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drying was governed by nonlinear diffusion equation, the diffusion coefficient
was expressed as a function of the moisture content by the experiment. The
surface factor was also determined by the experiment. The relationship between
diffusion coefficient or surface factor and the water-cement ratio of concrete
were given. It was shown that the shrinkage strain was closely related to
moisture loss.
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ABSTRACT
It is the purpose of this paper to clarify the behavior of
moisture existing in concrete as drying occurs, and the re-
lationship between moisture loss and drying shrinkage. Assum-
ing that the behavior of moisture existing in concrete when
drying was governed by nonlinear diffusion equation, the
diffusion coefficient was expressed as a function of the
moisture content by the experiment. The surface factor was
also determined by the experiment. The relationship between
diffusion coefficient or surface factor and the water-cement
ratio of concrete were given. It was shown that the shrink-
age strain was closely related to moisture loss.

Introduction

The mechanism of drying shrinkage of concrete has been explained by the so-
called seepage theory where moisture in concrete is diffused outside accompany-
ing drying. Therefore, when discussing drying shrinkage of concrete, it is
necessary to clarify the behavior of moisture existing in concrete as drying
occurs.

According to Pickett (1), if the flow of water in concrete were to be en-
tirely by diffusion of vapor, if the vapor pressure of the water in the concrete
were proportional to the moisture content, and if permeability were independent
of the moisture content, then the differential equation for the flow of water
would be a diffusion equation. He solved a Tinear diffusion equation by using
Newton's law of heat transfer at exposed boundaries. The study by Pickett is
very suggestive in discussing shrinkage.

In recent studies (2,3), however, it has been shown that moisture diffusion
cannot be expressed by the linear equation, and therefore, a nonlinear diffusion
equation must be used.

From this point of view, the author presents in this study a method of pre-
dicting the time-dependent phenomena of moisture diffusion and distribution of
water in concrete using the nonlinear diffusion theory. The author determines
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the diffusion coefficient and surface factor, and the relationship between these
vaiues and the properties of concrete by experiments. The relationship between
moisture loss and drying shrinkage strain is also discussed.

Prediction of Moisture Distribution in Concrete
by Nonlinear Diffusion Equation
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values for beam specimens of dimensions 10 x 10
X 40 cm. The diffusion equation and the mois-
ture loss are given below:
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Where C = moisture content (kg/:), K = diffusion coefficient (cm2/day).
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where ap,By,y, = eigenvalues in the direction of the x,y and z axes, respective-
1y, a,b and c'= width, depth and length of the beam specimen, respectively,

w = f/K, f = surface factor (cm/day), K = diffusion coefficient (cm?/day), k =
constant, and t = time (day). As is evident from Fig. 1, the numerical values
by Eq. (2) give very poor correlations with test data, and in the early period
of drying, test values are larger than numerical ones. Therefore, K should be
made a function of moisture content (C). Then, the equation governing this
phenomenon becomes a nonlinear diffusion equation as given below:

%2—= div (K grad C)---------- - (3)

In this study, Eq. (3) is formulated by the finite element method (4,5).
However, the details are not given in this paper.

In the numerical analysis of nonlinear diffusion equation, the diffusion
coefficient must be determined as a function of the moisture content at each
time step. This is determined by experiments. For the assumed values f and K
obtained by the experiments, Eq. (3) is solved by the finite element technique,
and then time-dependent phenomena of the total moisture diffusion from the spec-
imen can be obtained. Comparing the calculated results with the experimental
ones, the suitable values of f and K can be obtained.

— 77—



TABLE 1
The mixes of concretes

Kind of| W/C W C S/a S G
specimen| (%) | (kg/m®)|(kg/m®) | (%) | (kg/m®) | (kg/m®)
A 48.3 203 420 44 731 926
B 43.6 183 420 44 754 996
C 50.1 213 420 44 720 912
D 56.4 203 360 44 753 954
E 42.3 203 430 44 709 899
F 48.3 203 420 42 698 959
G 48.3 203 420 46 764 893
TABLE 2 '
The properties Deyig surlac 40 10
of concretes "'"W ig
Kind E. | o e
of (Age ) c ¢ WD o
speci-| (days)|MPa {MPa | = Boogeeee N
men x10° @ ------------- N . oS
7 [27.2[38.1] = g KL v
A [14 [27.9]35.2 27— D 7 0ing surlace ] Jsesiavo
28 _[31.1]44.3 T — 0 %-_é 2D e
B | 28 [30.9]49, e :
C 28 130.4)37.9
D 28 128.9133.7
E 28 131.9150.4
F 28 131.2]40.2 FIG. 2
G 28 131.0142.3 The shapes and dimensions of specimens.

Experiments

The cement used in these tests is ordinary portland cement, the coarse ag-
gregate is crushed stone, and the fine aggregate is marine san<. The mix pro-
portions of concretes, and the compressive strengths and moduli of elasticity
are shown in Table 1 and 2, respectively. The experimentation procedure by
which the diffusion coefficient is determined as a function of moisture content
is the one based on weight changes of various-length specimens. Fig. 2(a) shows
the shapes and dimensions of specimens. The four sides of each specimen are
sealed with vinyl paint and paraffin wax, while the two end sides are not sealed.
Therefore, moisture diffusion becomes a one-dimensional problem. Fig. 2(b) shows
the shape and dimensions of specimen used to measure drying shrinkage strains at
various depths from the drying surface. The four surfaces other than the ones
from which drying is to occur are also sealed.

The weight changes and strains of specimens were measured by the table bal-
ance (capacity: 10kg; accuracy: 1g) and Whittemore strain meter (gauge length:
10 in.), respectively. The tests were performed in a constant-temperature, con-
stant-humidity room of 20°C +1deg. and 60% R.H.

Relationships between moisture losses from the specimens in Fig. 2(a) and
time were obtained by the experiments. If the distribution of moisture at a
distance x from the drying surface is assumed to be the same without regard to
the length of the specimen, the moisture content C(x,t) at time t and at dis-
tance x(x=2, 6, 10, 14, 18cm) is given by the following equation:
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where 1 is length of specimen (cm), wj is moisture loss of the specimen (of
length of 1) at time t (g), Wy is diffusible moisture in a unit volume (kg/2),
and S is area of drying surface (cm?).

The diffusible moisture is given by the difference between the weight of

the specimen at the start of drying and its absolute weight on oven drying (80°C)
after the experiment.

Test Results and Discussion

1. Determination of Diffusion Coefficient.
The one-dimensional diffusion equation is as follows:
aC _ 9 (aCy o ___.. -
3t = axKax) (5)
If tis assumed to be a function of a single value, 7t=x/v%, Eq. (5) be-
comes the equation below by Boltzman's transformation (6).

y - (C dac, . -
R(C) = s¢s AdC/2( 45 (6)
where: K(C) = diffusion coefficient as a function of C, Cg = 100%.

Fig. 3 shows an example of the relationship between the moisture losses by
drying of the vaious-length specimens and drying time. Calculating the result
by Eq. (4), the time-dependent changes in moisture content at depth x from the
drying surface are shown in Fig. 4. According to Fig. 4, the change in moisture
content at x = 2cm, or near the surface of concrete, is sharp, but at points
slightly deeper inside, the changes are slow. Fig. 5 shows the distribution of

water content at 98 days from the start of drying versus depths from the drying
surface.

It may be seen from the above that drying of concrete is rapid at the very
surface portion in contact with outside air, but is extremely slow at deeper
portions in the interior.

In Fig. 6, the results shown in Fig. 4 are plotted with the above-mentioned
variable A on the abscissa and moisture content c¢n the ordinate. The curves in
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The constants a, b and n are summarized in Table 3. Diffusion coefficients
are calculated by Eq. (6) and (7), and the relationships between them and moist-
ure content are shown in Fig. 7.

It is consequently suggested that moisture diffusion from the interior of
concrete is closely related to the moisture content of the concrete. More pre-
cisely, in the range of high moisture content, the diffusion coefficient falls
sharply with decrease in moisture content, but with moisture content below 70 to
80%, it may be considered to be more or less constant. This tendency is the
same for other specimens in these tests and was also reported by Bazant and
Najjar (2).

The relationships between K(C) and C in Fig. 7 are approximated by Eq. (8).

K(C) = Ky + :S;TE .t KS;;S n C;égo """""" (8)
‘+(1oo-cc) 0 ‘+(1oo-cc) 0

where: Kg is diffusion coefficient in saturated condition or C = 100%, Kq is
diffusion coefficient in oven-dry condition or C = 0%, C. is moisture content
at inflection point of curve, and ny is constant.

In this study, C is the specific moisture content, not the pore relative
humidity as is evident from the above-mentioned experimentation procedure. On
the other hand, Bazant and Najjar (2) proposed Eq. (9) using pore relative humid-
ity. Ks'Ko
K(C) = KO + -‘+(_- OO'C )no -------------- (9)

'OO-CC

The results of this experiment are approximately expressed by Eq. (9). But,
by Eq. (9), K(C) is not equal to Ko at C=0%. So, the author modified Eq. (9),
and proposed Eq. (8).

The values of ng, Ks, Ky and C; for the various specimens are summarized
in Table 4. As is evident from this Table, the diffusion coefficient at the
start of drying are about 0.5 to 1.0 cm?/day. These results are different from
those of previous studys using the linear theory (for example, Pickett: 0.23cm2/
day, and author: 0.30cm?/day).



TABLE 3
The constants of Eq. (7)
Kind of | Age Water content

specimen | (days) (%) 2 b G
o8 0~ 92 18.00 [ 18.0 {60
92-.100 18.00 §18.0 {30
A 7 0. 92 18.00 {18.0 {60
92.100 17.25 118.0 {60
14 0~.100 18.00 118.0 {60
B 28 0. 85 17.88 | 18.0 {60
85-.100 17.56 118.0 140
c 28 0. 92 17.75 118.0 160
92..100 17.38 118.0 130
D 28 0~ 90 18.00 118.0 160
90-.100 18.00 }118.0 140
E 28 0. 90 17.88 118.0 |60
90-100 16.56_118.0 {20
8 0~ 93 18.00 118.0 |60
93-.100 17.88 118.0 {50
G 28 0-~100 17.75 118.0 140
TABLE 4
The constants of Eq. (8)
Kind of | Age K0 Ks CC n,
specimen |(days) | (cm?/day) |(cm?/day) | (%)
28 0.047 0.76 98.510.81
A 7 0.047 0.76 98.5(0.81
14 0.044 0.34 99.510.28
B 28 0.031 0.55 97.510.79
C 28 0.026 1.20 98.041.10
D 28 0.046 0.65 98.0(0.80
E 28 0.036 1.21 94.51.65
F 28 0.045 0.48 98.510,57
G 28 0.056 0.63 98.00.52
= 10 —— = —
g Specimen: A =
'? 0.5 e Age=7days . 20 [
< A - 14« [,* [l.
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FIG. 7 FIG. 8
The relationship between moisture The relationship between
content and diffusion coefficient Ny and water-cement ratio
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In general, drying shrinkage is a problem when concrete is green or in a
condition of high moisture content. In such a case, it is desirable that dif-
fusion coefficient is datermined as a function of moisture content. Fig. 8 shows
the relationship between the constant ngy and water-cement ratio.

2. Determination of Surface Factor

The surface factor is determined by the above-mentioned procedure. The
model used in this study is composed of 51 nodal points and 32 four-node isopar-
ametric elements. The initial and boundary conditions are respectively as fol-

Tows : C(x,y,0) = 100% }

3y . -
K(ax)s - f(ce Cs)

where: f = surface factor (cm/day), Co = environmental humidity, Cs = moisture

content at the surface or the neighborhood in the interior of concrete.

Fig. 9 shows an example of comparison between computed and experimental val-
ues. The surface factors by this procedure are given in Table 5 while Fig. 10
shows the relationship between these values and water-cement ratios of concrete.
According to Fig. 10, surface factor increases with water-cement ratio.

TABLE 5
Test results

Kind Shrinkage [Moisture| Capacity of | Surface
of Age strain | loss [moisture loss| factor
specimen [(days)|Sqg(x107°) Woa(g) | W, (kg/2) |f(cm/day)
28 37.50 33.1 0.147 0.550
A 7 37.00 38.4 0.144 0.600
14 37.00 35.9 0.146 0.600
B 28 28.50 24.7 0.131 0.100
C 28 38.50 35.9 0.158 0.550
D 28 33.75 42.2 0.158 0.750
E 28 36.00 25.8 0.139 0.075
F 28 47.25 35.2 0.147 0.550
G 28 33.75 32.1 0.145 0.550
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3. Relationship between Shrinkage and Moisture Loss

Fig. 11 shows an example of the relationships between shrinkage strain at
depth x from the drying surface and drying time. These shrinkage strains are
obtained by the experiment using the specimen shown in Fig. 2(b). Shrinkage
strains for x = 2cm at 98 days from start of drying and total moisture loss for
98 days are summarized in Table 5. In Fig. 11, it appears that shrinkage strain
in the neighborhood of the drying surface increases rapidly at the early stage
of drying, but at around 120 days the rate of increase declines slightly. How-
ever, deeper inside the concrete, the strain itself is small at about 120 days
and the rate of increase does not fall off so much. These phenomena are very
similar to those in case of moisture diffusion. Fig. 12 shows the relationships
between shrinkage strains and the depth from the drying surface with the drying
time at the parameter by the experiment.

Fig. 13 shows shrinkage strains against local moisture losses at depth x
and a depth close to the drying surface (x = 2cm). The local moisture losses
are obtained by calculating the experimental results by Eq. (4).

Pickett (1) reported that the shrinkage of concrete is a linear function of
moisture 1oss from the interior of concrete. According to Fig. 13, the relation-
ships between moisture losses and shrinkage
strains in the neighborhood of the drying
surface are expressed by almost straight

80 . . / .
< 0:xe 7em omixetem | lines. It is thus possible for shrinkage
= LR Age 28dops strain to be predicted by moisture loss so
Tuol—oi 1 lemeRbcadY far as strain at the surface of concrete is
S =/i9//o_/’ concerned.
‘-;20 Y’ ,:j?° *Csotyy Conclusions
2 ﬁi P The results of this study may be sum-
= s marized as follows:
[72]

0 10 20 36 20 1) The diffusion coefficient govern-

Moisture loss ( %) ing moisture diffusion from concrete is

dependent on the moisture content in the
concrete. In effect, it is almost constant

FIG. 13 (about 0.05 cm2?/days) in the range of low
. : _ moisture content (below about 80%), while
The re]qt1onsh1ps between dry at high moisture content or in the early
ing shrinkage strain and mois- . - . - -
ture losses period of drying, it increases with the

moisture content.
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2) The relationship between diffusion coefficient and moisture content can
be expressed by the S-shaped curve given by Eq. (8), and its constant ng decreas-
es with increase in water-cement ratio. Regardless of the mix proportions, C.
may be taken to be approximately 98%.

3) Surface factor has a close relationship with water-cement ratio of con-
crete.

4) Moisture diffusion is rapid and in large quantity in the neighborhood
of the drying surface, but in the interior of concrete, it is extremely slow and
of small quantity.

5) Shr1nkage strain of concrete differs accord1ng to depth from the drying
surface, and strain at the surface is greater than in the interior of concrete.
Furthermore, shrinkage strain is closely related to moisture loss, and especially
for the neighborhood of the drying surface the relation can be expressed by a
straight line.
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