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Abstract

An experimental study of interactions between hydration and early drying was carried out on
a mortar with a GGBFS volume as high as the OPC volume. 1 day after casting, the mortar
was subjected to 6-month unidirectional drying in natural surrounding conditions in
laboratory. At the end of the exposure period, Portlandite content, water porosity and pore size
distribution were found to be not uniform along the material. When approaching the exposed
surface, due to the early drying, the material gradually becomes less hydrated, more porous,
and less dense. This causes strong gradients of transfer properties between the exposed
surface and the core of the material, which facilitates exchanges with the surrounding
environment near the surface and lowers the resistance against the penetration of aggressive
agents. For instance, it was shown that considering properties only within the core of the
material, sheltered from drying, significantly underestimates the risk of carbonation, and thus

the risk of corrosion of reinforcement in concrete.

Keywords: High-volume GGBFS mortar; Hydration; Early drying; Carbonation;
Microstructure; Portlandite content; Water content; CaCO3 content; Water porosity; Pore size

distribution

1. Introduction

For environmental considerations, it has become necessary to reduce CO; emissions from
concrete manufacturing. This is challenged by CO; emissions from ordinary Portland cement
(OPC) production [1-13], responsible for 65— 85 % of the CO; emissions from concrete

manufacturing [9], and for 5—8 % of global CO> emissions [3.5,10]. About 60 —70 % of



these emissions are generated during production of clinker [1.7,11], which is the main
component of OPC. Therefore, efforts to mitigate CO> emissions from concrete
manufacturing have focused on substituting OPC with industrial by-products, namely
supplementary cementitious materials (SCMs) [5.12]. Substituting OPC with ground
granulated blast-furnace slag (GGBFS), one of the most common SCMs, offers one of the
largest CO> mitigation [8,13]. However, the quality of some properties and performances of
concrete with high substitution ratio of OPC with GGBFS are lowered compared to OPC
concrete [ 14-20]. In fact, due to the lack of clinker, combined with the slowness of GGBFS
reaction, known to be a latent hydraulic SCM, hydration kinetics is strongly slowed down,
especially at early age [18-22]. The slowdown of hydration kinetics induces a decrease in
hydration level, which reduces the amount of hydrates. This causes an increase in porosity
and a coarsening of the microstructure since hydrated phases are known to fill porosity due to
their molar volume which is higher than that of anhydrous phases [23-25]. The increase in
porosity, combined with the coarsening of the microstructure, induce a coarsening of the
properties governing exchanges with the surrounding environment [26.27]. This means an
increase, at early age, in sensitivity to transfer of aggressive agents and to hydric transfer
[18,28], namely early drying. The latter is known to strongly hamper hydration [23-34],
which is already not well advanced because of the high amount of GGBFS. In fact, early
drying reduces the amount of water available in the pores, which slows down the hydration
kinetics and causes an increase in porosity and a coarsening of the microstructure. The same
modifications are induced by shrinkage and modification of some C-S-H phases due to the
lack of water evacuated by the early drying [35.36]. Furthermore, early drying induces
gradients of properties between the exposed surface and the core of concrete [28.37.38]. The
quality of properties within the zone affected by drying should thus be lower than that within

the zone sheltered from drying, especially in concrete with high amount of GGBFS, known to



be more sensitive to early drying than more conventional concrete [18.28]. A previous
theoretical study of interactions between hydration and drying, carried out on concretes with
high amount of SCMs, especially GGBFS, showed that, due to drying, hydric, hydration and
microstructural properties are not uniform along the material [28]. In fact, when approaching
the exposed surface, the material becomes less wet, less hydrated, and more porous. However,
characterization of cementitious materials is usually performed within the core sheltered from
drying, or even on water-cured specimens, thus well hydrated. For instance, Ballim [39] found
that, in the case of concrete with high amount of GGBFS, water-curing at early age had a
significant effect on reducing the permeability and water sorptivity of the cover concrete.
Sanjuéan et al. [40] recommended, for concrete with GGBFS, a 7-day water-curing period to
guarantee a lower water permeability. The same authors [41] recommended, for mortar with
high amount of GGBFS, a 7-day water-curing period to guarantee a lower carbonation rate.
Gruyaert et al. [42] observed that, for concrete with high amount of GGBFS, an increase in
water-curing period from 1 to 3 months increased the resistance against carbonation.
However, on construction site, for practical and economic reasons, water-curing is often not
applied, which makes early drying unavoidable. Therefore, characterizing water-cured
specimens, or within the core sheltered from drying, leads to properties that are often average
values along the material. In the case of reinforced concrete, this procedure may overestimate
the quality of transfer properties within the cover zone, along which aggressive agents diffuse,
and thus may underestimate the risk of corrosion. The latter is probably the most significant
cause of degradation in reinforced concrete [43-49]. Initially, reinforcement in concrete is
naturally protected against corrosion by the high alkalinity of the pore solution [43]. However,
this protection may be hampered by the ingress of chloride ions at a certain threshold
(chloride-induced corrosion) [43.44], and/or by the carbonation process which causes the

acidification of the pore solution near the steel reinforcement (carbonation-induced corrosion)



[43.48.50]. Despite the importance of the issue, the literature consulted provides few
experimental results on effects of interactions between hydration and early drying, especially
in the case of cementitious materials with high amount of GGBFS.

In this work, an experimental study of interactions between hydration and early drying was
carried out on a high volume GGBFS mortar, namely a mortar designed with a volume of
GGBEFS as high as the volume of OPC. The objective was to highlight and quantify the effects
of early drying on hydration and microstructural properties of the material, especially those
governing the carbonation kinetics. For this purpose, the mortar was demolded 1 day after
casting and subjected to 6-month unidirectional drying in natural surrounding conditions in
laboratory. During the exposure period, the progress of drying front was monitored by
continuously recording the relative humidity inside the material, while the drying kinetics was
monitored by regular weighing, i.e., by monitoring the mass loss. At the end of the exposure
period, hydric profiles were investigated by determining the profile of relative humidity using
hygrometric probes, the profile of water content by weighing before and after oven-drying,
and the profile of water saturation degree by weighing before and after oven-drying, and after
water saturation under vacuum. As natural carbonation occurred during the exposure process,
carbonation profile was investigated by determining the profile of CaCO3; by means of a
thermogravimetric analysis (TGA), and by phenolphthalein spraying. Hydration profile was
investigated by determining the profile of Portlandite content by TGA. A proportionality
relationship was assumed between Portlandite content and hydration level. This assumption
stems from that of simultaneity of chemical reactions of clinker and GGBFS [51,52]. Finally,
microstructural profiles were investigated by determining the profile of porosity by means of
water porosity measurement, and the profile of pore size distribution using a mercury

intrusion porosimetry (MIP).



2. Experimental procedure

2.1. Raw materials

The study was carried out on a mortar mixture designed with the following constituents: an
ordinary Portland cement (OPC) CEM152.5 N from Calcia France as per the European
Standard EN 197-1 [53], a ground granulated blast-furnace slag (GGBFS) from Ecocem
Netherlands as per the European Standard EN 15167-1 [54], and a siliceous sand (0/4 mm)
from HeidelbergCement France as per the European Standard EN 13139 [55]. The sand,
which has a density of 2600 kg/m3, does not contain CaCQOs3, while about 8.7 and 1.0 % of
CaCO3 were measured by TGA in OPC and GGBFS, respectively. OPC was stored under
hermetically sealed conditions before use to limit its exposition to the atmospheric humidity
and CO,. Despite these precautions, a slight natural carbonation occurred on the cement
surface, which formed the CaO3 measured. Table | shows the properties of the cementitious

materials used.



Table 1

Physical, mineralogical, and chemical properties of OPC and GGBFS, supplied by the

manufacturers.

OPC GGBFS
Physical properties
Density [kg/m?] 3180 2890
Blaine surface [cm?/g] 4050 4500
Composition [%]
Clinker 95.1 -
Gypsum 4.9 -
Clinker mineralogical composition [%]
CsS 67 -
CaS 13 -
CsA 7 -
C4AF 13 -
Chemical composition [%]
CaO 64.2 41.5
SiO» 20.5 33.3
ALO3 5.0 12.5
Fe>Os 3.9 04
SO3 2.5 0.2
MgO 1.1 7.0

2.2. Mix-design procedure

The proportions used in the mix are given in Table 2. The mortar mixture was prepared using

the mix-design method described by Eqs. 1 to 4:
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with: Vs, V¢, Va and Vw [m?] are the sand, OPC, GGBFS and water volumes, respectively.
W, A and C [kg] are the effective water, GGBFS and OPC contents per cubic meter of mortar,
respectively. The volume of sand (Vs) was fixed equal to 0.542 m? to obtain a paste volume of
0.459 m® (Eq. 2) [56]. The water-to-binder ratio was taken equal to 0.535 (Eq. 3). Such values
of paste volume and water-to-binder ratio were chosen to obtain a homogeneous mortar
mixture, by limiting bleeding and segregation, and to ensure its good workability [56].
Moreover, the water-to-binder ratio was chosen enough high to mitigate the phenomenon of
self-desiccation due to hydration [29.57]. The cement substitution ratio was fixed equal to
0.482 (Eg. 4) to maintain the GGBFS volume (Va) as high as the OPC volume (Vc). The
cement substitution ratio deliberately exceeded the maximum value of 0.3 allowed by the
specifications of the European Standard EN 206+A1 [58] which accounts for durability when
designing concrete. The mortar obtained can thus be qualified as a high-volume GGBFS
mortar according to the normative framework. It should be noted that a higher substitution
ratio lowers the quality of some properties and performances of the material due to the lack of
clinker [14-20]. The study was carried out on mortar specimens instead of concrete
specimens to shorten the exposure period (Section 2.4). The mortar specimens were chosen
enough representative (Section 2.3) to extend the obtained findings to concrete with the same

GGBFEFS content.

Table 2

Mix proportions per cubic meter of mortar.

Content [kg] Volume [1]
Sand 0/4 1409 542
CEMI525N 275 86
GGBFS 256 88



Effective water 284 284

2.3. Mortar mixture casting

The mortar mixture was cast, according to the European Standard EN 196-1 [59], into eight
75X75X75 mm molds and stored in a room at 20+ 1°C for 24 h. Such a mold size
corresponds to the maximum stroke of the saw used to cut the different specimens according
to the needs and purposes of each test. The eight 75X75X75 mm specimens were demolded 1

day after casting to submit the mortar to an early drying.

2.4. Exposure procedure

Immediately after demolding at 1 day, the faces of the eight 75X75X75 mm specimens,
including the top and the bottom, were covered by an adhesive aluminum, except for one
lateral face, to ensure unidirectional exchanges with the surrounding environment [19]. After
that, all the 75X75X75 mm specimens were subjected to drying and natural carbonation for 6
months. The exposure was carried out in a room where the temperature and the relative
humidity were continuously monitored by a sensor. The temperature (T.) ranged between 18
and 27 °C and the relative humidity (RH¢) between 64 and 70 % (Fig.2). Punctual
measurements of the ambient CO; concentration showed that it ranged between 380 and
460 ppm. Among the eight 75X75X75 mm specimens, 6 specimens were regularly weighed to
monitor the drying kinetics during the 6-month exposure period. The other two
75X75X75 mm specimens were used to determine the profile of relative humidity inside the

specimens, and to monitor the progress of drying front.



2.5. Profiles determination after 6-month exposure

Hydric, carbonation, hydration and microstructural profiles were determined on eight

75X75X75 mm specimens after 6 months of exposure following the protocols described in the

following sections.

2.5.1. Hydric profiles

The hydric profiles were investigated by determining the profiles of relative humidity, water

content and water saturation degree.

The profile of relative humidity was determined on two 75X75X75 mm specimens, with
five sides covered by an adhesive aluminum, using hygrometric probes placed inside four
(?10X40 mm holes. The probes had an accuracy of +2 % from 0 to 90 % relative
humidity, and =4 % from 90 to 100 % relative humidity. The holes were drilled in each
specimen immediately after demolding at 1 day [19]. The centers of the holes were
located at different distances: 10, 28, 47 and 65 mm from the exposed surface, as
indicated in Fig. 1-a. The tops of the holes were sealed by a silicone sealant and covered
by an adhesive aluminum. The relative humidity inside the specimens was continuously
recorded for 6 months to monitor the progress of drying front within the material.

The profiles of water content and water saturation degree were determined on twelve
10X75X75 mm samples saw-cut from two 75X75X75 mm specimens perpendicularly to
the exchanges direction, as indicated in Fig. I-b. Immediately after sawing in dry
conditions, using a 3 mm saw blade, the 10X75X75 mm samples were weighed. Then,
they were oven-dried at 55 £ 5 °C until the equilibrium characterized by an insignificant

relative mass variation, corresponding to a relative mass loss within 24 h less than

10



0.005 % [60.,61]. After that, the 10X75X75 mm samples were water-saturated under
vacuum according to the French Standard NF P18-459 [62]. The procedure consists of
placing samples inside a desiccator where the pressure is maintained below 25 mbar for at
least 4 £ 0.5 h. The water saturation is then performed such that the samples are totally

immersed after 15 min. The reduced pressure is maintained for 44 + 1 h.

2.5.2. Carbonation profile

The carbonation profile was studied by determining the profile of CaCOs. Measurements were
carried out by a thermogravimetric analysis (TGA) [18,19.34.56,63] performed on 14 powder
samples of 230 + 15 mg. The powders were obtained by drilling [ 19] @6X75 mm holes in two
75X75X75 mm specimens at different distances: 7, 13, 23, 36, 53, and 68 mm from the
exposed surface, as indicated in Fig. 1-c. The powders were tested, immediately after drilling
to avoid their carbonation, using a Setaram Setsys Evolution® device with a heating rate of
10 °C/min from 20 to 1000 °C in an Argon atmosphere [18.19,34.56,63]. Moreover, the two
75X75X75 mm specimens were split in half, and a pH indicator solution, namely
phenolphthalein, was sprayed on the split sections to assess the carbonation depth according

to the European Standard EN 12390-12 [64].

2.5.3. Hydration profile

The hydration profile was investigated by determining the profile of Portlandite.

Measurements were carried out by TGA [18,19,34,56,63], at the same time, and on the same

powder samples as the determination of the CaCOs3 profile (Fig. 1-c).
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2.5.4. Microstructural profiles

The microstructural profiles were investigated by determining the profiles of porosity and

pore size distribution.

* The profile of porosity was studied by determining the profile of water porosity.
Measurements were carried out, according to the French Standard NF P18-459 [62], at the
same time, and on the same 10X75X75 mm samples as the determination of the water
content and water saturation degree profiles (Fig. 1-b).

* The profile of pore size distribution was determined by mercury intrusion porosimetry
(MIP), which was carried out on ten 10 mm cubic samples saw-cut from the cores of ten
10X75X75 mm samples, themselves saw-cut from two 75X75X75 mm specimens
perpendicularly to the exchanges direction, as shown in Fig. 1-d. Measurements were
performed according to the International Standard ISO 15901-1 [65]. A Micromeritics
Autopore V 9620® porosimeter was used with a pressure larger than 400 MPa. This

allowed pore diameter determination in the range from 0.003 pm to 360 pm.
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Fig. 1. Top views of the specimens used to determine the profiles of: (a) relative humidity, (b)
water content, water saturation degree and water porosity, (¢) CaCOs and Portlandite contents

by TGA, and (d) pore size distribution by MIP.
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3. Results and discussion

3.1. Drying kinetics

3.1.1. Drying front

The progress of drying front was monitored for 6 months by continuously recording the
relative humidity inside two 75X75X75 mm specimens. Fig. 2 shows the time-evolution of
the relative humidity measured by probes at different locations inside the material. At the
beginning of the exposure process, all the probes indicate 100 % relative humidity. After that,
the probes placed at 10, 28 and 47 + 5 mm indicate a relative humidity drop after about 0.23,
2 and 5 months of exposure, respectively. A slight decrease in relative humidity due to self-
desiccation should appear all along the material [66]. The phenomenon of self-desiccation is
defined as the decrease in relative humidity inside the pores which occurs when the amount of
water strongly decreases due to its consumption by hydration [29.57.66]. However, due to
their accuracy of +4 %, the probes placed at 65 =5 mm indicate 100 % relative humidity
even after 6-month exposure. The water-to-binder ratio used (Eq. 3) is thus enough to mitigate
the phenomenon of self-desiccation. This means that, without drying, the amount of water not
yet consumed by hydration, and remaining in the pores, is enough to maintain the relative
humidity at least at 96 %, given the probes accuracy. Therefore, the beginning of the decrease
in relative humidity, i.e., its drop below 100 %, which appears after a short equilibrium period
corresponding to the response time of the probes, is attributed to the drying. As mentioned
above, FFig. 2 shows that the drying front reaches 10, 28 and 47 + 5 mm after about 0.23, 2 and
5 months of exposure, respectively, i.e., with the average velocities of 1.39 +£0.71, 0.47 + 0.08

and 0.31 + 0.03 mm/day, respectively. The evolution of these velocities indicates that the

14



drying front progresses quickly within the first few millimeters from the exposed surface.
This occurs during the first week of exposure, corresponding to 0.23 months. After that, the
progress of the drying front gradually slows down without reaching 65 + 5 mm at the end of

the exposure period.
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Fig. 2. Time-evolutions of the relative humidity at different locations inside the material,
external relative humidity (RH¢) and external temperature (T.) monitored during the 6-month

exposure period.

3.1.2. Water loss

The drying kinetics was monitored for 6 months by regularly weighing six 75X75X75 mm

specimens. Fig. 3 shows the time-evolution of the relative water loss calculated by Eq. 5:
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S+C+A+W m-mgS+C+A+W
w T m, w

Aw/wy = Am/m, 100 5)
with: Aw/wo and Am/my [%] are the relative water loss and material relative mass loss at a
given time, respectively. S, C, A and W [kg] are the sand, OPC, GGBFS and effective water
contents per cubic meter of mortar, respectively. m and mo [kg] are the material mass at a
given time and material initial mass measured at the beginning of the exposure process,
respectively. Fig. 3 shows that the drying kinetics is fast at early age. The relative water loss
calculated at the end of the first week of exposure is about — 6.29 %, corresponding to a water
loss of about — 17.86 kg per cubic meter of mortar. This represents 59 % of the relative water
loss of — 10.66 % reached at the end of the exposure period. Beyond a week of exposure, the
drying kinetics gradually slows down and tends towards the equilibrium after 5 months of
exposure, without reaching a full equilibrium at the end of the exposure period. The behavior
of the drying kinetics, expressed by the water loss (Fig. 3), is consistent with that of the
drying front progress (IFig. 2). The fast drying which occurs along the first few millimeters
from the exposed surface, during the first week of exposure, is followed by a gradual
slowdown. This behavior can be explained by the combination of several factors:

At early age, hydration of the binder, composed of OPC and GGBFS, is not well advanced
because of the high amount of GGBFS, known to be a latent hydraulic SCM [14-22]. This
results in a material which contains a large amount of water not yet reacted, especially since a
relatively high water-to-binder ratio is used. The unreacted water is evacuated towards the
surface layer of the exposed surface, in liquid form, by the capillary pressure which
predominates the hydric transport at the beginning of the exposure process. In this case, only
the advection of the liquid phase is considered since the pores are close to saturation. The

evacuated water finally evaporates at the surface layer of the exposed surface. Moreover,
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along the first few millimeters from the exposed surface, low hydration level, combined with
early drying which hampers hydration [23-34], lead to a material with a high porosity and
coarse microstructure and transfer properties. This facilitates the water evacuation and its
evaporation, and thus accelerates the kinetics of drying.

Beyond a week of exposure, the amount of water gradually decreases due to its consumption
by hydration and drying. Furthermore, the water evacuation towards the surface layer of the
exposed surface can still occur in liquid form when the liquid phase remains continuous, and
in gaseous form since the pores are not saturated. Two modes of hydric transport can thus be
considered: the advection of the continuous liquid phase, where the evacuated water
evaporates at the surface layer of the exposed surface, and the diffusion of the gaseous phase
towards the surface layer of the exposed surface, where the evaporation occurs beforehand
inside the pores. Interactions between liquid and gaseous phases [67], corresponding to
evaporation-condensation interactions in the pores, contribute to gradually slowing the
kinetics of drying. Finally, hydration products, namely hydrates, combined with the main
carbonation product, namely CaCOs3 which is formed within the first few millimeters from the
exposed surface (Fig. 6), gradually reduce the porosity and lead to denser microstructure and

transfer properties, and thus slow down the kinetics of drying.
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Fig. 3. Time-evolution of the relative water loss monitored during the 6-month exposure

period.

3.2. Profiles after 6-month exposure

The following sections report the results obtained after 6-month exposure. It should be noted
that the skin-effect [68] due to the contact with the mold was neglected in the discussion since

it only occurs within the first few millimeters from the exposed surface.

3.2.1. Drying depth

Fig. 4 shows a schematic presentation of the profiles of relative humidity (RH), water content
(U), water saturation degree (S), Portlandite content (CH) and water porosity (&) obtained
after 6-month exposure. The profiles show that the properties studied are not uniform all
along the material. There is a strong gradient between the exposed surface and the core of the
material sheltered from drying. As explained in the following sections, the beginning of the
decrease in RH, U, S and CH, and increase in g, is attributed to the drying. The distance

between the exposed surface and the drying front is called “drying depth”. It corresponds to
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the depth along which the shape of each profile is strongly affected by drying.

RH, U, S, CH [%]

°

L d

°
-

o

0 .;9 1'0 1I5 2I0 ZIS 3l0 3'5 4I0 4I5 5I0 SIS 6‘0 6I5 7l0 75
Distance [mm]
Fig. 4. Schematic presentation of the profiles of relative humidity (RH), water content (U),

water saturation degree (S), Portlandite content (CH) and water porosity (&) obtained after 6-

month exposure.

3.2.2. Hydric profiles

To monitor the progress of drying front, relative humidity was continuously recorded inside
two 75X75X75 mm specimens using probes placed at different distances from the exposed
surface. The results obtained at the end of the 6-month exposure period allowed plotting the
profile of relative humidity shown in Fig. 5-a. The profiles of water content and water
saturation degree after 6-month exposure were determined on twelve 10X75X75 mm samples
saw-cut from two 75X75X75 mm specimens perpendicularly to the exchanges direction
(Fig. 5-b). The water content and water saturation degree were calculated by Eqs. 6 and 7,

respectively:

Myyet — Myry 100

U= (6)

mdry
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with: U [%] is the water content. mye and mary [kg] are the material masses measured at the
end of the exposure period and after oven-drying at 55 + 5 °C, respectively. S [%] is the water
saturation degree. Usa. [%] is the saturated water content. mg,, [kg] is the material mass after
water-saturation under vacuum. Fig. 5 shows that the relative humidity, water content and
water saturation degree are not uniform all along the material. This proves the slowness of
achieving a hydric balance between the entire pore network of the material and the
surrounding environment. Based on the results of drying front (Section 3.1.1), the beginning
of the decrease in relative humidity, water content and water saturation degree is attributed to
the drying. According to the relative humidity curve, and given the positions and diameters of
the probes, the location of the drying front is approximately assessed between 42 and 60 mm
(Fig. 5-a), while, according to the water content and water saturation degree curves, the
location of the drying front is approximately assessed between 38 and 51 mm (Fig. 5-b).
Finally, in terms of hydric profiles, the location of the drying front can be affined to about
49 mm, which corresponds to the depth along which the shape of the profiles is strongly
affected by drying (Fig. 4).

Along the drying depth, the gradual decrease in relative humidity, compared to the initial
100 % relative humidity, in water content, compared to the initial water content calculated
from the composition (Table 2), i.e., W/(S+C+A) = 14.64 %, and in water saturation degree,
compared to the full saturation, i.e., S =100 %, is due to the gradual decrease in the amount
of water in the pores, itself due to the gradual increase in water consumption by hydration and
drying. As shown in Fig. 7, the Portlandite content, expressing the hydration level, decreases
when approaching the exposed surface, mainly due to the retarding effect of drying on

hydration. This implies that the amount of water consumed by hydration decreases when
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approaching the exposed surface. It is thus possible to conclude that the shape of the hydric
profiles is essentially due to the water consumption by drying which increases when
approaching the exposed surface. Furthermore, the relative humidity, water content and water
saturation degree strongly decrease when approaching the exposed surface to establish a
balance between the entire pore network and the surface layer. For instance, compared to the
initial 100 % relative humidity, the decrease in relative humidity measured at 10 = 5 mm is
about — 25 %. Compared to the initial water content calculated from the composition, the
decrease in water content measured at 5 + 5 mm represents a relative water content loss of
about — 82.23 %. Compared to the full saturation, the decrease in water saturation measured at
5 =5 mm is about — 72.05 %.
Beyond the drying front, the assumed slight decrease in relative humidity (undetected by the
probes, as explained in Section 3.1.1), compared to the initial 100 % relative humidity, the
decrease in water content, compared to the initial water content calculated from the
composition, and the decrease in water saturation degree, compared to the full saturation, are
only due to water consumption by hydration. The decrease in water content corresponds to a
relative water content loss of about —44.81 %. This represents a water loss of about —
117.74 kg per cubic meter of mortar. The latter is calculated by considering that the decrease
in water content does not generate any material mass loss. In fact, as the core of the material
is sheltered from drying, water is just transformed by reacting to produce hydrates. The
decrease in water saturation degree is about — 8.07 %. The water content and water saturation
degree measured are thus generated by the unreacted water remaining in the pores after 6-
month hydration. Furthermore, as the core of the material is sheltered from drying, it contains
the highest amount of water available in the pores. This leads to the highest relative humidity,

the highest water content, and the highest water saturation degree.
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Fig. 5. Profiles of: (a) relative humidity, (b) water content and water saturation degree

obtained after 6-month exposure.

3.2.3. Carbonation profile

The profile of carbonation after 6-month exposure was studied by determining the profile of

CaCOs (Fig. 6). Measurements were carried out by TGA performed on 14 powder samples of

230 + 15 mg. The CaCOs content was calculated by Eq. 8:

M
CaCO, = €ac% 100 (8)

with: CaCOs3 [%] is the CaCOs content. Amr., _, 1, [kg] is the powder mass loss between the
tangents of the thermogravimetry curve at two temperatures: Tc, = 540 °C and Tc, = 850 °C
determined more accurately with the derivative thermogravimetry DTG. m, [kg] is the
powder mass. Mcyco,and Mco, [kg/mol] are the molecular weights of CaCOs and COs,
respectively. Fig. 6 shows that the CaCOs content is uniform along the material, except for the
first few millimeters from the exposed surface affected by carbonation. In fact, a carbonation

depth of about 5 + 1 mm is assessed using phenolphthalein sprayed on the split sections of the
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two 75X75X75 mm specimens used to carry out the TGA analysis. The assessed carbonation
depth is lower than the assessed drying depth of about 49 mm. This proves that the kinetics of
drying is faster than the kinetics of naturel carbonation. The latter is mainly controlled by two
phenomena: diffusion of CO> gas into the pores, and chemical reactions between the
dissolved CO> and the carbonatable products of the cement-based matrix, as explained in
section 3.2.6.

Within the carbonated zone, the CaCOs content measured at 7 + 3 mm and at the material
surface layer is about 4 times and about 8 times higher than that measured within the core of
the material, respectively. This confirms the carbonation depth of about 5 + 1 mm assessed by
phenolphthalein. Furthermore, the CaCOs3 content strongly increases when approaching the
exposed surface where the conditions required for carbonation are optimal in terms of CO>
availability, hydric conditions, and amount of carbonatable products, as detailed in
section 3.2.6. Finally, as mentioned in section 3.1.2, the carbonation within the first few
millimeters from the exposed surface contributes, through the precipitation of the main
carbonation product, namely CaCOs3, to the reduction of porosity, and to the densification of
microstructure and transfer properties, and thus to the slowdown of kinetics of drying.

Along the non-carbonated zone, there is about 1.09 + 0.14 % of CaCO3 despite the absence of
carbonation. As mentioned in section 2.1, the sand does not contain CaCQOs, while there is
about 8.7 and 1.0 % of CaCOs in OPC and GGBFS, respectively. Given the composition of
1 m? of mortar (Table 2), this corresponds to about 1.07 % of CaCOj3 supplied by OPC, and
about 0.11 % supplied by GGBFS. The non-carbonated material thus contains about 1.18 % of

CaCOs3, which is close to the value of 1.09 + 0.14 % assessed by TGA.
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Fig. 6. Profile of CaCOs content obtained after 6-month exposure.

3.2.4. Hydration profile

The profile of hydration after 6-month exposure was investigated by determining the profile
of Portlandite content by a thermogravimetric analysis (TGA) performed on 14 powder
samples of 230+ 15 mg (Fig. 7). A proportionality relationship is assumed between the
Portlandite content and the hydration level. This assumption stems from that of simultaneity
of chemical reactions of clinker and GGBFS [51,52]. The Portlandite content was calculated

by Eq. 9:

Am M
CH= —12>Tp2 _CH 44, (9)
mp MHZO

with: CH [%] is the Portlandite content. Amr, _, 1., [kg] is the powder mass loss between the
tangents of the thermogravimetry curve at two temperatures: Tp, =410 °C and Tp, = 580 °C
determined more accurately with the derivative thermogravimetry DTG. m, [kg] is the
powder mass. Mcu and My, [kg/mol] are the molecular weights of Portlandite and water,

respectively. Fig. 7 shows that the Portlandite content is not uniform along the material. As for
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the hydric profiles (Fig. 5), the curve of Portlandite content exhibits a drying depth of about
49 mm along which the shape of the profile is strongly affected by drying (Fig. 4).

Along the drying depth, the shape of the Portlandite content profile follows that of the hydric
profiles (Fig. 5). The gradual decrease in Portlandite content, compared to the value within the
core of the material, is due to the gradual decrease in water content. For instance, the
beginning of the decrease in Portlandite content (Fig.7), occurring at about 49 mm,
corresponds to a relative humidity of about 97 £4 % (Fig. 5-a). This is consistent with the
literature which shows that hydration, thus the formation of Portlandite, is hampered even at a
high relative humidity [23-34]. Furthermore, the Portlandite content strongly decreases when
approaching the exposed surface. Compared to the value within the core of the material, the
decrease in Portlandite content measured at 7 £ 3 mm represents a relative Portlandite content
loss of about —41.43 %. At the material surface layer, TGA measurements do not detect any
Portlandite. This can be explained by the combination of three parameters: (a) Hydration of
GGBFS, which is a latent hydraulic SCM that does not produce Portlandite, is known to
consume a part of the Portlandite supplied by clinker, itself supplied by OPC used, to produce
other hydrates. During 6-month hydration, there is thus a competition between the production
of Portlandite by clinker and its consumption by GGBFS. (b) Early drying, occurring at the
material surface layer, strongly slows down the hydration kinetics, and thus the production of
Portlandite, which is already not well advanced because of the high amount of GGBFS. (c)
Carbonation, occurring within the first few millimeters from the exposed surface (Fig. 6),
consumes a part of the Portlandite produced.

Beyond the drying front, the amount of Portlandite corresponds to that remaining from the 6
months of competition between its production by clinker and its consumption by GGBFS.
Furthermore, as the core of the material is sheltered from drying, it contains the highest

amount of water available in the pores, which leads to the highest hydration level, and thus to
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the highest Portlandite content.
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Fig. 7. Profile of Portlandite content obtained after 6-month exposure.

3.2.5. Microstructural profiles

* Porosity

The profile of porosity after 6-month exposure was studied by determining the profile of
water porosity (Fig. 8-a). Measurements were carried out on twelve 10X75X75 mm samples
saw-cut from two 75X75X75 mm specimens perpendicularly to the exchanges direction. The

water porosity was calculated by Eq. 10:

_ Mgt — Myry 100

=== (10)
w ¥'s

with: € [%] is the water porosity. ms,. and mary [kg] are the material masses measured after
water-saturation under vacuum and after oven-drying at 55 £ 5 °C, respectively. pw [kg/m’] is

the water density. Vs [m?] is the material volume measured by hydrostatic weighing. Fig. 8-a
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shows that the water porosity is not uniform all along the material. As for the hydric and
hydration profiles (Figs. 5 and 7), the curve of water porosity exhibits a drying depth of about
49 mm along which the shape of the profile is strongly affected by drying (Fig. 4).

Along the drying depth, the shape of the water porosity profile is opposite to that of the hydric
and hydration profiles (Figs. 5 and 7). The gradual increase in water porosity, compared to the
value within the core of the material, is due to the gradual decrease in hydration level,
expressed by the Portlandite content (Fig. 7), itself due to the gradual decrease in the amount
of water available in the pores, as discussed in section 3.2.4. The decrease in hydration level,
due to drying, reduces the amount of hydrates, and thus increases the porosity since hydrated
phases are known to fill porosity due to their molar volume which is higher than that of
anhydrous phases [23-25]. Drying also induces a shrinkage and a modification of some C-S-
H phases due to water evacuation and evaporation [35,36]. These modifications, which cause
a coarsening of the microstructure (Fig. 8-b), increase the porosity. The water porosity
strongly increases when approaching the exposed surface. Compared to the value within the
core of the material, the water porosity measured at 5 +5 mm represents a relative water
porosity gain of about + 8.03 %. Furthermore, the water porosity at 5+5 mm slightly
decreases compared to the value at 18 £ 5 mm due to the partial carbonation occurring within
the first few millimeters from the exposed surface (Fig. 6), i.e., within half of the thickness of
the 10X75X75 mm samples tested (Fig. 1-b). In fact, carbonation is known to reduce porosity
through the precipitation of the main carbonation product, namely CaCOs.

Beyond the drying front, as the core of the material is sheltered from drying, it contains the
highest amount of water available in the pores. This leads to the highest hydration level,

which leads to the highest amount of hydrates, and thus to the lowest porosity.
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e Pore size distribution

The profile of pore size distribution after 6-month exposure was determined by a mercury
intrusion porosimetry (MIP) carried out on ten 10 mm cubic samples saw-cut from the cores
of ten 10X75X75 mm samples, themselves saw-cut from two 75X75X75 mm specimens
perpendicularly to the exchanges direction (Fig. 8-b). The previous sections show that in
terms of hydric, hydration and porosity results (Figs. 5, 7 and 8-a), drying front is located at
about 49 mm. The curve of pore size distribution measured at 63 =5 mm is thus located
within the core of the material sheltered from drying, while the other curves are located within
the zone affected by drying (Fig. 8-b).

Within the zone affected by drying, compared to the curve determined at 63 £5 mm, the
curves exhibit a gradual coarsening of the gel porosity, with a gradual decrease in the amount
of gel pores when approaching the exposed surface. The gel pores are defined as pores with
widths between 0.002 and 0.008 um [69]. The curves also exhibit a gradual coarsening of the
capillary porosity, with a gradual shift of the critical diameter peak towards the large pore
diameters when approaching the exposed surface. The capillary pores are defined as pores
with widths between 0.008 and 10 um [69]. Drying thus causes a gradual coarsening of the
microstructure when approaching the exposed surface. This can be explained by the
combination of two parameters: (a) Drying reduces the amount of water available in the pores,
which reduces the hydration level, and thus reduces the amount of hydrates, known to fill
porosity. The lack of hydrates causes a coarsening of the microstructure. (b) Drying causes a
shrinkage and a modification of some C-S-H phases due to water evacuation and evaporation
[35,36]. This decreases the amount of gel pores and increases the amount of capillary pores,
without any effect on the drying kinetics. Such modifications of porosity induce the

coarsening of the microstructure. Furthermore, compared to the curve obtained at 18 + 5 mm,
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the curve measured at 5 + 5 mm exhibits a densification of the capillary porosity, which is
accompanied by a slight decrease in porosity (Fig. 8-a). This is due to the partial carbonation,
mentioned previously, which fills the capillary porosity by precipitation of CaCOs. The curve
also exhibits an increase in the amount of capillary pores, with widths between 0.07 and
0.35 pm, that could be due to the decalcification of some C-S-H phases [70].

Within the zone sheltered from drying, the curve obtained at 63 + 5 mm exhibits the densest
gel and capillary porosities. This means that the core of the material, which already has the
lowest porosity (Fig. 8-a), presents the densest microstructure. In fact, the zone contains the
highest amount of water available in the pores, which leads to the highest hydration level, and

thus to the highest amount of hydrates. This leads to the lowest porosity and the densest

microstructure.
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Fig. 8. Profiles of: (a) water porosity and (b) pore size distribution by MIP obtained after 6-

month exposure.

3.2.6. Carbonation potential profile

The profiles after 6-month exposure show that hydric, hydration and microstructural
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properties are not uniform along the material (Figs. 5.7 and 8). When approaching the
exposed surface, due to the early drying, the material becomes less wet, less hydrated, less
dense, and more porous. This causes a gradient of transfer properties between the exposed
surface and the core of the material, which facilitates the exchanges with the surrounding
environment near the surface. For instance, regarding the progress of carbonation front
(Fig. 6), low water saturation degree (Fig. 5-b), combined with high porosity and coarse
microstructure (Fig. 8), lead to an easier diffusion of CO; gas into the surface layer. Moreover,
low hydration level (Fig.7), combined with optimal hydric conditions (Fig. 5), facilitate
chemical reactions between the dissolved CO: and the carbonatable products. The main
properties that should be considered to roughly assess the progress of carbonation depth, in
terms of pH drop, are at least: porosity, water saturation degree and Portlandite content
[28,63.71,73]. These three parameters can be combined in a simplified parameter called
“carbonation potential”, obtained from simplification of a classical carbonation model [71],
where the time-evolution of the carbonation depth is usually assessed by the empirical

expression given in Eq. 11 [28,63,71-73]:

iy (11)

with: X¢ [m] is the carbonation depth at time t [s], € [-] is the water porosity (Eq. 10), S [-] is
the water saturation degree (Eq.7) and CH [-] is the Portlandite content (Eq.9). The
parameter o mainly depends on the diffusion coefficient of CO; in the air and concentration of
COs; in the air. The simplified expression (e(1-S)/CH)"? is the carbonation potential which
governs the carbonation kinetics [28]. The profile of carbonation potential after 6-month

exposure is plotted in Fig. 9. As expected, the carbonation potential is not uniform along the
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material. There is a strong gradient between the exposed surface and the core of the material.
The carbonation potential calculated at 5 =5 mm is about 5 times higher than that calculated
within the core of the material. The risk of carbonation is then higher within the surface layer
where the carbonation potential is the highest, i.e., where the conditions required for
carbonation are optimal in terms of CO; availability, hydric conditions, and amount of
carbonatable products. After that, the risk of carbonation is decreased with the decrease in
potential carbonation. The main drawback of the simplified expression of carbonation
potential is the fact that carbonation reactions do not occur when water saturation degree is
too low. In fact, as carbonation occurs in the pore solution after dissolution of CO; [19,63.71—
78], a very low degree of saturation due to a small amount of water available in the pores
(Section 3.2.2), strongly limits this dissolution, which prevents carbonation [73-78]. This
means that CO; diffuses freely within the pore network without however reacting with the
cementitious matrix [19]. Therefore, a very high value of carbonation potential, due to a very
low water saturation degree, does not necessarily imply a high risk of carbonation. However,
the simplified expression shows that considering properties only within the core of the
material, sheltered from drying, significantly underestimates the risk of carbonation due to the
strong carbonation potential gradient between the exposed surface and the core of the
material. This finding could be extended to other transfer properties (such as gas diffusivity
and permeability, water absorption and sorptivity, and chloride permeability, etc.), especially
to properties within the cover-zone of reinforced concrete which govern the transfer of

aggressive agents, and thus control the risk of corrosion.
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4. Conclusions

An experimental study of interactions between hydration and early drying was carried out on
a mortar designed with a volume of GGBFS as high as the volume of OPC. The mortar was
subjected, 1 day after casting, to 6-month unidirectional drying in natural surrounding
conditions. The objective was to highlight and quantify the effects of early drying on
hydration and microstructural properties of the material, especially those governing the
carbonation kinetics. The main conclusions on the profiles after 6-month exposure are the
following:

* Profiles of relative humidity, water content, water saturation degree, Portlandite content,
and water porosity exhibit a drying depth of about 49 mm along which the shape of the
profiles is strongly affected by early drying.

* Along the drying depth, the increase in water consumption by hydration, and mainly by
drying, causes a decrease in the amount of water available in the pores. This induces a
decrease in relative humidity (— 25 %), water content (— 82.23 %), water saturation degree

(= 72.05 %), and Portlandite content expressing the hydration level (—41.43 %). The

32



decrease in hydration level causes an increase in porosity (+ 8.03 %), and a coarsening of
the microstructure, thus a lowering in the quality of the transfer properties. This facilitates
the exchanges with the surrounding environment near the surface and lowers the
resistance against the penetration of aggressive agents.

Beyond the drying front, as the core of the material is sheltered from drying, it contains
the highest amount of water available in the pores. This leads to the highest hydration
level, which leads to the highest amount of hydrates, and thus to the lowest porosity and
the densest microstructure and transfer properties.

Water porosity (g), water saturation degree (S) and Portlandite content (CH) were
combined in a simplified parameter, called “carbonation potential” (g(1-S)/CH)"2, build
from the simplification of a classical carbonation model. The carbonation potential
exhibits a strong gradient between the exposed surface and the core of the material. The
value calculated near the exposed surface is about 5 times higher than that calculated
within the core of the material.

The risk of carbonation is higher within the surface layer where the carbonation potential
is the highest. After that, the risk of carbonation is decreased with the decrease in potential
carbonation.

The carbonation potential shows that considering properties only within the core of the
material, sheltered from drying, significantly underestimates the risk of carbonation due to
the strong carbonation potential gradient between the exposed surface and the core of the

material.

Based on these results, the effects of early drying on properties of concrete with low clinker

content should not be overlooked. When early drying is unavoidable, which is often the case

on construction site for practical and economic reasons, it would be better to characterize the

concrete at different distances from the exposed surface, especially when the properties
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studied govern the transfer of aggressive agents.

The study of effects of early drying should be extended to other properties, such as gas
diffusivity and permeability, water absorption and sorptivity, and chloride permeability, etc.
The results should be implemented in models for predicting service life of reinforced concrete
structures to better quantify the effect of spatial variability of properties, due to early drying,

on service life.
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