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ABSTRACT

We investigated the effect of aggregate concentration on the drying rate of cementitious composites with
glass beads, sand grains, or expanded polystyrene (EPS) beads as aggregates. The drying rate of composites
with non-diffusive aggregates (glass beads and sand grains) decreased with aggregate concentration.
Composites with 60% glass beads dried a factor 1.3 slower than plain cement paste with the same w/c-ratio.
Composites with EPS-beads showed the opposite trend: an increased drying rate for composites with higher
aggregate concentrations. However, the effective diffusion coefficients of the EPS-composites decreased with
increasing aggregate concentration. A higher aggregate concentration means that less water needs to diffuse
out of the material to reach a specific degree of drying, and this effect mainly determined the drying rate of
the composites with EPS-beads. The development of drying shrinkage microcracks had a small effect on the

drying rate of the studied composites.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Moisture transport properties of cementitious composite materials
(concrete and mortar) have been widely studied, since they partially
determine the durability of these building materials. Permeation of
rain, soil, or sea water into concrete may accelerate the ingress of
dissolved ions such as CI” and SO3", and lead to corrosion of the steel
reinforcement bars or to sulfate attack, respectively. The reverse
process, drying of concrete, also affects the durability of the material,
since it generally leads to drying shrinkage (micro)cracking. Drying of
cementitious materials is a transient water evaporation and water
vapour diffusion process driven by a difference in relative humidity
between the material and its environment.

The bulk diffusion coefficient (Dyyj) of a cementitious composite
is a function of the diffusion coefficients of the matrix (D,,) and
aggregates (D,), and the aggregate volume fraction (g,) as shown for
three different models in Fig. 1. The first model (Eq. (1)) is a composite
sphere model that has originally been derived for electrical
conductivity and magnetic permeability of multiphase materials
[1,2]. Due to mathematical analogy the model also holds for the
dielectric constant, heat conductivity, and diffusivity [1]. The second
model (Eq. (2)) is a simple linear rule of mixtures, that does not take
into account the longer (tortuous) diffusion path in composites
with non-diffusive aggregates. When 0.5<D,/D,,,>1.5 Eqgs. (1) and (2)
give similar results. The last model (Eq. (3)) is the Bruggeman-Hanai
(B-H) law for the case of spherical, nonconductive particles in a
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conductive matrix [3], and can possibly be used for predicting the
effective moisture diffusivity of concretes with dense, non-diffusive
aggregates.

There are other factors that could affect water vapour transport in
cementitious composites upon drying. Drying of cementitious
materials is accompanied by shrinkage of the material, and this
leads to stresses and (micro)cracks when the shrinkage is restraint.
BaZant et al. [4] showed experimentally that drying rate in concrete
specimen with (macro)cracks was a factor 2.25 higher than in the
uncracked control specimens. A number of theoretical studies have
also shown that drying shrinkage cracks or loading cracks may
accelerate the drying rate of cementitious materials [5-7]. Other
theoretical studies predict no or a minor effect of (micro)cracks on
diffusive transport [8,9]. Also the presence of an interfacial transition
zone (ITZ) around the aggregates could have an effect on the
transport properties of concrete. The ITZ may be a few tens of pm's
thick and have a porosity of up to twice as large as the bulk matrix
[10], and for this reason is likely to have a higher local diffusion
coefficient. Above a certain aggregate volume fraction the ITZ-zones
between neighboring aggregates may overlap and form a percolating
network in the material that could increase the rate of transport
through cementitious composites [3,11,12].

Previously we have investigated how aggregates affect drying
shrinkage microcracking in cementitious composites [13,14]. In this
paper we investigate how aggregates and microcracks affect the drying
rate of these composites with equal water-cement ratio. We worked
with model aggregates (sand grains, glass beads, or polystyrene beads)
that varied in mechanical and transport properties. These ‘extreme’
model mixtures, that are unlikely building materials themselves, clearly
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Fig. 1. Model effects of aggregate concentration and aggregate diffusivity on effective bulk
diffusivity of composite materials with spherical aggregates (see text for discussion).

show what determines the effective moisture transport properties of
cementitious composites.

2. Methods
2.1. Materials

The matrix of all cementitious composites in this investigation
consisted of CEM I 52.5R cement with a water—cement ratio of 0.45. The
chemistry of the cement is given in [13]. A total of 33 composite types
have been studied to investigate the effect of aggregate content on:
(i) moisture absorption during wet-curing; (ii) drying shrinkage
microcracking; and (iii) drying rate (see Table 1). In the composites
label the first capital stands for the aggregate type: G for glass beads, N
for natural sand (quartz, feldspar) grains, and PS for expanded
polystyrene (EPS) beads. The number in the label (0.5, 1, 2, 4, or 6)
stands for the round-off diameter (in mm) of the mono-sized aggregates.
Actual average glass bead sizes were 0.54; 1.1; 2.3; 3.8; and 5.9 mm. The
number behind the hyphen (e.g., 10, 21, or 35) gives the quantity of
aggregates, expressed as the aggregate volume percentage. In composite
G6r-35, and G4r-35 the glass spheres were roughened by sandblasting
(r is added in label) to increase the bond strength between aggregates
and matrix. A number of mixtures with Fuller graded (fg) or gap graded
(gg) aggregates (glass beads or sand grains) with maximum aggregate
size of 6 mm were studied as well. For most mixtures, 3 samples were
cast in order to measure drying shrinkage microcracking at 3 different
stages of drying. In some cases up to 7 or 21 specimens were cast to
determine the reproducibility of the measurements.

2.2. Casting and conditioning

After stirring the mixtures for 3 minutes in a Hobart mixer they were
cast in prismatic moulds of 40x40x160 mm. The moulds were sealed
with three layers of plastic foil sheets and stored for 24 h at room
temperature. Then, the prisms were demoulded, weighted, and placed
vertically in a container with calciumhydroxide saturated tap water for
6 days at room temperature. At an age of 7 days, the specimens were
removed from the water and their weight was recorded after removing
water drops from the specimen surfaces. Inmediately after weighing, all
sides except the top surface of the specimens were sealed with three layers
of adhesive tape. The top surface (drying surface) was the former bottom
surface of the specimen in the mould. Thus, only one side of the specimens
were exposed to drying to create one-dimensional drying. After sealing,
the initial weight of specimens (including the tape) was recorded. Then,
the specimens were placed in an environmental cabin to start the drying
experiments. The environmental cabin (a Lab-line® Environ-Cab™) was
ventilated with air with a temperature of 31.0 °C+0.5 °C and relative
humidity of 31%+3%. The weights of the specimens was frequently
measured for over a drying period of 4-6 months. The drying curves of
most of the studied composites can be found in [13,14].

2.3. Drying rate measurements

For a given driving force, the transport rate of moisture through
cementitious composites is given by the effective diffusion coefficients
(in m?/s) or effective permeabilities (in kg/m-s-Pa). In this paper we will
show that the drying rate of cementitious materials is not only a function
of the effective transport rate coefficient, but also depends on the total
amount of water that needs to be transported to reach a specific degree
of drying. We define a degree of drying as the moisture loss relative to the
initial moisture content of the material. For example, a degree of drying
of 10% means that 10% of the initial moisture content was lost. The
measured time required to reach three different drying stages (10, 20,
and 30% degree of drying) is used in this paper as a measure for the
average drying rate of the cementitious composites.

The water-cement ratio was the same for all studied cementitious
composites, and therefore the initial moisture content was linearly
related to the matrix volume percentage of these composites. The
initial or added water content of the mixture is not equal to the free
water content at the start of the drying experiment, because the
cement reacted with water and the specimens absorbed water during
6 days of wet-curing. The water absorption was linearly related to the
matrix volume (see Section 3.1), and it is not expected that the rate of
hydration varied much among the studied composites. For these
reasons, the free water content of all composites at the start of the
drying experiments was approximately proportional to the matrix
volume percentage. The degree of drying is thus simply a measure of
the moisture loss normalized against the matrix volume percentage.

2.4. Microcrack detection and quantification
Drying shrinkage microcracking was measured at degrees of drying of

10, 20, and 30%. A detailed description of the optical microscopy method
to detect and quantify drying shrinkage microcracks on a specimen cross-

Table 1

Studied cementitious composites, n is the number of specimens, and the number in between brackets indicates if the used cement was from bag 1 or 2

Mixture n Mixture n Mixture n Mixture n Mixture n

P 21(12) G2-10 7 (1) G6-10 7(1) Ggg1-59 3(2) N6-35 3(2)
G0.5-10 3(1) G2-21 3(1) G6-21 3(1) Ggg2-59 3(2) Nfg-14 3(2)
G0.5-21 3(1) G2-35 3(1) G6-35 6(12) Nfg-35 3(2)
G0.5-35 3(1) G4-10 3(1) G61-35 3(2) PS4-10 3(2) Nfg-59 3(2)
G1-10 3(1) G4-21 3(1) Gfg-14 3(2) PS4-21 3(2) Ngg1-59 3(2)
G1-21 3(1) G4-35 6(12) Gfg-35 32) PS4-35 3(2) Ngg2-59 3(2)
G1-35 3(1) G4r-35 3(2) Gfg-59 6(2) PS6-35 3(2)
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Fig. 2. Moisture absorption of composites with glass beads, sand grains or expanded
polystyrene (EPS) beads after 6 days wet-curing. Error bars for composites with EPS-
beads are smaller than the data-icons.

section can be found in [13,15]. To avoid recording microcracks
introduced by sample preparation, the dried specimens were impreg-
nated with a fluorescent epoxy before sectioning. The microcracks were
then very clearly visible under the microscope in the fluorescent light
mode. The microcracks were manually mapped on a printout (reference
map) of the digital microscope recordings while sitting behind the
microscope examining the specimens. The traced microcracks were
redrawn on the computer screen with a mouse to obtain the digital crack
maps. Drying shrinkage microcracks were quantified by measuring the
total cumulative length of cracks in the digital crack-maps (excluding
bond cracks), and the maximum crack depth in the specimen.
Measurements of 4 sections of 40x40 mm? were averaged.

3. Results
3.1. Moisture absorption during wet-curing

The moisture absorption during 6 days wet-curing as function of
the aggregate concentration is given in Fig. 2. After 6 days wet-curing,
the specimens reached about 75% of the equilibrium absorbed
moisture content measured after 150 days [13]. All composites were
cast in two series from two different bags of the same cement batch.
The moisture absorption of specimens prepared with cement from
bag 1 was systematically lower than those prepared from bag 2
(Fig. 2). The absorption of composites with glass beads, sand grains or
EPS beads almost linearly increased with matrix volume percentage.
Also shown in Fig. 2 are theoretical curves (solid lines) for absorption

(A) only being a linear function of matrix volume percentage (V,), i.e.,
A=c- V.. The slopes of the experimental absorption curves are lower
than the theoretical ones. This difference may have been caused by the
moisture absorption rate, since the specimens did not reach absorbed
moisture equilibrium. The relative moisture absorption rate may have
increased with aggregate concentration, and thereby have caused the
lower relative moisture absorption for specimens with fewer
aggregates. The higher moisture absorption of the composites with
EPS beads is likely to be a result of the higher moisture permeability
and capacity of EPS compared to that of glass or sand.

3.2. Effect of microcracks on drying rate

Drying leads to shrinkage of the cement paste matrix. Drying
shrinkage microcracks as shown in Fig. 3 were a result of two types of
internal restraints against the matrix shrinkage: (i) Self-restraint
occurs due to the development of a steep moisture gradient (and
corresponding shrinkage gradient) upon drying and leads to micro-
cracks perpendicular to the drying surface (Fig. 3a); (ii) Aggregate-
restraint is a result of the stiffness-contrast between the aggregates
and the matrix. The higher the aggregate stiffness or larger the
aggregate particles, the more microcracks develop upon drying
(Fig. 3b,c). The effect of aggregate type and concentration on drying
shrinkage microcracking has been described in detail before [13,14]. In
this paper we investigate if the quantity of microcracks had an
influence on the drying rate of the composites. The microcrack width
varied from maximum values of 30 um in plain cement paste (near the
drying surface) to around 1-5 pm in composites with high aggregate
concentrations.

In composites with glass beads, larger total crack length and
maximum crack depth resulted in a slightly higher drying rate, i.e.,
lower drying time to reach 10 or 20% degree of drying, as shown by
best linear fits through the data points (Fig. 4). Total crack length and
maximum crack depth were roughly linearly related and therefore
their effects on drying rate were similar. In many composites the
maximum crack depth stayed below 10 mm at all three stages of
drying, and in these composites the increase in crack length with
degree of drying was relatively small. In these composites it is
therefore expected that the effect of cracking on drying rate was
strongest at the start of drying (10% degree of drying) and weaker at
later stages of drying (20 or 30% degree of drying). This may be the
reason that the slope of the best-fits did not increase (i.e., became
more negative) with degree of drying. In fact, the slope of the best-fit
line decreased slightly from 10 to 20% degree of drying and was
almost horizontal at 30% degree of drying. The large scatter of the
data at 30% degree of drying is a result of the effect of aggregate

10 mm

10 mm

Fig. 3. Drying shrinkage microcracking on cross-sections through cementitious composites (impregnated with a fluorescent epoxy before sectioning). All 3 samples dried at 31 °C and
31% RH until they lost 20% of their initial moisture contents. (a.) Plain hardened cement paste; (b.) composite with 4 mm glass beads; and (c.) composite with 6 mm glass beads.
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Fig. 4. Effect of drying shrinkage microcracking on the drying time (drying rate) of cementitious composites with glass beads. (a.) Effect of the total crack length; and (b.) effect of maximum
crack depth. The height of the specimens was 40 mm. The filled icons represent the plain cement paste specimens. The dashed lines are linear best-fits. DD is degree of drying.

concentration on drying rate, which increased with degree of drying
(see Section 3.4).

3.3. Effect aggregate size on drying rate

The effect of aggregate (glass bead) size on drying rate of
composites with glass beads was very small or absent as shown by
best linear fits through the data points (Fig. 5). The data points in Fig. 5
represent the average drying time of 3 specimens with a aggregate
concentrations of 10, 21, and 35%. Again, the scatter of the data
increased with degree of drying due to an increased effect of aggregate
concentration on drying rate (Section 3.4). The slightly lower drying
times for composites with 4 and 6 mm beads (at 10 and 20% drying)
could be a result of the much higher crack densities in these
composites. There is no theoretical effect of aggregate size on the
bulk diffusion coefficient of composites (Dpuk) wWith spherical
aggregates (Fig. 1). It is therefore likely that aggregate size distribution
has no large effect on the drying rate of cementitious composites as
well.

3.4. Effect aggregate diffusivity and concentration on drying rate

Aggregate concentration had a significant effect on the drying time
required to reach 10, 20, or 30% degree of drying in all studied types of
cementitious composites (Figs. 6-8). Higher concentrations of glass
beads or sand grains generally meant longer drying times, but higher
concentrations of EPS-beads lead to lower drying times. The drying
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Fig. 5. Effect of aggregate (glass bead) size on the drying time (drying rate) of
cementitious composites. Error bars at a 10% degree of drying (DD) are smaller than the
data-icons.

time required to reach a specific degree of drying in cementitious
composites is a trade off between: (i) the bulk diffusion coefficient of
the composite (Dpyx), and (ii.) the total amount of moisture that needs
to be transported out of the specimen. On the one hand, higher
concentrations of aggregates will result in a lower bulk diffusion
coefficient (Dpu) when D,<D,, (see Fig. 1). On the other hand, a
higher concentration of aggregates will reduce the matrix volume
percentage and thus the absolute amount of water that needs to be
transported out of the specimen to reach a specific degree of drying. In
the Appendix we give a simple linear diffusion model predicting that
the drying time required to reach a specific degree of drying, is
proportional to the total moisture loss divided by the bulk diffusion
coefficient (t~m/Dpuy). The drying times that are predicted by this
model are given by thick solid lines in Figs. 6-8.

For the glass bead composites the simple model reproduces the
global increasing trend in drying time with aggregate concentration
when we choose zero diffusivity for the glass beads (D,/D,,=0) as
shown in Fig. 6. The drying times at aggregate-volume percentages of
10 and 14% were, however, significantly higher than the predicted
values. The height of this ‘bump’ in the experimental curve increased
with the slope of the curve from 10 to 30% degree of drying. The reason
for these relatively low drying rates at low aggregate concentrations is
not understood. The drying behaviour of sand grain composites
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Fig. 6. Effect of aggregate concentration on the drying time (drying rate) of glass bead
composites (mono-sized or graded, see Table 1). Number of specimens were as follows
for aggregate concentrations of 0% (n=4); 10%(n=9),14% (n=1); 21% (n=5); 35% (n=10);
and 59% (n=3) for all stages of drying. Error bars of data points at 10% degree of drying
(DD) smaller than the data-icons.



1194 J. Bisschop, J.G.M. van Mier / Cement and Concrete Research 38 (2008) 1190-1196

5000
30% DD
4000
)
2
= 3000+
; O+ experimental data
£ —— model: D, /D, = 0
ap 2000 - 20% DD
g
>
i
S|
1000
10% DD
(r_ — (O { ) R O
0 T T T T
0 20 40 60

aggregate volume-%

Fig. 7. Effect of aggregate concentration on the drying time (drying rate) of composites
with natural sand grains (mono-sized or graded, see Table 1). Number of specimens
were as follows for aggregate concentrations of 0% (n=4); 14% (n=1); 35% (n=2); and
59% (n=3) for all stages of drying. Error bars of data points at 10% degree of drying (DD)
smaller than the data-icons.

differed in two ways from the glass bead composites (Fig. 7). Firstly,
the ‘bump’ in the experimental curves at low aggregate concentra-
tions was absent. Secondly, the drying times at an aggregate
concentration of 59% were much lower in the sand grains composites,
and also lower than the predicted values for composites with D,/
D;,=0. Up to an aggregate concentration of 35%, the slopes of the
experimental and model curves are similar. The measured higher
drying rate at aggregate concentrations of 59% is discussed in
Section 4.2.

Composites with 35% EPS beads dried an average factor of 1.5 faster
than composites with 35% glass beads (Figs. 6-8). The EPS composites
showed larger moisture absorption (~1 g) than the latter composites
(Fig. 2), but this difference is too small to explain the differences in
drying rates. The higher drying rates appear to be a direct result of the
much higher water vapour diffusion coefficient of EPS. The simple
model predicts the drying times for Polystyrene bead composites well
for a chosen diffusion coefficient ratio Do/D;,,=0.7. The results in Fig. 8
once more clearly illustrate that the first order effect on drying rate is
the aggregate diffusivity and concentration, and that the development
of drying shrinkage microcracks only had a minor effect. The glass
bead composites showed a much higher degree of cracking than the
composites with EPS beads, because aggregate-restraint is absent in
the latter, while the drying times of the glass bead composites were
much higher. Moreover, for the composites with EPS beads the drying
rate increased, but the total crack length decreased with increasing
aggregate concentration.

4. Discussion
4.1. Effect of microcracks on drying rate

Larger crack length and depth resulted, on average, in slightly
higher drying rates to reach 10 and 20% degree of drying (Fig. 4). The
crack density measured on a 2D specimen cross-section is however
not equal to the true 3D crack density as predicted by quantitative
stereology. The difference being a factor 1/2; 4/m; or 1, depending on
whether microcracks are oriented (i) perpendicular to drying surface;
(ii) randomly; or (iii) parallel to the drying surface, respectively [13].
Microcracks due to the development of a steep moisture and
shrinkage gradient (‘self-restraint’), are mainly perpendicular, and
sometimes parallel to the drying surface [13,16]. Aggregate-restraint
causes drying shrinkage microcracks with a random orientation
[13,14]. In most composites microcracking was a result of a combined
effect of self-restraint and aggregate restraint. Relating crack length to

real 3D crack density is difficult in those cases since crack surfaces
have partly a preferred and partly a random orientation. Moreover,
cracks along the interface between matrix and aggregate (‘bond
cracks’) were not measured because their presence is in general hard
to judge [13]. The measured total crack length was thus lower than the
true crack length including bond cracks and should thus be considered
as an approximate measure of the true 3D crack density in the studied
composites.

What is the theoretical effect of microcracks on water vapour
diffusion in cementitious materials? Bazant and Raftshol [6] calcu-
lated that shrinkage (macro)cracks can increase drying diffusivity by
several orders of magnitude under the assumptions that cracks are
perpendicular to the drying surface and have a constant crack width.
In their analyses drying diffusivity was found to be proportional to the
crack width cubed and inversely proportional to the crack spacing. In
an experimental study the drying diffusivity of concrete was increased
a factor 2.25 by cracks with a width of 0.1 mm and a spacing of 70 mm
[4]. The theoretically estimated effect of such a crack system on drying
diffusivity was however two orders of magnitude larger than the
experimental results [4]. They concluded from this that the cracks in
the experiments must have been discontinuous in the specimen
interior, and are being interconnected by much narrower necks with
possible widths in the order of 10 um that slowed down the moisture
transport.

In our experiments, the development of shrinkage microcracks
increased the drying rate by a maximum factor of 1.1 relative to the
least cracked specimen at 10 and 20% degree of drying (Fig. 4). The
slope of the best-fit line through the data points in the crack length
and crack depth graphs decreased slightly (i.e., became less negative)
from 10 to 20% degree of drying, and was almost horizontal at 30%
degree of drying. This means that the effect of microcracks of drying
rate was strongest at 10% degree of drying (up to 350-450 h drying)
and decreased subsequently, even though the degree of cracking
increased with degree of drying. BaZant et al. [4] also measured that
cracks only increased drying diffusivity in an initial period of drying
(in their large specimens about 130 days). At later stages of drying, the
drying rate is mainly limited by the water vapour migration from the
uncracked material into the cracks themselves.

It is difficult to make a theoretical estimate of the effect of drying
shrinkage microcracking on the drying rate. It is impossible to give
average values for the crack width and crack spacing of the crack-
patterns in our experiments such as was done in the analyses of
BaZant and Raftshol [6]. This is because, due to aggregate-restraint,
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Fig. 8. Effect of aggregate concentration on the drying time (drying rate) of composites
with EPS-beads (4 or 6 mm, see Table 1). Number of specimens were as follows for
aggregate concentrations of 0% (n=4); 10% (n=1); 21% (n=1); and 35% (n=2) for all
stages of drying. Error bars of data points at 35% aggregates smaller than the data-icons.
DD is degree of drying.
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drying shrinkage microcracks were generally not perpendicular to the
drying surface. Moreover, the crack-patterns evolved in time. Suwito
et al. [5] give a theoretical estimate of the effect of drying induced
damage on moisture (drying) transport properties using a coupled
numerical model.

The specimens that showed the highest degree of cracking at 10 and
20% degree of drying, and correspondingly the largest effect on the
drying rate, were mixtures with a high degree of shrinkage microcrack-
ing due to aggregate restraint. Those mixtures (the G4- and G6-
composites) did not contain a graded aggregate content and had much
lower aggregate concentrations compared to practical mortars or
concretes (Fig. 3). The degree and evolution of drying shrinkage
microcracking in the more practical mortar with 59% of Fuller graded
sand grains (Nfg-59) was much less [13], and had a negligible effect on
the drying rate. From these observations it seems reasonable to conclude
that microcracks in practical concretes due internal restraints (i.e., non-
uniform drying and aggregate restraint) do not have a significantly
feedback affect on the drying rate. Only when drying concrete is
externally (substrate) restrained, development of macrocracks may
occur that could have a more significant effect on drying rate.

The effect of cracks on the ingress (capillary suction or permeation)
of moisture into cementitious materials is probably much larger than
the effect on drying diffusivity. This is theoretically predicted [6] and
has also been shown experimentally [17]. It can be expected that
drying shrinkage microcracks significantly affect the moisture
permeation into cementitious materials, even when microcracks
(partly) close due to swelling of the material. This is substantiated
by the observation that the fluid epoxy (with a higher viscosity than
water) easily penetrated microcracks in this study, even in tests
without the application of a low under-pressure, i.e., vacuum-
impregnation [13].

4.2. Effects of aggregates on drying rate

Aggregate concentration and aggregate diffusivity had significant
effects on the drying rate of cementitious composites: Higher
concentrations of glass beads or sand grains generally meant lower
drying rates, but higher concentrations of EPS-beads lead to higher
drying rates. The simple linear diffusion model given in the Appendix
predicts that the drying time required to reach a specific degree of
drying, is proportional to the total moisture loss divided by the bulk
diffusion coefficient (t~m¢/Dpyyx). It predicts the drying times
measured in our experiments well. However, cementitious compo-
sites with glass beads or sand grains, with equal predictions curves for
Da/Dm=0, showed some clear differences in drying behaviour. Firstly,
glass bead composites showed relatively low drying rates at aggregate
volume percentages of 10-14% (Fig. 6), while composites with sand
grains showed relatively high drying rates at aggregate volume
percentages of 59% (Fig. 7). These differences, especially the first one,
are not well understood, but they are believed to be significant
because they appear to occur at all three stages of drying. They cannot
be explained by differences in moisture absorption during wet-curing
of composites prepared with either cement from bag 1 or bag 2. When
the drying times are plotted separately for composites prepared from
the two cement bags, the two curves do almost overlap. The
composites with 59% graded glass beads and sand grains were both
prepared from cement bag 2 and showed almost equal moisture
absorption (Fig. 2), while the difference in their average drying times
to reach 30% degree of drying was 627 h.

The interfacial transition zone (ITZ) surrounding the aggregates
could possibly have played a role in the drying process. The amount of
ITZ-paste in cementitious composites varies with aggregate size,
concentration and grading, but the total amount of this more porous
paste should not affect transport properties. This is because an
increase in the amount of ITZ-paste means a corresponding decrease
of the w/c-ratio (porosity) of the matrix away from the aggregates [3].

We observed that composites with different glass bead sizes, and
corresponding differences in the total quantity of ITZ-paste, showed
almost no differences in drying rate (Fig. 5). However, when the
transition zones of neighboring aggregate particles overlap at high
aggregate concentrations and form a percolating network, there might
be an effect of the ITZ on transport properties [3,11,12]. In the G- and
N-composites with 59% graded aggregates, the aggregate concentra-
tion may have been high enough for this so-called ITZ-percolation.
Due to the angular shape of sand grains, the probability for overlap
and percolation of ITZ in N-composites may have been larger than in
G-composites, and this could possibly explain the lower drying times
(higher drying rate) of the former.

The simple model predicts the drying time for composites with
EPS beads well for a chosen diffusion coefficient ratio Dy/D,,=0.7.
The water vapour permeability of expanded polystyrene (EPS) is
2.28-107'? kg/m-s-Pa in the RH range of 0-60% at 20 °C as measured
in a standard cup test [18]. The average water vapour permeability of
a concrete (with a density of 2137 kg/m?) measured under the same
experimental conditions as the EPS was 6.35-10"'2 kg/m-s-Pa [19].
These measurements would give a corresponding water vapour
permeability ratio Hgps/l=0.4. This value is of the same order of
magnitude as D,/D;,=0.7 used in this study to make the model fit
the experimental data. Even though, the bulk diffusion coefficients
(Dpuik) of composites with EPS-beads were smaller, they lost 10, 20,
and 30% of their initial moisture contents faster than plain cement
paste with the same wj/c-ratio, because less water needed to be
transported out of the composites with EPS-beads.

5. Conclusions

= Aggregate concentration has two principal effects on the drying rate
of cementitious composites. Firstly, a higher aggregate concentra-
tion will result in a lower bulk water vapour diffusion coefficient
when D,/D,,<1. Secondly, a higher aggregate concentration means
that less water needs to diffuse out of the specimen to reach a
specific degree of drying. As a result, in cementitious composites
with glass beads (with D,/D,,=0), the drying rate continuously
decreased with aggregate concentration, while in composites with
EPS-beads (with D,/D,,~0.7) the drying rate increased with
aggregate concentration. In composites with natural sand, the
drying time vs. aggregate concentration curve had a convex shape.
Composites with 59% glass beads dried a factor 1.3 slower, while
composites with 35% EPS-beads dried a factor 1.4 faster than plain
cement paste with the same w/c-ratio.

Drying shrinkage microcracking had a very small effect on the
drying rate of the studied composites, and only in an initial period of
drying. The drying rate increased by a maximum factor of about 1.1
for cementitious composites with an extreme degree of drying
shrinkage microcracking. In practical mortars and concretes, the
composition is such that drying will not lead to high degrees of
microcracking due to self-restraint or aggregate restraint. It is
therefore to be expected that the development of drying shrinkage
microcracks will not have a significant feedback affect on the drying
rate of mortars and concretes.

Appendix A

Predicting the drying rate of cementitious composites would
require a model based on Fick's second law of diffusion and with D,
being a function of moisture content. Here we give a much more
simple linear diffusion model that predicts the drying rates of most of
the studied cementitious composites well. We make the very crude
assumption that the evolution of the moisture distribution (i.e., the
evolution of internal relative humidity) during drying was the same in
all composites with equal water-cement ratio. Under this assumption,
the diffusion coefficient of the matrix (D,,) averaged over time and
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space is equal for all composites. Fick's first law now approximates the
drying process:

Jac
J = D
where, | is the flux [kg/m?s], Dpy is the bulk diffusion coefficient of
the composite [m?/s], ¢ is the water vapour concentration [kg/m?], x is
the specimen thickness [m]. As described above we say that dc/0x has
the same average value (k) for all composites, thus it follows:

.] = 7Dbulk -k

In the case of the plain cement specimens Dy =D;,.. At a degree of
drying of 10%, the cement paste specimens lost an average 15.1 g water
in an average 374 h. Thus:

15.1g/0.0064m? - 374h = —Dpy, -k — Dy = —6.31/k

We can now calculate the drying time of a glass bead composite
(Do/Dp,=0) with an aggregate concentration of 59% required to reach a
10% degree of drying using one of the equation in Fig. 1. If we use Eq. 1
in Fig. 1 we find for the glass bead composite:

Dyuix = 0.32Dp, al‘ld7
(1-0.59) - 15.1g/0.0064m? - t — —Dyu -k — ¢ — 484 h.

Thus, the drying time required to reach a specific degree of drying,
is here predicted to be proportional to the total moisture loss divided
by the bulk diffusion coefficient (t~m/Dpyuy). This simple model
predicts that composites with 59% glass beads dry a factor 1.3 slower
than plain cement paste with the same w/c-ratio. This corresponds
well to the average experimental factor of 1.25 for composites with
59% aggregates. The predicted drying times of all composites, relative
to the drying time of plain cement paste, required to reach 10, 20 or
30% degree of drying are plotted in Figs. 6-8. For the glass bead and
sand grain composites we used (D,/D,,=0) and got the best fit using
Eq. (1) in Fig. 1. Eq. (2) will give drying rates independent of aggregate
concentration (i.e., a horizontal line). The use of Eq. (3) will give drying
times that are significantly higher than the experimental values for
aggregate concentrations above 30% (the same deviation was also
found by Shane et al. [3] for mortar conductivities). For the composites
with EPS-beads D,/D,,=0.7 was used, and Egs. (1) and (2) give similar
results. EPS-composites with 35% aggregates dried a factor 1.4 faster
than plain cement paste with the same w/c-ratio.
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