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Abstract

In concrete structures exposed to the ambient air at early ages, the moisture content in concrete decreases due to moisture diffusion.
In addition, self-desiccation due to hydration of cement causes an additional decrease of moisture content in concrete at early ages, espe-
cially for high-strength concrete. In this study, the internal relative humidity in drying concrete specimens was measured at early ages.
Furthermore, the variation of relative humidity due to self-desiccation in sealed specimen was measured. The moisture distribution in
low-strength concrete with high water/cement ratio was mostly influenced by moisture diffusion due to drying rather than self-desiccation.
In high-strength concrete with low water/cement ratio, however, self-desiccation had a considerable influence on moisture distribution.
The results obtained from the moisture diffusion theory were in good agreement with experimental results. © 2000 Elsevier Science Ltd.

All rights reserved.
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1. Introduction

Concrete material properties change with time. These
material properties of concrete (i.e., concrete strength, elas-
tic modulus, creep, and shrinkage) are significantly influ-
enced by the heat of hydration and moisture content in the
concrete at early ages. Consequently, it is very important to
predict the heat of hydration and moisture distribution in
concrete structures [1].

In concrete structures exposed to ambient air, the mois-
ture content decreases due to moisture diffusion during dry-
ing [2]. In addition, self-desiccation due to hydration of ce-
ment causes an additional decrease of moisture content in
concrete at early ages [3]. Especialy for high-strength con-
crete using the high unit cement content, the relative humid-
ity distribution is considerably affected by self-desiccation
at early ages. Thusthe variation of relative humidity may be
obtained by considering the effect of self-desiccation and
moisture diffusion in concrete. But in some previous inves-
tigations, the moisture variation due to self-desiccation was
ignored or not considered [4,5].

In this study, the internal relative humidity in concrete
was measured for drying specimens at early ages. Thevaria-
tion of the internal relative humidity due to self-desiccation
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was also measured using sealed specimens. The effect of
water/cement ratio and initial moist-curing time on relative
humidity distribution in concrete was also investigated. The
effect of moisture diffusion and self-desiccation on relative
humidity at each location of concrete is discussed. In addi-
tion, the validation of moisture diffusion theory was verified
by comparing experimental results with the results obtained
from the moisture diffusion model.

2. Moisturediffusion of concrete at early ages

If concrete is exposed to ambient air at early ages, water
movement takes place due to moisture diffusion. Therefore,
the moisture distribution of a cross-section becomes non-
uniform. In addition, self-desiccation in concrete occurs due
to hydration of cement. Therefore, the variation of relative
humidity in young concrete is a result of both moisture dif-
fusion and self-desiccation. The self-desiccation phenome-
non is especialy significant for high-strength concrete with
low water/cement ratio at early ages.

Fig. 1 shows a schematic illustration of the variation of
relative humidity in concrete exposed to the ambient air at
early ages. At time ty when drying is allowed to begin, the
internal relative humidity already has decreased partially,
due to self-desiccation. After concrete is exposed to the am-
bient air, however, the internal relative humidity decreases
due to moisture diffusion also. The rates of moisture diffu-
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sion and self-desiccation are mainly dependent on material
properties of the concrete, such as water/cement ratio and
microstructure of concrete, and the outer drying conditions.
Assuming that the inner variation of relative humidity due
to self-desiccation in drying specimens isthe sasme as that in
sealed specimens, the total variation of internal relative hu-
midity can be represented asin Eq. (1):

Ah = Ahy+ Ahg (1)

where Ah is the total inner variation of relative humidity,
Ahy isthe variation of relative humidity due to moisture dif-
fusion at each location, and Ah; is the variation of relative
humidity due to self-desiccation. In Fig. 1, the relative hu-
midity (hy) due to moisture diffusion can be obtained only
by Eq. (2):

hy = h+Ah, @

where h represents the internal relative humidity in the con-
crete at timet.

Thus, variations of internal relative humidity in concrete
are expressed as the variation of relative humidity due to
moisture diffusion and self-desiccation of concrete, as
shownin Eq. (3).

oh _ ohy odhg
3t ot ot ®)

Fick’s second law type of equation must be written to
represent dhy/ot of Eq. (3), asshown in Eq. (4) [1,2].

oh
a_td = div(D(hg,h,w/c)grad h) (4
Combining Egs. (3) and (4) yields Eq. (5):
oh
%‘ = div(D(h, h,w/c)grad h) + = ®)

where D denotes the moisture diffusion coefficient. In CEB-
FIP (1990) model code [6], the moisture diffusion coeffi-

A self-desiccation

—-—
o
7
\
|
|
|
|
i
|
|
|
|
|
\J\

|
[
\
|
\
|
\
|
|
|
|
|
]
gl
&
|

moisture diffusion
and self-desiccation

relative humidity

time

Fig. 1. Variation of relative humidity in concrete at early ages.

cient for isothermal conditions is expressed as a function of
the pore relative humidity as seenin Eq. (6):

1-a 0
1+[(1-h)/(1=h)™

D(h) = D+ (6)

where D, is the maximum of D(h) for h = 1.0, « = Dy/D;,
Dy is the minimum of D(h) for h = 0.0, h, is the pore rela-
tive humidity at D(h) = 0.5D,, and n is an exponent. o =
0.05, h, = 0.80, and n = 15 are approximately assumed [6].

Eq. (5) can be used for the determination of relative hu-
midity when both moisture diffusion and self-desiccation
are active. In this research, the term ohyJadt of Eq. (5) is di-
rectly obtained from experiments. The nonlinear moisture
diffusion equation, as shown in Eq. (5), was formulated by
finite element method, considering the boundary condition
in previous study [2]. As the boundary condition of mois-
ture, it is necessary to correlate the surface moisture with
the humidity of the environmental atmosphere. On the ex-
posed surface S, the boundary condition is shownin Eq. (7):

oho _
Dwfnms = f(hg—ho) 0

where f isthe surface factor, h,, isthe environmental humid-
ity, and hg is the relative humidity on the exposed surface.
Bazant and Nagjjar dealt with this problem by assuming an
additional thickness to the specimen (i.e., the equivalent
surface thickness) [1]. Comparing analytical results with ex-
perimental ones, Bazant and Najjar reported that the value
of the equivalent surface thickness is 0.75 mm. In Eq. (5),
ohy/ot denotes the rate of self-desiccation due to hydration
of cement. This term is generally neglected. However, for
high-strength concrete prepared with a high unit cement
content, the rate of self-desiccation affects the total variation
of relative humidity of concrete, especialy at very early ages.
In this study, experiments on relative humidity distribu-
tion due to moisture diffusion and self-desiccation were car-
ried out at early ages. The experimental results were ana-
lyzed by using the relations shown in Eq. (2) and Eq. (4).

3. Experimental program
3.1. Test variables

To study the effect of self-desiccation on moisture distri-
bution in concrete, concrete with three levels of compres-
sive strength (f.) was selected, and test specimens were
moist-cured for 3 and 28 days, as shown in Table 1. After
moist-curing, the internal relative humidity in concrete was

Tablel
Test variables

28-day compressive strength of concrete (MPa) 22,53,76
Initial moist-curing time (day) 3,28
Depth from exposed surface (cm) 3,7,12
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Table 2
Mix proportions of concrete

Unit weight (kg/m?)

Specimen wi/c (%) SIA? (%) Water Cement Sand Gravel S.PP(C X %) f¢ (MPa)
H¢ 28 38 151 541 647 1055 2.0 76
me 40 42 169 423 736 1016 05 53
Le 68 45 210 310 782 955 - 22

aSand (S) + gravel (G).
b Superplastizer.
¢H, M, and L denote high-, medium-, and low-strength concrete, respectively.

measured at the distance of 3, 7, and 12 cm from the ex-
posed surface.

3.2. Materials and mix proportions

The cement used in the experiments was ordinary port-
land cement (ASTM Type I). River sand was used as fine
aggregate and crushed granite gravel passing the 19-mm sieve
was used as coarse aggregate. Detailed mix proportions of
concrete specimens are given in Table 2. A superplastizer
meeting ASTM C 494 requirements for Type F admixture
was used to obtain a good workability in Mixes M and H.

3.3. Specimen preparation

As shown in Table 3, three types of concrete specimens
were prepared for experiments on moisture diffusion and
self-desiccation. For measuring the interna relative humid-
ity in concrete, both drying specimens and sealed specimens
were used. Another specimen was prepared for measuring
the total moisture loss of concrete during drying. For each
condition, two identical specimens were tested.

At the age of 1 day, the mould was removed from test
specimens. The specimens were submerged into water until
the tests were started. After moist-curing, test specimens
were exposed to a constant temperature of 20 + 1°C and
constant humidity of 50 + 2% relative humidity.

3.4. Experimental method

The internal relative humidity in concrete was measured
using aVaisala HMP44 probe and a VaisalaHMI41 indica
tor [7,8]. After drilling a hole at various distances from the
exposed surface, plastic deeves were placed at each location
asshownin Fig. 2. The relative humidity probe was inserted
with arubber plug in the plastic deeve. The relative humidity
within the sleeve was measured using the HMI141 indicator

Table3

Type and size of specimen

Objective Type of specimen Size of specimen (cm)

Measurement of relative Drying specimen 10 X 10 X 20
humidity in concrete Sealed specimen 10 X 10 X 10

Measurement of Drying specimen 10 X 10 X 20

moisture loss

as soon as the equilibrium between the concrete and the air
in the plastic sleeve was obtained.

3.5. Experimental details and procedure

Asshownin Fig. 3, the exposed area of the drying speci-
men is 10 X 10 cm. The total depth of specimen is 20 cm.
Five sides of the specimen were sealed with paraffin wax to
ensure that only uniaxial moisture diffusion took place dur-
ing the drying process. The plastic sleevesin which therela-
tive humidity was measured were placed at distances of 3,
7, and 12 cm from exposed surface.

To measure the variation of relative humidity due to self-
desiccation only, totally sealed specimens were also used.
The size of these specimenswas 10 X 10 X 10 cm.

4. Results and discussion
4.1. Moisture distribution in concrete

Figs. 4 and 5 show the distribution of relative humidity
of the specimens subjected to drying and self-desiccation.
Specimens used to obtain the results in Fig. 4 where moist-
cured for 3 days before testing. In the case presented in Fig.
5, 28 days of moist-curing were employed. The variation of
relative humidity due to self-desiccation in sealed speci-
mensis also shown in Figs. 4 and 5. At time t, when drying
begins, the initial internal relative humidity in specimens
with low water/cement ratio decreased due to self-desicca-
tion despite of the earlier moist-curing. This is due to the

rubber plug

plastic sleeve

RH probe

Fig. 2. Measuring device for the internal relative humidity in concrete.
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Fig. 3. Geometry and size of test specimens.

fact that although the specimens are subjected to moist-cur-
ing before drying, high-strength concrete with low water/ce-
ment ratio becomes so dense and impermeable that the
moist-curing water will not fully penetrate the specimen.
The self-desiccation may be more active in this case. How-
ever, in low-strength concrete with high water/cement ratio,
the initia internal relative humidity was fully saturated at
the start of the experiment. This trend is similar to experi-
mental results of previous research [9].
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The internal relative humidity significantly differed ac-
cording to the depth from the exposed surface, and the
change of relative humidity was greater at the depth closeto
exposed surface than at an inner region of the concrete. In
concrete with high water/cement ratio, the variation of rela-
tive humidity due to self-desiccation was very small. The
difference of relative humidity at each location in the speci-
men with high water/cement ratio increased more rapidly
with drying time than that of high-strength concrete with
low water/cement ratio. However, for concrete with low
water/cement ratio, self-desiccation had a considerable in-
fluence on moisture distribution in concrete, especidly at t, =
3 days. That is, the moisture distribution in concrete with
low water/cement ratio at early ages was affected by self-
desiccation as well as by moisture diffusion. On the other
hand, the difference in internal relative humidity with dry-
ing time due only to moisture diffusion was small in con-
crete with low water/cement ratio. This is due to the fact
that the dense microstructure of high-strength concrete de-

1.0~ 1.0
1
0.9 0.9
z z z
B k= 2
£ o8 £ o £
3 = =
L + £ - =
S e g
& 07 <+ 3cm 8 07 4+ 3cm a 07F 3cm
8 —— Tem S L —e— Tem 8 L o 7cm
2 —A— 12cm e —A— 12cm 2 —A— 12cm
06~ _g  geif-desiccation 0.6 _g  gself-desiccation 06~ _g5  self-desiccation
0.5 o 0.5 S 0.5 S
0 40 80 12 [} 40 80 12 0 40 80 12
drying time (days) drying time (days) drying time (days)
(a) H (W/C=0.28) (b) M (W/C=0.40) (c) L (W/C=0.68)
Fig. 4. Relative humidity distribution in concrete due to moisture diffusion and self-desiccation (t, = 3 days).
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Fig. 5. Relative humidity distribution in concrete due to moisture diffusion and self-desiccation (t, = 28 days).
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Fig. 6. Calculated relative humidity values compared to modified experimental values (t, = 3 days).

creases the rate of moisture diffusion, and the higher cement
content increases self-desiccation.

The moisture distribution in concrete with high water/
cement ratio was mainly influenced by moisture diffusion.
Therefore, the variation of internal relative humidity of con-
crete with high water/cement ratio can be described by the
term dhy/dt in Eq. (3), and dhy/dt can be assumed to be neg-
ligible. In concrete with low water/cement ratio, however,
ohgot as well as ohy/ot must be considered. Thus, to evalu-
ate the experiments on moisture diffusion in concrete at
early ages, the effect of self-desiccation on internal relative
humidity of concrete must be considered.

4.2. Results of internal relative humidity due to
moisture diffusion

Figs. 6 and 7 show the predicted relative humidity at the
distances of 3, 7, and 12 cm from exposed surface due to

moisture diffusion only. These values are obtained from the
experimental results presented in Figs. 4 and 5 by simply
separating the internal relative humidity due only to mois-
ture diffusion from the measured moisture distribution in
concrete. This clearly shows that the effect of water/cement
ratio on moisture diffusion is very significant. Therefore,
the rate of moisture diffusion in concrete with high water/
cement ratio is concluded to be much higher than that in
concrete with low water/cement ratio. The relative humidity
near the exposed surface decreased rapidly at the early stage
of drying, but inside the concrete, the relative humidity var-
ied very slowly.

The relative humidity distribution in the test specimens
was analyzed by the nonlinear moisture diffusion equation
shown in Eq. (4). The calculated values of moisture distri-
bution obtained by using this nonlinear moisture diffusion
equation were compared with experimental resultsin Figs. 6
and 7. A finite element program capable of solving nonlin-

1.04 1 1.
09 0.9 09
2 | 2 | £
b} 3 z |
E 08 E 08 £ 08
S S ]
<2 F S F < L
2 0.7 + 3cm .2 0.7 + 3cm .2 0.7 + 3cm
% < 7cm ﬁ < 7cm ﬁ < 7cm
E i A 12cm E " A 12cm E i A 12ecm
0.6 —— analysis 06 —— analysis 0.6 —— analysis
0.5 | O NI I SR R | 0.5 | | | | IR N | 0.5 | I U I T S
0 40 80 120 160 200 24 0 40 80 120 160 200 24 0 40 80 120 160 200 24
drying time (days) drying time (days) drying time (days)

(a) H (W/C=0.28)

(b) M (W/C=0.40)

(c) L (W/C=0.68)

Fig. 7. Calculated relative humidity values compared to modified experimental values (t, = 28 days).
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Table4

Maximum moisture diffusion coefficient used in the analysis (unit: m?/h)
Specimen? to = 3days to = 28 days CEB-FIP (1990)
H (w/c = 0.28) 1.45 x 10°© 112 X 1076 0.53 X 1076

M (w/c = 0.40) 1.60 X 1076 1.26 X 1076 0.80 X 1076

L (w/c = 0.68) 2.65x 1078 2.62 X 1076 257 X 1078

aH, M, and L denote high-, medium-, and low-strength concrete, re-
spectively.

ear moisture diffusion eguation, developed previously [2],
was used in this analysis. The input data used in the finite
element program (i.e., the geometric conditions, mix pro-
portions, and the atmospheric conditions) are the same as
those used in these experiments. The input data (o, hg, n) re-
lated to moisture diffusion coefficient was the values rec-
ommended by the CEB-FIP (1990) model. The maximum
moisture diffusion coefficient used, denoted D,, was cali-
brated for best fits between experimental and theoretical re-
sults. Table 4 shows the maximum values used in the mois-
ture diffusion analysis. The values of D, used were higher
than those recommended by the CEB-FIP (1990) model.

As shown in Figs. 6 and 7, the predicted values were in
good agreement with the modified experimenta results. It
seems that moisture diffusion can be well predicted by the
nonlinear moisture diffusion theory in 3-day moist-cured
concrete exposed to ambient air at early ages, aswell asin
28-day moist-cured concrete.

4.3. Effect of moist-curing time on moisture diffusion
of concrete

The effect of moist-curing time on moisture diffusion in
concrete is presented in Fig. 8. This figure shows that the
initial moist-curing time has a considerable effect on mois-
ture diffusion in concrete. At each location, the variation of
internal relative humidity with drying time in 28-day moist-
cured concrete was smaller than that of 3-day moist-cured
concrete. Because the moist-curing time influences the mi-
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Fig. 9. Moisture loss of concrete.

crostructure of concrete, the moisture diffusion is also af-
fected.

4.4. Moisture loss of concrete

Moisture loss from concrete specimens to the surround-
ings is related directly to moisture diffusion and is not af-
fected directly by self-desiccation. Fig. 9 shows the mois-
ture loss of concrete with drying time. In Fig. 9, the
moisture loss of the concrete is represented as moisture [oss
weight per unit exposed area (kg/m?). As the water/cement
ratio and unit water content increased, the moisture loss in-
creased significantly. Fig. 9 also shows that the moisture
loss of concrete was considerably influenced by initia
moist-curing time. When exposed at t, = 3 days, the mois-
ture loss of concrete was larger than that exposed at t, = 28
days. This is because the evaporable free water content in
capillary pore of a 3-day moist-cured concrete is higher than
that in a 28-day moist-cured concrete, and aso because the
rate of moisture diffusion in a 3-day moist-cured concrete is
higher compared to a specimen cured for 28 days, as shown
inFig. 8.
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Fig. 8. Effect of moist-curing time on moisture diffusion of concrete.
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5. Conclusions

From this investigation on moisture diffusion and self-
desiccation in concrete, the following conclusions can be
drawn.

1. The moisture distribution in concrete with high water/
cement ratio was influenced mostly by moisture diffu-
sion, but little by self-desiccation. The rate of mois-
ture diffusion in concrete with high water/cement ra-
tio was much higher than that of concrete with low
water/cement ratio.

2. In concrete with low water/cement ratio, self-desicca-
tion had a considerable influence on moisture distri-
bution in a cross-section of concrete. That is, the
moisture distribution in concrete was affected by self-
desiccation as well as moisture diffusion of concrete.
On the other hand, the difference of relative humidity
with drying time due to moisture diffusion in concrete
with low water/cement ratio was small compared with
concrete with high water/cement ratio.

3. To evaluate the experiments on moisture diffusion in
concrete at early ages, it seems that the effect of self-
desiccation on internal relative humidity must also be
considered.

4. The results obtained by the proposed moisture diffu-
sion theory were in good agreement with the modified
experimental results.

5. The moisture diffusion and moisture loss of concrete

were influenced by initial moist-curing time aswell as
water/cement ratio and unit water content.
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