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Cement hydration needs water to proceed and if water is lost by drying, the hydration rate will decrease. This
can be of importance in cases when concrete surfaces are exposed to drying so that their strength
development will be retarded. We describe a method based on isothermal calorimetry to assess how the rate
of cement hydration is influenced by removal of water (drying) at different times up to three days after
mixing. Thin samples of cement pastes are hydrated in a calorimeter and at different times exposed to one
hour drying periods. The resulting decrease in thermal power following the removal of water is quantified as
a measure of the reduction in hydration rate. The mass loss is found by weighing the samples before and
after a measurement, and the change in water activity of a sample during drying can be found from the slope

of the thermal power during the drying period.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Cementitious systems like concrete harden when the dry cement
powder reacts with water (hydrates). For these reactions to take
place, anhydrous substances in the cement are dissolved and
combined into hydrated phases that constitute the solid end-product.
Water is essential for these reactions. Water content influences which
phases are formed, their morphology, and the rate of hydration. This
paper describes a calorimetric method to quantify how the hydration
rate at an early age is influenced by the amount of available water.

Although water-cement ratio has a high influence on strength,
permeability and other properties of the hardened concrete, the initial
rate of cement hydration is normally not very dependent on the water-
cement ratio as there is in the beginning of the hydration a surplus of
water [1]. However, at later times, when part of the water has been used
in the hydration, water content can become a critical factor for the rate
of continued hydration. In calorimetric measurements, it can be seen
that the hydration rate of low water-cement ratio cement pastes goes to
low values after 1-3 days, while pastes with higher water-cement ratios
continue their hydration [1,2]. The low water-cement ratio pastes have
then run out of space for new hydration products to form in.

The mixing water will as hydration proceeds end up either as
chemically bound (hydrate) water, physically bound (absorbed)
water, or remain as free water. The chemically bound water is part
of the solid hydrated phases. The physically bound water includes
both adsorbed water and capillary condensed water. The latter is
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bound in small pores in the formed structure, and is not as freely
available for the continued hydration as the free water. Note that this
division into three types of water is a simplified description, as there is
a continuous scale of differently chemically and physically bound
water.

The free water is the water that is the most readily available for
hydration and if too little free water is left, hydration will slow down
or come to an end. Chemical and physical binding are always
intimately linked, as chemical binding gives a fine pore structure in
which physical binding takes place. The two of them are jointly
responsible for self-desiccation; the general process that causes the
relative humidity to decrease in low water-cement ratio concretes [3].
A third process that can cause a decrease in free water content is
drying, i.e.,, when water is lost to the surroundings. The method
described in this paper concerns this type of drying.

Above, water is discussed in terms of water content, i.e., the mass of
water. A complementary - and possibly more useful - description is to
use a measure of the state of the water, instead of its amount. We will
here use the water activity. This can be seen as a thermodynamic
measure of the availability of the water. If the water activity is one,
then we have free water, and if the water activity is zero (or close to
zero) the water is so strongly bound that it is not available for any
other processes. In the gas phase (water vapour) the activity is
virtually equal to the relative humidity (RH), i.e., the ratio of the
vapour pressure to the saturation vapour pressure, and at equilibrium
the water activity in a sample equals the RH of the surrounding gas
phase. As activity and RH have slightly different definitions, their
values are not exactly the same, but the equality (at equilibrium)
holds to better that 0.1% at ambient temperature and pressure
conditions [4].
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How then is the rate of hydration of a cement paste at a certain
time after mixing related to the water content or water activity? If we
remove all water there will be no reaction and if we have plenty of
water there will be a reaction, but at what point will the hydration
rate begin to decrease? Only a few attempts to measure this have been
made. Powers [5] reviewed some earlier measurements of self-
desiccation and hydration rate as a function of relative humidity (RH),
and then reported on experiments in which dry cement powders
were exposed to different RH for six months. The degree of hydration
was about 0.6 at 100% RH, but only about 0.12 for samples kept at 80%
RH. At lower RH, the degree of hydration was even lower, and below
30% RH no hydration had taken place. According to Powers, cement
hydration can only take place in the water phase and at reduced RH
this will be in the condensed menisci between the cement particles
[5]. Possibly, this result is relevant also for the present investigation, in
which we study how the rate of hydration is reduced when water is
removed from a hydrating cement paste, but in our case a structure of
hydrating products has already been formed. Jensen et al. [6] has also
made a similar study as Powers, but on pure clinker minerals.

Patel et al. [7] made Portland cement pastes with a water-cement
ratio of 0.59 and - after curing them for 2 days - they were exposed to
different RH ranging from 33 to 100% for 14 and 90 days. When the
degree of hydration was measured with X-ray diffraction and thermo-
gravimetry, each of the four main phases had reacted more slowly with
decreasing RH. Even a small drop in RH below 95% significantly limited
the hydration, and it was severely restricted below 80% RH.

Norling Mjornell [8] measured degree of hydration on thin samples
of cement mortars that had been stored at four different RH from time of
mixing to up to 90 days. She found that the rates of reaction (at the same
degree of hydration) decreased with decreasing RH. Snyder and Bentz
[9] measured the difference in degree of hydration on pastes initially
hydrated at saturated conditions, but later stored at 90% RH. They found
that the hydration was retarded at 90% RH compared to saturated
conditions.

The reduction in reaction rate caused by the decrease in the
amount of available water is of interest for the modelling of concrete
property development. Generally, one has used Powers' results [5],
and then often in the form of an equation proposed by BaZant [10], see
for example [11,12]. Norling Mjornell [13] used her own measure-
ments [8] to formulate a model. BaZant's and Norling Mjornell's
models are similar: a hydration rate reduction factor independent of
temperature and degree of hydration is 1.0 at 100% RH and then
decreases to low values at 70-80% RH.

The practical importance of the present paper stems from the fact
that the property development of concrete structures is dependent on
available water and if such water is lacking or scarce we will not achieve
the strength, the impermeability etc. we require. If a low water-cement
structure dries on its surface during the first days of hydration, this may
result in a weaker and less durable surface that may contribute to
surface cracking and/or not give the desired protection for the
reinforcement [ 14-16]. This influence of RH is also seen in that concrete
cylinders exposed to decreased RH during curing have lower compres-
sive strengths than those cured in moist conditions [17,18].

In the method described in this paper, a fresh cement paste sample is
placed in a calorimeter to hydrate and at different times exposed to
drying inside the calorimeter. This way, one can follow how the thermal
power - which s a function of the hydration rate [ 19] - is influenced by a
decrease in moisture content at any time during the hydration. From the
same experiment, one can also assess the decrease in water activity.

2. Materials

Cement pastes were made with a Portland-limestone cement
(CEM II A-LL 42.5 R) at a water-cement ratio of 0.45. Batches 0of 290 g
were mixed with a high speed hand-held blender for 60 s, then
allowed to rest for 60 s, and finally mixed again for 60 s.

3. Method
3.1. Isothermal calorimetry

Isothermal calorimetry is a general way of studying all types of
reactions by measuring the heat production rate (thermal power)
produced by the reactions (see for example [20]). At least for a single
process, the thermal power is proportional to the rate of a reaction
and the produced heat is proportional to the extent of reaction (the
nomenclature is given in Table 1):

P= % myan (1)
Q =¢&'my Ah 2)

The above two equations connect the rate and extent of reaction
with thermal power and heat, both of which can be measured with an
isothermal calorimeter. Isothermal calorimetry can thus be used both
in kinetic and thermodynamic studies. A complication with such
complex reacting systems as cement paste is that there are several
part-reactions in parallel or sequential. In such a case, the enthalpy in
Eqgs. (1) and (2) should be seen as an overall enthalpy that can be a
function of the extent of reaction (see for example [19]).

3.2. The present method

In this study a TAM Air (Thermometric AB, Jarfdlla, Sweden; now
manufactured by TA Instruments, New Castle DE, USA) isothermal (heat
conduction) calorimeter was used [21]. This instrument has eight
calorimeters fitted inside one thermostat so that one can make eight
measurements simultaneously. Each calorimeter is a twin-instrument

Table 1
Nomenclature.

a Activity of water 1

Ac Change in moisture content during 1
drying based on dry cement mass

F Gas flow rate m/s

Ah Reaction enthalpy 1/g

Avaph Vaporization enthalpy of water l/g

mo Initial mass of cement g

Am Change in mass during drying g

P Thermal power W/gcement

P, Thermal power corrected for W/gcement
thermal inertia of calorimeter

Q Heat of hydration /o

O Heat of vaporization during drying ]
period

t Time s

U Voltage output of calorimeter \Y

Up Baseline voltage \Y

Vsat Saturation vapour content g/m3

B Reduction in reaction rate from 1
drying (Egs. (5) and (6))

€ Calibration coefficient W/N

Y Reduction in water activity from 1
drying (Eq. (12))

n Drying efficiency 1

(6} Relative humidity Pa/Pa

T Time constant s

3 Extent of reaction (degree of 1
hydration)

Suffixes

A At start of drying

B At end of drying

R Reference sample (not dried)

S Sample being dried

1 Before drying

2 After drying
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with one sample and one reference. Calibration coefficients were
determined electrically and the baselines were taken from two days
measurements. The experiments were performed at 20 °C.

The method uses seven thin cement paste samples (ca. 1g) from
which water is removed by in-situ drying using a flow of dry nitrogen.
The eighth calorimeter contains a larger cement paste sample (ca. 7 g),
more typical of samples normally used in this type of calorimeter. To get
thin samples of an appreciable size - thus reducing the effect of gradients,
while still achieving a measureable calorimetric signal - we use helix-
shaped lath cuttings of stainless steel (Fig. 1). These are dipped in the
cement paste so that about 500 mg of paste is attached to each helix. In
the reported measurements, the mean thickness of the cement paste
layer was ca. 0.23 mm. The thickness increased towards the centre of the
helix cross-section due to the surface tension of the cement paste. The
paste was also thicker towards the bottom of the helixes due to
gravitation. Two such helixes were placed in each of the first seven 20 mL
plastic vials and the mass was determined with a 0.1 mg resolution
balance (AC211S, Sartorius, Gottingen, Germany). There are two tubes
through each lid permitting gas to flow through the vials. One of the tubes
in each lid is connected to one of seven valves that control the flow of
nitrogen; the other tubes exit outside the instrument to reduce the risk of
condensation inside the instrument and make it possible to check the gas
flow rate. The gas flow comes from a flask with a standard reduction
valve. To reduce the flow rate, a 1 m long 0.13 mm inner diameter PEEK
(polyether ether ketone) tubing is connected before each valve. The
valves are computer controlled and can be programmed to different
drying schedules. We have used a flow rate of about 50 mL/min.

In the five measurement series presented here, the samples were dried
for a duration of 1 h at different times after mixing (other schedules -
including repeated dryings - are of course also possible). The first drying
(sample 1) was started at 11 h and the last drying (sample 7) was started
at up to 70 h after mixing. Each specimen was weighed before and after
the experiment to assess the mass of water lost. Typically 35 mg of water
was lost during a 1h drying, which corresponds to about 10% of the
mixing water in a sample. Control experiments with water in the vials
showed that no more than 2 mg water was lost if no gas flow was applied.
Fig. 2 shows an example of a measurement with a drying at about 32 h.

3.3. Evaluation

In this measurement technique many parameters can be evaluated
from each drying period:

 The change of thermal power (reaction rate).
» The moisture content decrease.

Fig. 1. A helix-shaped support on which the cement paste samples were applied.

* The enthalpy of vaporization.
» The decrease in relative humidity (water activity).

To make this evaluation we make the following assumptions:

1. The moisture state is homogeneous in each specimen.

2. The flow rate and flow pattern of the drying gas is constant in each
vial during each drying.

3. The relative humidity of the gas leaving the ampoule is a constant
fraction of the water activity of the sample.

4. The enthalpy of vaporization of water from the pore solution is
constant during a drying.

5. Itis only the rate of the hydration that is influenced by a drying; the
same chemical reactions are active.

3.3.1. Step 1: baseline and calibration coefficient
The raw data U from the calorimeter was recalculated to thermal
power P:

P = e(U~Uj) 3)

3.3.2. Step 2: Tian correction
The curves are Tian corrected for the thermal inertia of the
calorimeter [21]:

P.=P+ TZ—IZ 4)

The time constant was chosen for each measurement so that the
drying peaks were as trapezoidal in shape as possible. They were about
180s. As the Tian correction with one time constant is based on a
simplified model of a heat conduction calorimeter, it will not be a perfect
time-lag correction of the measured curves and some overshoots were
accepted.

3.3.3. Step 3: decrease in thermal power during drying

Two methods were used for this. Firstly, the decrease in thermal
power during drying was calculated from the extrapolated values of
the thermal power half-way into the drying. The extrapolations were
made both from before the drying and from after the drying as is
shown in Fig. 3A. The decrease in thermal power - assumed to be equal
to the change in reaction rate — was then calculated as:

p=1-l2 (5)

Note that 3 is zero if the thermal power does not change and
positive if the thermal power decreases during a drying.

The second method used was to compare the thermal powers
before and after the drying with the corresponding thermal powers of
a reference curve. This is shown in Fig. 3B. For the reference curve, a
mean value of all the undried samples was used. As there were seven
samples dried at different times in each experiment, the reference for
the first sample consisted of the mean of samples 2-7, while the
reference for sample 6 was sample 7. This method was not used for
sample 7. The decrease in thermal power was calculated as:

1_Psz/P51

[)’:
PRZ/PRl

(6)

These two methods complement each other and for each sample,
we have manually chosen the more appropriate of these two
methods. Eq. (5) works best at later times when the thermal power
is a continuously decreasing function, while it cannot be used around
the main peak or when there are smaller peaks or disturbances on the
curve. Then, Eq. (6) is used as it is not dependent on being able to
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Fig. 2. An example of a measurement. (A) The hydration curve with a 1 h drying at about 32 h. (B) The drying produces a large endothermic peak that is superpositioned on the

comparatively low hydration thermal power.

make curve fittings. However, at late dryings with low thermal
powers, Eq. (6) does not give reliable results.

3.3.4. Step 4: produced heat when drying started

The specific heat of hydration at the time of drying was calculated by
integrating the specific thermal power from the start of the main
hydration peak to the start of the drying period. The integration was
started at a point close to when the main hydration started. This point was
calculated as the crossing point between a horizontal line through the
lowest thermal power during the dormant period, and a linear curve fit of
the initial part of the accelerating phase of the main hydration peak. The
latter was taken 3600 s after the lowest thermal power during the
dormant period. This heat is used as a measure of the extent of reaction.

3.3.5. Step 5: heat of vaporization
The heat of vaporization from the drying was calculated by
integrating the thermal power from the start to the end of the drying.

Thermal power / mWig
o i -
© =+ o v W

o
™
(o]

‘24 25 26 27 28 29
Time /h

As the thermal power during the drying is the sum of the hydration and
vaporization thermal powers, an interpolated thermal power of
hydration curve was subtracted from the measured thermal power
before integrating.

3.3.6. Step 6: enthalpy of vaporization of pore water

The enthalpy of vaporization of pore water was calculated by
dividing the heat of vaporization with the mass loss measured by
weighing the samples before and after an experiment:

Bgph = S @)

Note that the water is evaporating from a concentrated ionic
solution and the enthalpy of vaporization may differ from that of pure
water.

1.6

-
=y

Thermal power / mW/g ...
%
.

1.
P
24 25 26 27 28 29

Time/h

Fig. 3. Schematic descriptions of how the change in thermal power was evaluated. (a) The measured signals before and after the drying were extrapolated to the mid-time of the
drying. The change was calculated as the ratio of the mid-time values marked with circles (Eq. (5)). (b) The shape of the thermal power curve for each dried sample was compared
with the mean thermal power curve from the non-dried samples. The change in reaction rate was calculated as the fractional decrease in thermal power for the dried sample divided
by the corresponding fractional decrease for the undried sample (Eq. (6)).
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3.3.7. Step 7: moisture content change during drying
The moisture content change was calculated as:

_ Am
=y

Ac

3.3.8. Step 8: water activity change during drying
Generally, when a constant flow of dry gas is passed through a
vessel with a humid sample the vaporization thermal power is:

9

Here, ¢ is the RH of the exiting gas, which need not be equal to the
water activity of the sample, as the efficiency of the process may be
less than one, i.e., the gas leaving the vessel may not be at water
vapour equilibrium with the sample. The efficiency of the humidifi-
cation of the gas stream is assumed to be constant for a sample during
a drying process, and is the ratio between the RH of the exiting gas and
the water activity of the sample:

P = Avap"l.l'—:.vsa\t.(p

¢
=X 10
n= (10)
From this, it follows that if we see a decrease in the absolute
vaporization thermal power during a drying; this indicates that the
activity of the sample is decreasing in the same proportion:

Ca _ Py

TA — CA 11
P Py an

This is illustrated in Fig. 4. It is then possible to calculate how much
the activity of a sample has decreased during a drying as:

_Ps

P (12)

y=1

If v is zero there has been no change in water activity. Note that y
is the change in water activity divided by the water activity before the
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drying; it cannot say anything about the absolute activity as the flow
rate and the efficiency were not well known in the present
experiments. However, it is reasonable to assume that the initial
activity of the cement pastes is about 0.98 because of the dissolved
ions but that this value may have decreased at the end of the
measurement because of self-desiccation [22].

4. Result and discussion

A total of five measurement series were made with a total of 35
experiments. The results from all experiments, except one failure, are
reported here. Fig. 5 shows the reduction in thermal power as a function
of the time at which each sample was dried. A first order (linear) curve
fit and the result of an error analysis are also shown. The error analysis
was made by assuming that the uncertainty (standard deviation) of
each thermal power determination was 0.010 mW. The errors increase
at later times as the measured thermal powers then are lower. It is seen
that there is a reasonable agreement between the spread in the
measured data and the error analysis.

Fig. 6 shows the reduction in activity calculated for all the
measurement series. A similar drying, but at a later time, gives an
increased reduction in sample water activity. This is expected as there is
less free water when the hydration has proceeded further.

Note that there is a principal difference between the present study
and that of Snyder and Bentz [9]. We essentially remove a certain mass
of water (about 10% of the mixing water), whereas they removed all
water down to 90% RH. When we dry at early ages, there is still a lot of
water left and we do not lower the sample RH appreciably, but when we
dry at later ages, a 10% loss of water will remove a larger part of the
water available for hydration. Snyder and Bentz did with their method
remove most of the water when they dried at early ages, but removed
little water at later ages as the samples had then began to self-desiccate.

In all measurement series, it was seen that the scatter in the
specific thermal powers of the seven samples on helix supports was
quite high and that they were generally slightly lower than that of the
larger sample. An example of this is seen in Fig. 7. The scatter is
possibly caused by different cement contents in the different samples,
or by errors in the mass determinations. The lower thermal powers of
the samples on helices may have been caused by these samples

-16.5
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Time /h
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Fig. 4. The change in relative humidity during a drying period was calculated as the ratio between the extrapolated values (circles in the figure) after and before the drying period.
The figure shows two examples from one measurement series. (a) The earliest drying at 10 h. (b) The latest drying at 50 h that shows a clear trend to lower absolute thermal powers,
indicating a decrease in sample water activity. The linear regressions were made on the latter part of the peaks as the first parts were often disturbed, as is seen both figures.
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Time/h

Fig. 5. The relative reduction in thermal power (hydration rate) caused by 1 h drying at
different times as a function of the time of drying. The more suitable of the two
described methods was used in each case. The solid line is a linear regression using all
data points except the unfilled circle which was considered to be an outlier. The dashed
lines indicate one standard deviation from the error analysis described in the text.

containing less cement, the hydration being delayed by the large
surface to volume ratio of these samples, or some of the produced heat
not being measured by the calorimeters (as the helices were not in
such good contact with the bottom of the ampoule as were the larger
samples). However, we believe that none of these explanations fully
explains the scatter or the lowering seen.

As the heat of hydration is a measure of the extent of hydration, it
is interesting to plot the calculated parameters as a function of the
heat instead of the time. In Fig. 8, the heat calculated for each sample
at the time of drying is seen. The heat is a steeply increasing function
up to about 37 h. After that the thermal power is comparatively low
and the heat produced by 70 h is about 260 ]/g.

One major contributor to the scatter seen in Fig. 5 is that the samples
had different masses and the drying conditions (for example the flow

0.12 . ]
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]
0.02} * ’ e © ,
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Fig. 6. Relative reduction in water activity caused by 1 h drying at different times after
the start of the hydration. One data point outside the plot was considered an outlier.

w
2}

w

g
&)

no

—
w

Thermal power / mW/g_

0 10 20 30 40
Time /h

Fig. 7. Specific thermal powers for all eight measurements in one experiment. The thick
gray line is from the larger 6.4 g sample and the thinner lines are for the other seven
samples with masses in the range 0.64 - 1.07 g. Only the parts of the curves before the
drying are shown.

rates) were not exactly the same for all samples. One way to remove
these influences from non-similar conditions is to divide the calculated
effect-parameters 3 and y by the moisture content change. One will
then get water activity reduction per moisture content change, and
hydration rate reduction per moisture content change. These para-
meters are shown in Fig. 9 as a function of the heat. The scatter is rather
high, but the increasing trends are visible in both cases. The relative
change in rate of hydration is about twice that of the relative change in
water activity, which indicates that the reduction in hydration rate is not
as high as in previously published experiments [5,7,9,13], but these
different sets of results are not easily comparable as they have been

300 T . s

250+

2001

150+

Heat / J/g9,cment

100+

50

% 20 0 60 80

Time /h

Fig. 8. The specific heat produced by each sample at the time of drying (filled squares)
and the cumulative heat calculated for one of the two samples that was dried after the
longest time of hydration. The heats were calculated by integrating the measured
thermal powers. The integration was started at a point close to when the main
hydration started. This point was calculated as the crossing point between a horizontal
line through the lowest thermal power during the dormant period, and a linear curve fit
of the initial part of the accelerating phase of the main hydration peak. The latter was
taken 3600 s after the lowest thermal power during the dormant period.
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Fig. 9. The effect of drying on water activity and reaction rate. (a). The decrease in reaction rate per decrease in moisture content as a function of specific heat. (b) The decrease in
water activity per decrease in moisture content as a function of specific heat. Note that heat is a function of the extent of reaction, i.e., the degree of hydration.

made under quite different conditions. Powers [5] made long term
studies of the uptake of water by dry cement — similar to what is termed
pre-hydration today [23]. Patel et al. [7] and Snyder and Bentz [9] let
samples hydrate normally before placing them in lower RHs. Norling
Mjornell [13] placed thin samples in different atmospheres right after
mixing. In all these studies the degree of hydration was measured at
different times to assess the effect of drying. In the present measure-
ment, the idea was to study the immediate effect of a short and intensive
drying, with the aim of quantifying how a drying would affect the
hydration rate at different times during the hydration. So, although
these studies all show that the rate of hydration is dependent on RH, the
results are not easily comparable.

In Fig. 3B, it is seen that the two curves before the drying event
show similar behaviour, but that after the drying the lower curve from
the dried sample has a significantly lower slope than the mean curve
of the undried samples. Because of this, the evaluated value of 3 will
be dependent on at what point one takes the values after the drying.
Generally, less effect of drying will be seen if these values are taken at
a later point. This puts into question what takes place at a microscopic
level when we remove water by drying. In a hydrating cement system
unhydrated phases are continuously dissolved and diffuse out into the
pore solution, where they form new solid hydrated phases. If water is
suddenly removed, the ionic concentrations will momentarily
increase and if saturation is reached, precipitation will take place
(or a supersaturated solution will be formed). Higher concentrations
will probably give higher reaction rates, until a steady concentration
levels are reached again, but then in a smaller volume of water and
with a lower reaction rate. The time scales of these processes could be
investigated and used to adjust the evaluation time after the drying, so
that a new dynamic steady-state has been reached.

It should be noted that the parameters 3/Ac and 7y/Ac shown in
Fig. 9 are of general importance for the studied phenomena as they are
both expressed per change in moisture content. If water is removed by
drying from a hydrating cement paste at a certain age (expressed as
heat of hydration) the decreases in reaction rate and water activity are
given by the above two parameters multiplied by the moisture
content change. Although the limits of this approach have yet to be
investigated, it is clear that the present calorimetric technique makes
it possible to directly study the effects of drying on hydrating cement
systems.

We also evaluated enthalpies of vaporization, but these showed a
high scatter and it was not possible to determine any trends. The
mean value was about 2000 J/g (standard deviation 170 J/g), which is

lower than the literature value for pure water of about 2460 J/g [24]. It
should be noted that the vaporization of water from a saturated ionic
solution will be accompanied by the precipitation of ions (unless a
supersaturated solution is formed) and the measured heat is the sum
of the heats from these two processes. Enthalpies of vaporization are
always positive (endothermic), but enthalpies of crystallization from
an aqueous solution can be either positive or negative.

As the pore solution has a high concentration of various ions, its
activity is about 0.98 at the start of the hydration, but this value will
later decrease due to self-desiccation. As the self-desiccation was not
known for the used recipe, it has not been possible to calculate to
what values the activity decreased in each experiment. As noted
above, the parameter 1y is only the ratio between the change in activity
and the activity; it does not give any information about the absolute
value of the activity before or after the drying.

Although the results of the present measurements show a
decrease in both water activity and reaction rate as drying was
made, the measurements show a rather high scatter. This is not
surprising as the evaluation of for example B/Ac involves two
extrapolations of measured curves and the determination of a small
mass loss. The present method is not trivial to use, but it is interesting
as it makes it possible to gain a direct insight into how the water state
controls hydration rate. To improve the method one could:

Use a mass flow controller to achieve a more constant gas flow rate.
Study the dynamics of the calorimetric system and design an
improved ‘Tian correction’, e.g., with two time constants, that better
describes the calorimetric system.

Use thinner samples, possibly spread out in more uniform way to
achieve more homogeneous drying.

Have better control of the cement content of each specimen.

Have a better control of the mass determinations, for example to
make sure that no mass is lost through diffusion.

Make a measurement of the decrease in RH from self-desiccation on
a parallel sample to be able to calculate the RH after each drying.
Use a more sensitive calorimeter for longer measurements.

5. Conclusions

We have presented a calorimetric method to study the influence of
drying of young cement paste samples. It was shown that it was
possible to evaluate the reductions in both water activity and
hydration rate following an intense drying. The method has the
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potential to be used to assess the effect of early drying on mortars and
concrete.
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