths were
determined by compression tests. The 7- and 28-day samples were tested using a
standardized press from 3R. The samples aged 1 and 2 days were tested on a standardized
press by IGM, with controlled loading and a speed of load application reduced to 1200 N / s
(2400 N/ sin EN 196-1:2016).

2.3 Ultrasound propagation velocity

The ultrasound propagation velocity (Vp) measurements were carried out on an Ultra Test
IP-8 instrument on binder pastes with a 0.4 W/B ratio. The samples were prepared on the
basis of 100 g of dry binder and 40 g of water. The accelerator was dissolved in water. When
an accelerator was incorporated, the solution was left to stand for 10 minutes in order to
dissipate the heat generated by CaCl, dissolution. The solution was then poured onto the
powder and the whole was mixed with an electric mixer set at a rotation speed of 1500 rpm
for 2 minutes. The Vp evolution was monitored for 3 days at the rate of one measurement

every 2 minutes.
2.4 Isothermal calorimetry

Calorimetric tests were carried out using a TAM Air isothermal calorimeter from TA-
instruments, set at 20 °C. Samples were prepared as described in section 2.3. Measurements
were carried out on 10 g samples of pastes in a sealed measurement vessel. Heat
development was measured for 72 hours, with a step of 50 seconds between consecutive
measurements. The sample preparation (mixing + ampoule filling) was performed outside
the calorimeter. This method destabilized the temperature of the chamber during the
introduction of the sample and invalidated the first few minutes of measurements, therefore

the measurements were started at 45 min of reaction. However, the "internal" mixing



methods did not make it possible to obtain a homogeneous mixture in the case of viscous

binders such as cement pastes and thus might have led to unrepresentative results [37].

2.5 SEM observations

A semi-quantitative evaluation of the porosity of the slag-containing binder pastes was made
by scanning electron microscope (SEM) image processing [11], [38]. A series of 30 images per
sample were taken in back-scattered electron mode (x5000) on a JEOL JSM7100F, operated
at 15 keV. These machine settings theoretically allow to resolve features down to 18.8 nm,
actual object size may be somewhat higher. At this resolution air voids and capillary pores
are well resolved, but gel pores are not [39]. The thresholding was carried out using a k-
means algorithm. The grey level histograms of each SEM image were thereby segmented
into 6 classes. The first group, with the lowest grey level, was defined as porosity. To be able
to compare different SEM images, the grey level histograms were adjusted to represent the
same minimum and maximum grey levels. Elemental analysis was carried out using an SDD

x-max detector from Oxford Instruments.

Cement paste samples were prepared in cylindrical 60 mL poly-propylene recipients. Same
as for mortar samples, the paste samples were demolded at 24h and, if applicable, further
cured under water. For SEM analysis a slice of the paste sample was cut by a circular saw and
hydration was stopped at 1 day, 2 days and 7 days by immersing the slice overnight in
isopropanol. A fracture of the center of the cut slice was then vacuum-impregnated into an
epoxy resin. Sample surfaces were polished for 4h using an argon ion beam cross section
polisher (IB-19510CP, by JEOL) operating at 6kV. Samples were not mechanical prepolished

due to their instability.

2.6 In situ XRD (IS-XRD) of early hydration

Fresh slag-containing binder pastes (570 and S70CI1) were encapsulated between two
Kapton foils (7.6 um thickness, by LGC) and scanned every 45 min for the first 31.5 hours of
hydration. Sample weight remained constant before and after analysis, suggesting not
evaporative loss of hydration water. The measurements were carried out on a Bruker D8

Advance diffractometer under Cu-Ka radiation in a Bragg-Bretano configuration. The scans



were operated between 8 and 70° 26 with a 0.02° step and a scan time of 0.31 s per step for

a total scan time of around 20 minutes.

Table 2. Overview of sample composition and analysis performed on each sample

ID Sample Composition Analysis
Slag Quartz Cement CaCl, Sc uUs Cal IS-XRD SEM
wt.% wt.% wt.% wt.% - - - - -
S70 70 0 30 0 X X X X X
S70CI1 70 0 30 1 X X X X X
Q70 0 70 30 0 X X X - -
Q70Cl1 0 70 30 1 X X X - -

Amounts of slag, quartz and cement refer to the powder composition. CaCl, refers to the amount of CaCl,.2H,0 with respect to the sample
powder dissolved in the mixing water. Abbreviations for analysis are: Sc — Compressive strength tests, US — ultrasound propagation
measurements, Cal — isothermal calorimetry, IS-XRD — in situ X-ray diffraction measurements, SEM — porosity analysis by scanning electron
microscope image processing.

3. Results

3.1 Compressive strength

The compressive strengths of mortars containing 70% slag (S70) and 70% quartz (Q70), with
and without addition of 1 wt.% CaCl,, are presented in Figure 2. In the pastes containing slag
and cement (S70), the addition of CaCl;, increased 1-day compressive strength from 3.83 +
0.14 to 5.65 + 0.16 MPa, 2-day compressive strength from 8.52 + 0.45 to 11.99 + 0.62 MPa and 7-
day compressive strength from 25.83 = 0.40 to 37.48 + 0.60 MPa. This represents a relative
increase of compressive strength of almost 50% due to the CaCl, addition. After 28 days of
hydration, only a slight difference in compressive strength remained between the two

mixtures.

In the pastes containing quartz filler and cement (Q70), compressive strength was below
that of slag and cement at all curing times (Figure 2). Compressive strength increased only
slowly from 3.33 + 0.02 MPa at 1 day to reach 9.67 + 0.16 MPa after 7 days. The addition of
CaCl, had only a slight positive effect on compressive strength development after 1 day of
curing (3.69 + 0.07 MPa). At 2 days of hydration, there was no significant difference between
the two treatments and, at 7 days, the compressive strength of the sample with CaCl,

addition was below that of the sample without addition.
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Figure 2. Compressive strength of blended cements with 70 wt.% of GGBS with (570-Cl1) and without
(570) CaCl, addition, 70 wt.% of inert quartz filler with (Q70-Cl1) and without (Q70) CaCl, addition.
Values are given for systems with and without 1 wt.% CaCl, addition. Note that the time is
represented on a logarithmic scale.

3.2 Heat of hydration

Heat flow curves of CaCl, accelerated samples (S70Cl and Q70CI) showed a main peak of
about 2 mW/g at around 4 hours of hydration (Figure 3). In samples without CaCl, addition,
the main heat flow peak appeared at around 10 hours, with a heat flow of about 1.5 mW/g.
This main peak was probably due to cement hydration, as the shape and amplitude were
similar between slag- and quartz-containing samples. Consequently, the observed effect of

CaCl, addition on the main hydration peak shows its effect on cement.

At later stages of hydration, the slag-containing systems showed higher heat flow values
than the quartz-containing systems. This effect was visible in the CaCl, accelerated systems
from about 10 hours onward and on the systems without accelerator addition from 15
hours. Heat flows of the slag-containing systems started to converge from 15 hours onward,
until heat flow became higher in S70 than S70CI1 from 52 hours on. In quartz-containing

systems Q70 and Q70Cl1, heat flow was almost identical starting from 15 hours.
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Figure 3. Heat flow in blended cements with 70 wt.% of GGBS (570) and 70 wt.% of inert quartz filler
with the same PSD (Q70). Values are given for systems with and without 1 wt.% CaCl, addition.

Cumulative heat results are shown in Erreur ! Source du renvoi introuvable.4a. After around
2 hours, the two pastes containing CaCl, started to show an increase in heat release, the
time of occurrence and intensity of which are comparable. For the samples without CaCl,,
heat development started at about 4 hours (Figure 4a). The accelerating effect of CaCl, at
this point in time probably came from its action on the cement. Subsequently, an additional
contribution to the heat release was observed from around 15 hours onward for the slag-
containing samples and from 10 hours for slag-containing samples with CaCl2 addition (S70
and S70CI1). This increase in reaction heat was probably due to the start of the slag

hydration.

In Q70 and Q70CI1 samples, the heat development rate decreased after 15 hours and the
two samples started to converge (Figure 4a). This observation indicates a lower contribution

of CaCl, additions to the heat development at later stages of the experiment.

3.3 Ultrasound propagation during hydration
The speed of sound in cement pastes containing 70% slag (S70) and 70% quartz (Q70), with
and without addition of 1 wt.% CaCl,, is presented in Figure 4b. The variation of the speed of

sound in cement pastes is usually divided into three stages: 1. Dormant phase, controlled by



the speed of sound in air bubbles that were introduced during mixing, 2. Rapid increase to
about 1500 m/s when the speed of sound becomes controlled by water, and 3. A progressive
increase due to the formation of hydrates [40]—[43]. All samples showed the typical increase
from the speed of sound in air (340 m/s), up to the speed of sound in water (1500 m/s)

within the first hours of hydration (Figure 4b).

This first characteristic increase in the speed of sound occurred earlier in S70CI1 (around 2.5
hours) than in S70 (around 5 hours). From this first characteristic step onwards, the speed of
sound increased steadily in both samples and remained higher in S70CI1 than in S70 during
the whole experiment (Figure 4b). After about 30 hours of hydration, the difference

between S70CI1 and S70 started to increase further.

Similarly, in the pastes containing quartz and cement (Q70) the initial increase of speed of
sound occurred slightly earlier for pastes containing CaCl, (Figure 4b). After the first
characteristic step, the speed of sound increased further, but only slowly. Starting from 12
hours, the speed of sound in both samples containing slag was higher than in the sample
containing quartz with CaCl, addition. After approximately 36 hours, the speed of sound

became higher in the CaCl,-free sample.
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Figure 4. (a) Cumulative heat (per gram of binder) of cement paste samples containing 70% slag (S70)
and 70% quartz (Q70), with and without addition of 1 wt.% CaCl,(570CI1 and Q70CI1). (b) Speed of
sound during the hydration reaction of the same samples



3.4 In-situ XRD analysis

XRD patterns of the last in-situ scan, after 31.5 hours of hydration of S70 and S70Cl1, are
shown in Figure 5. Both patterns show multiple amorphous humps corresponding to the
presence of slag, water, the Kapton film and probably amorphous hydrate phases during in-
situ analysis. In addition, both samples show Bragg peaks corresponding to the anhydrous

cement phases C3S and C,S with similar intensities.

Furthermore, both XRD patterns show characteristic peaks of typical hydrate phases,
portlandite and ettringite, in similar intensities. One obvious difference between the
samples is the higher intensity of the first AFm peak in S70Cl1 compared to S70. There is also
a difference in the position of the first AFm peak, which appears at 10.7° for S70 and at 10.9°
for S70CI1. In addition, a second AFm peak also appears earlier in S70 (21.7°) than in S70CI1
(22.0°). For both samples, the position of the second peak corresponds to the double d-
spacing of the first peak. The third AFm peak is, however, at the same position for S70 and
S70Cl1, suggesting only unidimensional differences in crystal structure between the two

samples, which could be induced by a different interlayer anion.

To give a closer look at aluminate formation in S70 and S70CI1, Figure 6 presents the
evolution of intensities over time for an angular range between 8.5° and 11.5°. Ettringite
formation was observed in both samples with a discernable peak at about 9.1° 26 from
about five hours on in the S70 sample (Figure 6a) and from 1.5 hours on in the S70CI1

sample, with CaCl, addition (Figure 6b).

In the S70 sample, a discernable AFm peak appeared after about 15 hours of hydration. The
peak was centered between 10.6° and 10.7° 20, which is typical for AFm solid solutions of
various anions or hemicarboaluminate [37]. In the S70Cl1 sample the AFm peak appeared
from 10 hours and was centered between 10.9° (8.1 A) and 11.0° 26 (8.0 A), indicating
smaller d-spacing than in S70. The peak was at slightly higher angles than indicated for AFm
solid solutions of OH, SO, and COs, but below angles typical for Friedel’s salt or
monosulphate [37]. When hydration was stopped after 24h the AFm peak shifted towards
slightly higher angles (around 11.2 ° 26 (7.89 A)), in line with the presence of Friedel’s salt

(data not shown). The AFm peak in S70 split into two large peaks one at lower angle (around



10.4 ° 20 (8.50 A)), still in the range of AFm solid solutions and one at higher angles (around

11.7 ° 26 (7.56 A)) in line with the presence of monocarboaluminate [37].
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Figure 5. In situ XRD pattern of S70 and S70CI1 after 31.5 hours of hydration. The diffraction pattern
of S70CI1 was shifted by +1000. Peaks were identified using d-spacings from [37]. Peaks correspond
to (E) Ettringite; (A1) AFm-1; (A2) AFm-2; (P) Portlandite; (C2S) Dicalciumsilicate; (C3S)
Tricalciumsilicate; (sp) Spinel. The grey, dashed line indicates the diffraction pattern of the Kapton
tape, note that intensities are only approximate as the detector has been replaced between sample
and Kapton blanc measurements.
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Figure 6. XRD scans between 8.5° and 11.5° 28 of (A) S70 and (B) S70CI1 during the first 31.5 hours of
hydration. Scans were performed every 45 min. The color scale represents the signal intensity in
number of counts.

3.5 SEM observations

Figure 7 shows backscattered electron images of S70 and S70CI1 at x5000 fold magnification
after 1 day of hydration, together with the corresponding element maps from EDX analysis.
In both samples, a significant amount of hydrates containing Si and Al is visible around slag
grains. In S70CI1, however, there are clear mineral structures visible in pore spaces with high
Al intensity. Cl was detected in the same spaces, indicating that it was incorporated into AFm

phases.

The evolution of porosity obtained from image processing of S70 and S70CI1 samples is
represented in Figure 8a. Initially porosity of the powdered samples was around 55 vol.%.
The porosity decreased during the hydration of both samples. In the S70 samples, porosity
was 33 vol.% after 1 day, 28 vol.% after 2 days and 17 vol.% after 7 days of hydration.
Decline in porosity was quicker in the S70CI1 sample with a porosity of 25, 19 and 16 vol. %
after 1, 2 and 7 days, respectively. After 7 days of hydration, there was no longer any

significant difference between the samples.



Figure 8b shows the relationship between compressive strength and porosity. Compressive
strength appears to increase exponentially with decrease in porosity, independently of the

sample type.



S70 S70CI1

Figure 7. SEM image at x5000 magnification in back-scattered electron mode after 1 day of
hydration, and EDX maps of Si, Al and Cl - for 570 on the left and S70Cl1 on the right.
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Figure 8. Porosity of S70 and S70CI1 samples derived from SEM image analysis. (a) Development of
porosity over time. (b) Relationship between porosity and mortar compressive strength. The grey
dashed line corresponds to the power law Rc = 4515,

4. Discussion

4.1 Contribution of slag to the compressive strength

After a curing time of 1 day, the compressive strength in S70 samples was slightly but
significantly higher than in Q70 samples (Figure 2). Since the quartz addition had the same
reactive surface area as the slag, this effect cannot be attributed to a physical effect of
nucleation but indicates a probable contribution of the GGBS hydration to compressive
strength already at 1 day. Calorimetric measurements support this finding by showing an
increase in heat development in slag-containing blends (S70 and S70CI1) after about 15
hours and 10 hours of reaction, which was not detected in blends containing quartz (Figure
4a). This observation is in line with other studies reporting significant degrees of slag
hydration at 1 day of hydration [11]—[14], [16]. In contrast, a study on 40 wt.% GGBS blended

cements reported a significant contribution of GGBS only after 30 hours [15].

The increase in compressive strength between 1 and 2 days of curing and between 2 and 7
days was also larger in S70 samples (4.7+0.5 and 17.3+0.6 MPa, respectively), than in Q70
samples (1.7£0.4 and 4.610.4 MPa, respectively). The observations also correspond well to

calorimetric and speed of sound measurements, which show increasing differences between



S$70 and Q70 samples from about 10 hours (Figure 4). This shows that the slag hydration

makes a significant contribution at these curing ages.
4.2 Effect of CaCl, addition on slag-containing blends

Significant differences in compressive strength between the S70CI1 and S70 samples for
curing ages of 1, 2 and 7 days illustrate that the addition of CaCl, accelerates the hydration
reaction of blended cements [7], [22]. The higher compressive strength in S70CI1 compared
to S70 is associated with a faster decrease in porosity in the CaCl,-containing blend (Figure
8). S70 and S70CI1 samples show the same dependence between porosity and compressive
strength, suggesting that the pore filling rate and thus the volume of hydrates formed exerts
the major control on the compressive strength in both systems. The higher pore filling rate
might be attributable to the increased number of nuclei induced by the chloride ion and the
supplementary Ca in solution [24]-[28]. This accelerating effect is well documented for
cement and its constituents, but the question of whether the slag hydration is also
accelerated by the addition of CaCl, was not yet addressed [24], [26], [44]—-[46]. Possible

mechanisms for the acceleration of slag hydration will be discussed in section 4.3.

The addition of CaCl, also had an effect on the formation of aluminate phases (Figure 5).
S70CI1 showed earlier onset of ettringite and AFm formation. Furthermore, S70Cl1 produced
AFms with smaller interlayer spacings, close to those expected for Friedel’s salt. This
suggests the incorporation of Cl as the major interlayer anion if the sample was accelerated
by CaCl,. AFm are layered double hydroxydes, in which the interlayer anion can be easily
exchanged and the main difference between Friedel’s salt and other AFm phases is only the
nature of the interlayer anion, which determines the size of the interlayer space. The
exchange does not need to be complete so that AFms exist in solid solutions with various
interlayer anions, this implies that the peak positions in cement samples are not necessarily
the same as for pure phases [37], [47]. SEM observations supports the incorporation of Cl
into AFm phases, even though SEM analysis cannot distinguish between surface adsorption
and incorporation of Cl. The incorporation of Cl into AFm phases might lead to an earlier
oversaturation with AFm compared to systems without CaCl, addition. However, In earlier
studies, the formation of Cl containing phases was associated with the removal of Cl from

solution and subsequent decrease in hydration rates [44]-[46]. Binding of Cl into Al bearing



hydrates was already reported in slag cements and potentially reduces the corrosion risk in

reinforced concrete [35], [36].

The appearance of AFm in the in situ XRD patterns (Figure 6) coincides with the start of
higher heat release of slag-containing blends (10 hours for S70CI1 and 15 hours for S70) with
respect to quartz-containing blends (Figure 4). This suggests that slag hydration and AFm

formation are linked.

4.3 The GGBS reaction in the presence of CaCl,

To be able to distinguish between cement hydration, slag hydration and physical effects,
blends containing 70% of quartz as an inert filler (Q70) were prepared. To further investigate
the effect of CaCl, addition on the GGBS hydration, the effect of the GGBS on heat release
and speed of sound propagation was computed as the difference between S70 and Q70
systems (Eq. 1) [11]. The difference between the Q70 and S70 systems can be interpreted as
the effect of GGBS on the hydration reaction, because the quartz is considered inert and
cement is present in the same proportions in the two systems. However, this approach
assumes that the reaction of cement is the same in the presence of quartz and slag. This was
shown to be not accurate as the degree of reaction of cement was reported to be lower (-8
% in a 40% slag — 60 OPC mix) in the presence of slag than in the presence of quartz [15].
Therefore, results of the subtraction method likely underestimate the contribution of GGBS
to the heat replace and the increase in speed of sound. The resulting heat and speed of

sound curves are displayed in Figure 9.

AQ; = Qgs70) - Quaro) (J/g cement) (1)

Where AQi represents the increase of heat release or speed of sound due to the presence of GGBS. The heat release or
speed of sound during the hydration of the S70 or S70CI1 systems is represented by Qis7) and the heat or speed of sound
the corresponding system containing the quartz filler by Q(q70).
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Figure 9. Contribution of GGBS hydration to heat development (a) and speed of sound evolution (b),
computed as the difference between S70 and Q70, and S70CI1 and Q70CI1 systems.

The contribution of GGBS to heat development during the hydration reaction is around zero
at the beginning of the reaction and passes through an initially negative phase (Figure 9a).
This negative contribution is probably due to small differences in the filler effect of GGBS
and quartz filler and to the fact that the liberation of ions from the GGBS decreases the
cement dissolution slightly [15], [16]. For the system without CaCl, addition, the GGBS
contribution to the reaction heat reaches a minimum at around 15 hours and steadily
increases from then on. This observation shows that GGBS hydration starts to contribute
significant heat from 15 hours in blended cements. This is earlier than formerly reported in
the literature but in line with significant slag hydration at 1 day of age [10]-[16]. Note that
this point in time corresponds to the onset of AFm formation (Figure 6a). For the accelerated
system, the minimum was already reached at about 10 hours (Figure 9a). Again, this was the

moment when AFm formation started (Figure 6b).

For this first reaction phase, no differences in speed of sound were observed between the
two systems. This may be attributable to the imprecisions of the speed of sound
measurements during the early hours of the reaction, when the speed of sound is still
controlled by air bubbles from the mixing process, or by the fact that the initial heat release

is due to the dissolution and not to hydrate formation.



Between 10 and 36 hours, there was a steeper increase in heat contribution for the
accelerated system compared to the system without CaCl, addition. In speed of sound
measurements, a corresponding increase was observed between 10 and 36 hours,
suggesting that heat release was actually linked to the formation of stronger solid
connections in the sample (Figure 9b). After 40 hours, the heat contribution of GGBS and its

contribution to the increase of the speed of sound started to slow down.

These observations show that CaCl, has an accelerating effect on the GGBS hydration in
blended cements. This is in line with, the acceleration of OPC-free, GGBS-based binders by
CaCl, [7], [48]. As for the cement, the GGBS hydration started earlier in the systems
containing CaCl, and its intensity also increased during the first days of hydration. With the
present dataset, it is not possible to judge which mechanisms actually accelerated the slag
hydration. The mechanisms that were identified for the acceleration of cement phases could
also benefit the slag hydration. For instance, the formation of more porous hydrates would
also increase the diffusion of ions from the slag surfaces and retard the diffusion control of
the hydration reaction [24], [26], [27]. A higher nucleation rate would also benefit GGBS
hydration [24]. Besides, a higher polymerization degree of Si was observed in C-S-H from
C3S hydration in the presence of CaCl,, implying a stronger connectivity of C-S-H units [49].
This finding can also be applied to C-S-H resulting from GGBS hydration. Besides these two
mechanisms described for cement, it has been reported that chloride salts increase the

affinity of water for GGBS surfaces, which could enhance the slag dissolution [50].



5. Conclusion

Using multiple macroscopic approaches, it was shown that the hydration of GGBS started to
contribute to heat development and increased speed of sound from 15 hours onward in 70%
GGBS blended cement pastes. This contribution resulted in significantly higher compressive
strength in blended cements containing 70% of GGBS compared to the same cement
blended with an equivalent amount of inert quartz filler. The addition of 1 wt.% of CaCl; led
to an earlier onset of heat development. This was observed in blends containing GGBS and
the inert quartz filler, so these observations probably have been due to the accelerating

effect of CaCl, on the cement.

After 10 hours of hydration, the addition of CaCl, increased heat release and the speed of
sound much more strongly in GGBS-containing blends than in blends with an inert quartz
filler. These observations indicate an increased intensity of GGBS hydration due to the CaCl,
addition. Furthermore, an earlier onset of the slag reaction was observed, at around 10
hours, compared to 15 hours in systems without CaCl, addition. In both systems, the onset

of slag hydration coincided with the onset of AFm formation determined by in-situ XRD.

The enhanced GGBS hydration resulted in significantly higher compressive strength values at
1, 2 and 7 days of hydration, compared to slag blended cements without CaCl, addition.
Increased compressive strength corresponded well to a faster decline in porosity, suggesting
that a higher rate of pore filling was responsible for the increase in compressive strength.
After 28 days, compressive strength was similar in both the systems - with and without CaCl,

addition.
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