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The aim of this study was to develop a new method to determine hygral diffusion, film, and shrinkage coefficients of
cement-based materials. These coefficients are required in the numerical simulation of shrinkage strain and total
deformation of concrete elements and structures using the finite element method. Both an experimental approach to
determine the time-dependent distribution of relative humidity distribution in the pore system of concrete and a
numerical method to determine material coefficients on the basis of experimental data are described in this paper.
The hygral diffusion coefficient can be expressed both as function of moisture content and as function of relative
humidity.
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1. INTRODUCTION

Shrinkage strain develops as moisture is lost from cement-based materials such as concrete. Such strain therefore
develops much quicker near the drying surface than in the center of concrete. If a concrete memberwere to consist of
separate unrestrained elements of infinitesimal thickness, the relationship between change in moisture content and
deformation would be linear [1]. In a real concrete member, however, the strain due to quicker drying near the
surface as compared to the inside of the concrete produces tensile and compressive elastic strains due to eigenstresses.
In order to simulate numerically the effect of drying on the deformation of concrete, the diffusion, film, and shrinkage
coefficients are required. By using the diffusion and film coefficients together, the moisture distribution at any
arbitrary time during drying can be obtained. The unrestrained drying shrinkage strain is calculated by multiplying
the change in moisture content by the shrinkage coefficient. Finally, the deformation can be calculated according to
the principle of virtual work.

The diffusion coefficient of concrete is nonlinear and depends on the moisture content itself. If the diffusion coefficient
can be expressed in terms of the relative humidity in the concrete, the analysis of drying is exactly the same as that
for the thermal case. The ambient relative humidity can be used as the boundary condition in a numerical analysis.

To obtain the nonlinear diffusion coefficient, various methods have been proposed by different researchers [2][3].
However,all are for the nonlinear diffusion coefficient in terms of moisture content rather than in terms of relative
humidity. To determine the diffusion coefficient as a function of the pore equilibrium relative humidity of the concrete,
the relationship between moisture content at hygral equilibrium and the relative humidity, i. e. the desorption isotherm
(which varies with ambient temperature) must be known.Experimentally derived desorption isotherms are available
for somecement-based materials. However,it is not clear whether they are suitable for any concrete. Furthermore, it
takes a lot of time to determine a desorption isotherm by experiment. A method of obtaining the diffusion coefficient
as a function of relative humidity directly by experiment is desirable.

Auseful and reliable method of obtaining a diffusion coefficient as a function of relative humidity is proposed in this
paper. An experiment is carried out with sliced specimen measuring 150x100x3 mm.Each specimen is prepared by
piling up ll slices and sealing the sides with aluminum sheet. The distribution of relative humidity is estimated by
measuring the shrinkage strain on each slice at arbitrary drying times. An inverse analysis is then used to obtain the
diffusion coefficient from the measured relative humidity distribution. A numerical approach based on the weighted
residual method and on a nonlinear least squares method is then proposed on the basis of the experimental results.

2. OTITTJNE OF THE EXPERIMENT

2.1 Mix proportions of mortar and concrete

In this research, normal Portland cement type-I (specific gravity: 3.12) was used. The fine aggregate was river sand
(specific gravity: 2.62; water absorption: 1.93%). The coarse aggregate was river gravel (maximum size: 8 mmand
16 mm; specific gravity: 2.70; water absorption: 0.62%). Mix proportions of mortar and concrete are shown in Table
1. The mechanical properties of the mortar and concrete are shown in Table 2. These data were obtained at ages of 14
days and 120 days. Twotypes of specimen were used for strength tests at the age of 120 days. One was cured in water
for 120 days, the other was cured in water for 14 days and then in air for a further 106 days.

Table 3 shows the physical properties of the mortars and concretes studied. The evaporable moisture content was
obtained using eight slices measuring 150x100x3 mm.The specimens were dried at 100 C for 14 days after curing in
water for 7 days and subsequently in a chamber at 100% relative humidity for 7 days. All sliced specimens used in
this study (150x100x3 mm) were sawed from cubes (150x150x150 mm). Carbonated thickness was measured using
phenolphthalein. The specimens for carbonation test were cured in water for 14 days and subsequently in air for 98
days. Three rooms of 45%, 60%, and 75% relative humidity were used. In each room, the temperature was 20 C.

Table 4 shows the moisture loss when mortar and concrete specimens reached equilibrium with the surrounding
atmosphere. These data were obtained from the center three slices originally packed in specimens prepared by piling
up ll slices (150x100x3 mm) and sealing the sides with aluminium sheet. The specimens were stored for 98 days at
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Table 1 Mix proportions of mortar and concrete Table 3 Physical properties of mortar and concrete

M ix tu r e
G m  a x

( m m )

w / c

( % )

s /a

(% )

W e ig h t  p e r u n it  v o lu m e  (k g /m 3 )

w c s G * 1
4 - 8  8 - 1 6

M  2 4 0 4 5 0 1 0 0 2 4 0 4 8 0 1 5 3 6

M 2 0 0 4 5 0 1 0 0 2 0 0 4 0 0 1 7 0 8

M 1 6 0 4 5 0 1 0 0 1 5 6 3 2 0 1 8 8 0 3 .8 4

G 8 8 5 0 5 0 2 0 0 4 0 0 8 5 4 8 8 0

G 1 6 1 6 5 0 5 0 2 0 0 4 0 0 8 5 4 3 5 2 5 2 8

*1: Superplasticizer

Table 2 Mechanical properties of mortar and concrete

M ix tu r e
A g e

(d a y s )

C o m p . Y o u n g ' s F l e x u ial

S tre n g th M o d u lu s S tre n g th

(M P a) (G P a ) (M P a)

M 2 4 0

1 4 3 3 .6 2 5 .8 6 .1 6

12 0 A ir 4 4 .4 2 6 .3 8 .3 8

W a te r 4 5 .4 3 0 .3 8 .5 3

M 2 0 0

1 4 3 2 .1 2 4 .8 5 .10

A ir 4 1 .5 2 7 .4 7 .8 4

W a te r 4 4 .3 2 9 .3 8 .3 3

M 1 6 0

1 4 1 9 .2 2 2 .1 4 .1 6

12 0 A ir[W a te r" 2 1 .5 1 9 .6 4 .6 1

2 9 .6 1 9 .4 4 .6 9

G 8

1 4 4 2 .0 3 1 .8 6 .7 4

A ir 4 8 .3 3 6 .7 1 0 .1

W a te r 5 2 .8 3 9 .5 1 0 .3

G 1 6

1 4 3 6 .4 3 1 .6 6 .5 9

A ir 4 9 .7 3 3 .6 8 .3 1

W a te r 5 5 .7 3 8 .6 8 .9 8

M ix tu r e
E v a p o rab le m o istu re D e n s ity

( B /0 & 0

C a ib o n a tio n

(m m ) 'w / (S + w ) w /S

M 2 4 0 8 .9 4 % 9 .8 2 % 2 .1 2 3

M 2 0 0 7 .3 5 % 7 .9 3 % 2 .1 5 3

M 1 6 0 6 .5 9 % 7 .0 5 % 1 .9 9 1 0

G 8 6 .1 8 % 6 .5 9 % 2 .3 6 1

G 1 6 6 .2 0 % 6 .6 1 % 2 .3 2 1

w:evaporabfe moisture content (g)
S: solid part of mortar or concrete
*: all relative humidities

Table 4 Moisture loss compared with the moisture
content under saturated condition (w '/w)

M ix tu r  e
R e l a ti v e  h u m id i ty

4 5 % 6 0 % 7 5 %

M 2 4 0 6 9 . 1 % 6 5 .7 % 5 1 .7 %

M 2 0 0 6 8 . 8 % 6 4 .5 % 5 3 .0 %

M 1 6 0 7 7 . 4 % 7 6 .2 % 6 8 .4 %

G 8 6 2 . 6 % 5 7 .5 % 5 1 .9 %

G 1 6 6 4 , 4 % 6 0 .9 % 5 1 .5 %

w': moisture loss measured at each relative humidity

each relative humidity after curing in water for 7 days and subsequently in a chamber at 100% relative humidity for
7 days. The values shown in this table are normalized with respect to the moisture content under saturated conditions
as shown in Table 3.

2.2 Geometry of specimens

a) Specimens for moisture distribution

Figure 1 shows the sliced specimen used for the determination of moisture distribution. A pile of sliced specimen
consists of ll slices of the size of 150x100x3 mm.Solid specimens of 150x100x33 mmare also used in this series of
experiments. All surfaces, except the two parallel drying surfaces, were sealed with aluminum sheet. Twosolid
specimens and nine sliced specimens were put into each room with a relative humidity of 45%, 60%, and 75%,
respectively. Altogether, 6 solid specimens and 27 sliced specimens were used for each type of mortar and concrete.
The temperature of all rooms was 20 C. Drying began at 14 days. The weight of each specimen was measured at 0.5,
1, 2, 3, 5, 7, 10, 14, 21, 28, 35, 42, 56, 70, and 98 days after the start of drying.At 0.5, 3, 7, 14, 28, 42, 56, 70, and 98

days after the start of drying, the aluminum sheet was removed from one sliced specimen in order to obtain the
moisture loss of each slice. After the moisture loss was measured, the specimen was discarded.

h) Specimens fnr shrinkage strain distribution

Figure 2 shows the sliced specimen used for the investigation of shrinkage strain. A pile of sliced specimen consists
of ll slices (150x100x3 mm). Figure 3 shows the position of the gauge points on the sliced specimens. The gauge
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Moisture

Fig.l Sliced specimen for measuring moisture loss

3mm

Fig.3 Point gauges on sliced specimens

A B
A.

Fig.2 Sliced specimen for measuring shrinkage strains Fig.4 Point gauges on solid specimens

points are located on the top and bottom surfaces in two arcs. RowB is on an arc centered on the gauge on the 6th
(middle) layer in rowA. The gauge points in rowA are similarly centered on the 6th slice of row B. The size of the
solid specimens was 150x100x33 mm.Figure 4 shows the position of gauge points on the solid specimens. There are
two types of solid specimen. The difference is the position of the gauge points. The placement of gauge points is the
sameas in the case of sliced specimens, except that they are placed every second layer. The gauge points are made of
3x3x10 mmbrass and have a 2 mmhole. Four surfaces of both types of specimen were sealed with aluminum sheet.
The shrinkage strains were measured in the rooms with relative humidities of 45%, 60%, and 75%, respectively.
Drying began after the specimens were cured in water for 7 days and subsequently in a chamber at 100% relative
humidity for 7 days. The shrinkage strain of each specimen was measured at 0.5, 1, 2, 3, 5, 7, 10, 14, 21, 28, 35, 42,
56, 70, and 98 days after the start of drying.
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2.3 Moisture content related to saturation value

The weights of the specimens were measured using an electronic balance with a minimum division of 1/100 g and a
capacity of5,000 g. With the weight 0} at drying time t and the weight C'(t) after 14 days in an oven, the moisture
content q(t) can be obtained from equation (1):

w-w'(t) C(t)-C(t)a it) i v' v' v' f\\
^' S+w-w'(t) 0) 0)

where, S is the weight of the solid part of the concrete or mortar, i. e. C'(t); w'(t) is the weight of moisture lost; and w
is the weight of moisture in the saturated condition. If the moisture content in the saturated condition is called/?, then
the moisture lost per unit weight of concrete or mortar H(t) can be calculated from equation (2).

,. w'(t) p-q(t\
W-S0-0 (2)

S+w l-q(t)

IV

S +w

00 -0(0)

C(0) (3)

Where, C(0) is the original weight of the specimen when drying time t is zero; and C'(0) is the weight of the
specimen after drying in an oven for 14 days. The moisture content co(f) with respect to moisture content in the
saturated condition can be obtained from equation (4).

» W
W'(t} 1 ,.à"1 --il=l _±x//(,)

(4)

2.4 Measuring method for shrinkage strain

In Figure 5, the procedure for measuring shrinkage strain is illustrated. Length change in the longitudinal direction
wasmeasured using a linear gauge with a minimum division of 1/1,000 mm.The specimen was supported on three
pins consisting of the pointed head of the linear gauge and two supports. Dividing the change in length by the height
of the specimen gives the shrinkage strain. When measuring the shrinkage strain in row A, one of the two supports is
placed on the gauge point on the bottom of the sixth slice in row B. The second is placed on the bottom gauge point
of the slice to be measured. The tip of the linear gauge is placed on the top of the slice to be measured.

3. MOISTUREDISTRIBUTION

3.1 Effect of gaps in sliced specimens on moisture transfer

The diffusion coefficient of moisture transfer in air is approximately 218 mmVday at 20 C. This is about 50 or 100
times faster than in mortar or concrete [4]. This means that the transfer of moisture through the air is much easier than
through mortar or concrete. However, the air layer between slices may act as an obstacle to moisture transfer in the
sliced specimens if the gap is considerable.

Figure 6 shows the weight change of a solid specimen (150x100x33 mm) and a pile of sliced specimen (150x100x3
mmxllslices) for mortar M240 in Table 1. The weight change expressed on the vertical axis was obtained by
equation (5).

C(0)-C(f)Weightchange ^ w (5)
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Fig.5 Method of shrinkage strain measurement
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Fig.7 Effect of gaps on moisture transfer
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Fig.6 Weight change of solid and sliced specimens
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Drying time - days

Fig.8 Moisture loss difference

100

where, C(0) is the weight of specimen when drying time is zero; and C(t~) is the weight of the specimen at drying time
t. The solid marks represent the data obtained from the solid specimen. The open marks represent the data obtained
from the sliced specimen. Squares, lozenges, and circles indicate different relative humidities of 45%, 60%, and
75%, respectively. The results clearly show the solid specimen loses moisture faster than the sliced specimen. This is
due to the effect of gaps between slices.

This can be explained using Figure 7. The curves A'B'C' and curve ABC express the assumed moisture distribution
in sliced and solid specimens, respectively. When q.n and qout are the moisture flows per unit time from surface O-O
into an air gap and from an air gap into surface O'-O', respectively, qmt minus q.n is equal to the moisture change in
the gap formed by OO and O'O'.

1 j(a>B, +a>c,)
0*,,,-0;» =

dt
xd (6)
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where, CDB,and cac, are moisture contents at the position B' and C', respectively; and d is the thickness of the gap
between slices. If the gap has zero thickness, qoul must be equal to qin', that is, the moisture contents at surfaces 0-0
and O'-O' are the same. Whereas, when d cannot be ignored, the slope of moisture increases in the gap. With the
slope of moisture in the gap and the diffusion coefficient Dair of air, the moisture flow qmt can be expressed by
equation (7).

caa,-cor, i d(con: + a)r,}
1out=D0ir B,C-ft.4 ' °'** 0

a z at

Since qmt is bigger than q.n, (OB,must be bigger than coc,. The wider the gap d, the bigger the difference between a>B.
and a)c,. Hence, the sliced specimen loses its moisture slower than the solid specimen (Q. E. D.).

Figure 8 shows the difference in moisture loss between the sliced and solid specimens. Squares, lozenges, and
circles represent results at 05%, 60%, and 75% relative humidity, respectively. The difference in moisture loss is
related to the saturated moisture content; equation (8).

Moisture lossdifference AC = - x(AC50/w(0 - ACjWced(?))
p (8)

A C*ttced(0 '
C5«cJ °) - CW)

r (0\^

sliced(0) (9)

\
r ft\ Csond(^}~Csolid(0

0"M COT- do)

where,p is the moisture content normalized with respect to the weight of the specimen under saturated conditions
and expressed by equation (3); Cslited(t) and Csolid(i) are the weight of sliced and solid specimens at arbitrary drying
time ^ respectively; and Csliced(0) and CsoM(0) are the weight of sliced and solid specimens when drying time is zero.
The moisture loss difference shown in Figure 8 is due to the moisture transport disturbed by air gaps. The moisture
loss difference has a peak and finally disappears, as shown in Figure 8.

In this study, the moisture distribution obtained from a pile of sliced specimen is used as a substitute for that of the
solid specimen in order to obtain the diffusion coefficients. If the effect of gaps is ignored or the thickness of gaps is
regarded as zero, then the moisture distribution in Figure 7 decreases from A'B'C' to ABC. Before this substitution
is applied, it has to be confirmed that the effect of gaps on the moisture flow in a pile of sliced specimen is small or
negligible.

3.2 Moisture loss distribution

If the moisture loss of a pile of sliced specimen g(x) at positionx is represented by a power expression, then equation
(ll) can be derived.

g(x) ~ a(xcenter -x)n + c (ll)

xcenter06.5mm (12)

where, x(mm) is the distance from the drying surface; and a, n, and c are constants determined from experimental
data. Equations (ll) and (12) describe the zero gradient of moisture loss at the center of a specimen due to the
symmetrical boundary condition. When g(x) is the moisture loss per unit cross section, the total moisture loss of
sliced specimen Qslicedcan be expressed by equation (13).

-273



^
2 * 0liced =/. à"center ^^c

Xsurface

(13)
n +1

2'«*a

where, ,4(=100xl50 mm2) is the drying surface; and /. is the thickness of the slice. The surface slice is i-1. The center
slice is i=6. That is, 1=3 mmwhen i=l to 5; /fi=1.5 mmdue to the symmetrical boundary condition, and g. is the
moisture loss of each slice. The moisture loss of the surface slice and center slice can be represented approximately
by equations (14) and (15), respectively.

0 m~0

Surface = 0) = a XXcenter" +C = -L--Lx1.54gl (14)

£(*cen(er) = c = £6 (15)

The constant c involved in g(x) can be obtained by equation (15). From equations (13) and (14), equation (16) is
derived for constant n. Constant a can be determined by equation (17).

(Si-82
\ 3

'-"6J
_1

2 4 x& -*ce«er x£6 (16)

8(*surface) - 86

(17)

When/(#) is the moisture loss within a solid specimen, the total moisture loss of solid specimens Qsolii can be
expressed by equation (18).

^e^-f^K**-^***?** (0

where, AC is the moisture loss difference between a solid specimen and a pile of sliced specimen, as shown in Figure
8. L is the thickness of the specimen, i. e. 33 mm.The moisture loss at the drying surface of a solid specimen/(*il(r/fl(.e)
can be determined from the moisture loss of the surface layer of a pile of sliced specimen g(*iur/a«) and the moisture
loss difference on the drying surfaces between solid and sliced specimens Ahs. Ahs is calculated from the film coefficient
HFand dAC/dt as follows.

A^ =-Lx±xf^^-^^
Hp 2A \ dt dt I

1 £ £AC (19)
~HF*2Xdt

dAC/dt is the ratio of moisture loss difference between a solid specimen and a pile of sliced specimen. Ahs is zero
whendAC/dt is equal to zero. Ahs remains zero and can never become negative because the ratio of moisture loss of
a pile of sliced specimen is never greater than that of a solid specimen. Equation (19) is derived from equations (20)
and(21).

. <*Qslice

2A

dQslice
d t

" HF 0surface 'oo)- gf.*surface 0) (20)
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à"surfa^1-oo) an(^ f(xsurfacl?* co) are tne moisture loss of the surface layer of sliced and solid specimens at the
ultimate drying time, respectively. These two values must be the same. The film coefficient HFexpresses the relationship
between qt and 0Jsurface-coa,where qt is the moisture that passes through a unit area of the drying surface per unit time.
^surface*s ^ m°isture l°ss through the drying surface at an arbitrary drying time. coa is the moisture loss when the
relative humidity of the cement-based material is equal to that of the surrounding atmosphere.

0.0 3.0 6.0 9.0 12.0 15.0 18.0

Distance from surface - mm

Fig.10 Moisture distribution of each specimen

q t = HF x(a)a -cosurface) - - ^2 ^/icerf
A (22)

Figure 9 shows the relationship between qt and (osurface-coafor the sliced specimens. It is independent of the ambient
relative humidity. The film coefficient of this material is 2.43 mm/day.

When/(x) is expressed by equation (23), the moisture loss through the drying surface of the solid specimen can be
expressed by equation (24).

/(*) = ^center ~0 +Y

f(Surface) - « ^xcente/ + Y = S(*surface)* &s

(23)

(24)

Both the moisture content and the moisture distribution gradient in solid specimens are smaller than those of sliced
specimens because the moisture transfer in sliced specimens is disturbed by air gaps. If the gradients of moisture
distribution at the drying surfaces of sliced and solid specimens are considered equal, the following equation can be
derived. Under this hyphothesis, the difference in moisture content at the center of each specimen is a maximum.

df (xsurface) n_j 0g(Xsurjace)

dx dx

By using equations (18), (24), and (25), constants a, p, and yean be obtained as follows.

(25)
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K 2

center
00surface)

6 T. /"> <\
V*v)

dx
-1/ \ 6 L

\8(Xsurface)+ M*)X*center ~ E k xSi ~-X AC

dS0 s0f0 Ce)

dx (27)
P*Xcente

              Y 0 gOw/flce) + ^ ~0 xxcenterP            (28)

Figure 10 shows the moisture distribution of sliced and solid specimens. The moisture loss shown in this figure is
normalized with respect to the moisture content under saturated conditions. The drying times are 3 days and 98 days.
Open circles and squares are the experimental results obtained from sliced specimens. The solid circles and squares
are the moisture distributions of solid specimens estimated using equation (23). It is evident that the moisture
distribution in sliced specimens can be represented by a power expression. From this comparison of the moisture
distributions of sliced and solid specimens, it is confirmed that the effect of the gap between slices seems to be small.

3.3 Diffusion coefficient as a function of moisture content

Equation (29) is the diffusion equation in one dimension.

                     dco(x,i) d /�â�â�D³â‡‚ÇEÅÀ             -0~ --[0a)x-~r0 à"           (29)
                        dt  Ac\    dx )                    ^ '

where, co(x,f) is the moisture content; D(co) is the diffusion coefficient which is a function of moisture content eafat)',
and x and t are distance in the direction of specimen thickness and drying time, respectively. Equation (29) must be
satisfied everywhere in the specimen. Equation (30) holds with respect to an arbitrary function F(x,f).

       /- F^OWDM x^M) _^MU -0      (30)
           Jxsurf0 ^ '\3x\v' A ) dt \            W

By means of partial integration, the first term of equation (30) is rewritten as follows.

           f«** F x^D x £2>Yfo
                 J*flir/«e fr\  dx)

        - \F«D*^rá" -fá" -***^       (3i)
                 L   * J�òâåòÅõòâ��vf�62�b���„°

Xsurfc

Substituting equation (31) into equation (30) leads to equation (32).

f ^r̂ lL^Jxsurfacc dx. dx,

=[FxDx±lf""'cr -r- FX^C (32)
I A*0Surf0 Jxsurf°" *

From the boundary conditions, equations (33) and (34) are derived.
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_*»(*«iifoce.O
q'=-D* to 0

***«.».'). Q (34)

dx

where, qt is the moisture content which passes through a unit drying surface area per unit time. Taking the boundary
conditions expressed by equations (33) and (34) into consideration, equation (32) can be rewritten as equation (35).

3F

Dx-x--dx'

surfa ce dx.

dF d(Q

ax.
IT/ *\ Sccnter c- <*°J ^ '

-F(xSurfaceA*4r ~0^ "7^

Now, w(x,f) is chosen for the arbitrary function F(x,f). Equation (35) is rewritten as equation (36).

f'-x' D x/'-fd*

^surface \&)

dm (36)-«<*«*c»oxft -0c^0^

Furthermore, when w(x,0 is expressed by the moisture content of each layer cofi), o)2(t),..., aft),... and co6(t), the
moisture passing through the unit drying surface area per unit time qt is expressed by equation (37).

<?r | £OV(0
£ dt (37)
i-1

Equation (36) can be rewritten as equation (38).

20a>i)
i -l

C A.V
I dx)

X/;

(38)6 d(i}- 6

^ W^os-^x/. -j, .x/,

where, dcojdx is the gradient of moisture distribution at the center x=x.of each layer. The position *, which represents
(o. is as follows: jc;=1.5 mm, :c2=4.5 mm, x3=7.5 mm, ^=10.5 mm, *5=13.5 mm andx6=l6.5 mm. If the diffusion

coefficient is expressed by an exponential equation, that is,

D(<u) = fl x e&(1-a') (39)

then, equation (38) can be rewritten as equation (40).

ale
j -l\

& a-<»,à") A Vi &;
x/.

. 'dot , « daii , (40)
- <0Xsurface0x 2 # X4 ~I^i x-J4-x//

Furthermore, as equation (40) must be satisfied at any drying time, equation (41) is derived.
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Fig.ll Moisture loss of cylinders with different diameter
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Fig.12 Moisture loss of (O) cylindrical and (D) prism

specimens in 45% and 75% relative humidity

Z=98 6

I I
eoa-*v) x /^ir x/.

r -98/ 6 W,o.

=2 ItAfaaface0~~TXl' ~2> X~^TX/<
f=0 \ i-1 "à""à" 10 dt

(41)

Now,ofa^ - ft), dco/dx, and dcojdt are known because the moisture distribution has been determined from the
experimental data. Therefore, every factor in equation (41) except constants a and b is known. By using a least
square method, constants a and b can be determined. The modified Marquart method is adopted in this study. The
diffusion coefficients Dslicedand Dsolidof concrete G16 in Table 1 are obtained by using the experimental results for
sliced specimens and using the assumed moisture distributions of solid specimens calculated by equation (23),
respectively.

S liced - 0>Ale
-3.23(l - a>)

A

'so lid = 9.15e -335(l-cu)

(42)

(43)

The smaller the diffusion coefficient, the slower the moisture loss. It is evident from a comparison of equation (42)
and equation (43) that the diffusion coefficient of sliced specimens is smaller than that of solid specimens. It is
obvious that the proposed numerical method precisely reflects the fact that moisture transfer in a pile of sliced
specimen is slower than in a solid specimen.

3.4 Effect nf air gaps nn moisture transfer

Figure ll shows the average moisture loss of three cylindrical specimens with different diameters for mix G16.
Analogous specimens weremade using the other mixes and similar results were obtained. The circles, lozenges, and
squares are the experimental results obtained from cylinders with diameter 50, 80, and 150 mm,respectively. The
height of these cylinders is 100, 100, and 150 mm, respectively. These results were obtained in the 45% relative
humidity room. The top and the bottom surfaces were sealed with resin in order to prevent moisture transfer. Figure
12 shows the moisture loss of cylindrical and prism specimens measured in the 45% and 75% relative humidity
rooms.Circles represent the experimental data for the cylinder. Squares are the experimental data for the prism. The
data expressed by open marks and solid marks were measured in the 45% and 75% relative humidity rooms,
respectively. The dimensions of cylindrical and prism specimens were (|>80xlOO mmand 50x80x100 mm,respectively.
The top and bottom of the cylinder were sealed with resin. The four sides of the prism specimen were sealed with
aluminum sheet. The drying surface was 80x100 mm.The curves werecalculated by the finite element method. The

-275-



800

</>

10 100

Drying time - days
Fig.13 Shrinkage strain measured at each layer of a sliced specimen

broken line was calculated with the diffusion coefficient DiKcedas expressed by equation (42). The solid line was
calculated with the diffusion coefficient DsoUdas expressed by equation (43). It is clear from each figure that the
difference between the calculated values with Dsli0ed and Dsolid is very small and that the calculated curves fit the
experimental data well. The effect of gaps between slices on the moisture transfer can be considered negligible.

4. RELATIVE HTTMTDTTYDISTRIBUTION

4.1 Relative humidity in mortar and concrete

Figure 13 shows the measured shrinkage strains of each layer of a pile of sliced specimen. Squares, lozenges, circles,
triangles, inverted triangles, and solid circles are the data obtained from the drying surface layer, the second layer,
and so forth to the center layer. The curves shown in this figure were obtained by regression analysis using equation
(44).

Shrinkagestrain = c0 +
c,+r (44)

where, t is drying time; and c0, c7 and c2 are unknowns determined by the least square method. As the shrinkage strain
of very thin specimens develops approximately linearly with changes in relative humidity, the relative humidity of
the sliced specimen can be expressed using c; or c0 and c2, as shown in equation (45).

Relative humidity ofspecimen** 1 -
(l -R.H.)x t

<0 +t

l -(l-R.H.)x
Shrinkage strain - CQ

C2

(45)

whereR.H.is the relative humidity in the surrounding atmosphere. Equation (45) indicates that the relative humidity
of each thin slice of a specimen is 100% when drying time is equal to zero and that the relative humidity in specimen
is equivalent to that of the atmosphere when the shrinkage strain reaches its ultimate value; that is, CQplus cr The
change in relative humidity of a specimen is expressed using the coefficient which expresses the development of
shrinkage strain.

4.2 Diffusion coefficient as a function of relative humidity

Substituting the moisture content term a), in equation (41) by the relative humidity h. term for cement-based materials,
equation (41) may be rewritten as follows.
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(46)

The diffusion coefficients of M240, M200, M160, G8, and G16 have been determined using equation (46). To obtain
these diffusion coefficients, all measured data for the specimens for 45%, 60%, and 75% relative humidity were
used. Results are given in equations (47) to (51).

M240: D(h)- 263e-J00

M200: 0)- 62.0e-S'29(1-/l)

M160: D(/0= 363T877(1-A)

G8: D(/0= 35.4e-iU5(1-'')

G16: £>(/,)= 210e-*'26(1-/')

(4 7)

(48)

(49)

(50)

(51)

Figures 14 and 15 show the relationship between the diffusion coefficient and the relative humidity of mortar and
concrete as expressed by equations (47) to (51). It is confirmed that the greater the maximumaggregate size, the
smaller the diffusion coefficient. The results obtained by the proposed method are in agreement with the usual
concept of moisture transfer in concrete due to drying.

4.3 Film coefficient

Figure 16 shows half the total relative humidity Q/2 of mortar M240 with respect to the drying time. The total
relative humidity Q can be calculated with equation (52).

n,
2= 2(l-/*,à")*>/

M
(52)
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The film coefficient HFexpresses the relationship between qt and (hsurface-ha) where qt is the time differentiation of Ql
2; hsurfaceis the relative humidity on the drying surface; and ha is the relative humidity of the surrounding atmosphere.
The bigger the film coefficient, the more important the moisture transfer at the drying surface.

HK 0t
h hnsurface'~ a

(53)

1 dQa

0_x-*' 2 dt (54)

Figure 17 shows the relationship between qt and (hsutfilce-h^) in the case of M240. As is evident from this figure, the
effect of the relative humidity of the surrounding atmosphere on the film coefficient is very small. Film coefficient
HFhas been regressed using equation (53). For mixes M240, M200, M160, G8, and G16, the film coefficients are
0.773, 1.082, 2.502, 0.726, and 0.541 mm/day, respectively. It is confirmed that the bigger the maximumaggregate
size, the smaller the film coefficient. Thus valid results for film coefficients are obtained, too.

4.4 Precision of the proposed method

Figure 18 compares the experimental data for relative humidity in each slice with the calculated values using the
diffusion coefficient and the film coefficient described in the previous section. The curves in the figure are the
calculated values, while the marks represent experimental data obtained from concrete G16 in the 45% relative
humidity room. It is evident from this figure that the calculated values fit the experimental data very well.

S. DEFORMATION DUE TO DRYTNG

5.1 Shrinkage coefficient

The shrinkage coefficient expresses the change in strain as a function of moisture or relative humidity change. If a
specimen is so thin that the moisture distribution can be regarded as constant, the shrinkage coefficient may be
obtained directly. However, the deformation of a very thin specimen is strongly affected by carbonation, as shownin
Figure 19. The shrinkage strain and weight change in this figure were measured on 100x150x3 mmprisms for 28
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days. The horizontal axis is the weight change of the specimen divided by the weight before drying. This value is
positive when moisture is lost. Within one week of drying, the weight of each specimen at all three levels of relative
humidity increased, even though the specimens dried. This is the effect of carbonation. Hence it is impossible to
determine the shrinkage coefficient of a very thin specimen except in the special case of a carbon dioxide free
environment. A method of obtaining the shrinkage coefficient without the effect of carbon dioxide needs to be
established [5],

Figure 20 shows the shrinkage strain measured for solid and sliced specimens. The deformation of sliced specimens
due to drying increases almost proportionally to relative humidity change because each layer is unrestrained. On the
other hand, the deformation of solid specimens is nearly independent of position due to eigenstresses which modify
the deformation to ensure compatibility. It is clear that Bernoulli's hypothesis, which states that plane sections remain
plane, holds for the drying deformation of solid specimens of this size. The stress condition of solid specimens can be
expressed as follows.

0y =0Z =f(x)

i-Xy ~ "yz

(55)

(56)

where x indicates position in the direction of thickness. As the shrinkage distribution Sh(x) within a solid specimen
changes along the *-axis, each strain is expressed as follows.

ey =£z =0r(l-v)+Sh(X)
(57)

,, -MjUw (5 8)

Yxy 0yyz ~ya0§ (5 9)

where, v is the Poisson ratio and E is Young's modulus. Equation (60) is obtained by substituting equations (57),
(58), and (59) into the condition of compatibility expressed by equations (61), (62), and (63).

d2

"dx1 {/ +-£-£/,(*)
I 1-v (60)
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(61)

(62)

(63)

Equation (64), which expresses the stresses a and a, can be obtained by solving the differential equation (60).

à"az =f(x) = Sh(x)+Q +C2x (64)

where C} and C2are constants. They are obtained under the condition that the resultant stress and momentat the edge
of a specimen are equal to zero; that is,

J^ayfc -J^, az*fc- 0 (65)

where /,'=16.5 mmis half the thickness of a specimen. By using equation (65), constant C1 and C2 can be determined
and equation (66) is obtained.

-I-Mfe)+_L f Shfx)dx +~-f^' Sh(X)xdx\
l-v\ v; 2L'J~L v' 2L3J~L V' J

NT=£L E xSh(xyix

(66)

(67)

MT-f_L,E x Sh(x)xxdx (68)

If equations (67) and (68) are employed, equation (66) can be rewritten as equation (69). The stress distribution is

-223 -



then expressed by equations (69) and (70).

ay 0az- 0[~ExshW+0Nr +2P"Mr} <69)

0X =txy =-0yz -Ta -0 (70)

The strain distribution can be expressed using equations (71), (72), and (73).

E>"E^^{0NT+0MT\ à" 0

E*=-(0{0NT +0MTy0 sh(x] (72)

Y0 -Ifyz "/zr = ° (73)

IfYoung's modulus at each position on the *-axis is the same, then ^ represented by equation (67) and MTrepresented
by equation (68) can be rewritten as follows.

NT = / xEx (25/zj +2Sh2 + 25^ +2S/i4 +2Sh5 +Sh6) (74)

MT- 0 (75)

where Sh. is the shrinkage strain corresponding to the z-th layer with relative humidity change. Equations (74) and
(75) take advantage of the symmetrical boundary condition. Equation (71) can be rewritten using equations (74) and
(75) as follows.

*i(0- 7* 25MO (76)
L i-0.

where e.(i) is the shrinkage strain measured at position i in a solid specimen. As 1=3 mmand Z,=33 mm,//L=l/ll.
Equation (76) means that the deformation of this size of solid specimen due to drying is independent of measurement
position.

If the solid specimen deformation shown in Figure 20 did not include the effects of carbonation and creep due to
eigenstresses, the relationship between shrinkage strain and specimen relative humidity could be expressed by equation
(45). Otherwise, the relationship given in equation (45) could be used if the effects of carbonation and creep due to
eigenstresses were also calculated and included in the deformation due to shrinkage. In reality, neither is the case.

Whenthe relationship between shrinkage strain and relative humidity of a specimen is expressed by a power term to
take into consideration the effects of carbonation and creep due to eigenstresses, equation (78) is derived.

5/^(0 - flxll -^of (77)

I' n/ \b

W W-rr^SU-^W) (78)
II j.i v '

where, e (f) is the average deformation measured in a solid specimen.

1 n
*av,.(0 - Yj 2 */(0 (79)
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As equation (78) must be satisfied at any drying time, equation (80) can be derived:

t=98 i *080i
EWO -TTxaY ftl-^M)*

r -0 r-0 i-l
(80)

where, a and b are unknowns to be determined by the least square method. The relationship between shrinkage strain
and relative humidity of M240, M200, M160, G8 and G16 obtained from equation (80) can be summarized by
equations (81), (82), (83), (84), and (85), respectively. All data measured in the 45%, 60%, and 75% relative humidity
rooms were used to obtain these equations.

M240:

M200:

M160:

G8:

G16:

S/z(/z) = 2,170(l- /z(0)a918

Sft(A) - l 840(1- /<f))a933

Sh(h) - 0, 530(1- A(0)°'744

S/z(/0 = U2C(l- /z(0)a770

Sh(K) - l 370(1- /z(0)a749

(81)

(82)

(83)

(84)

(85)

It is confirmed that the higher the water content of the mortar, the greater the shrinkage strain, while the bigger the
maximumaggregate size, the smaller the shrinkage strain. These results show that the experimental approach and
numerical method proposed in this study give valid values.

5.2 Precision of the proposed method

Figures 21 and 22 compare the experimental shrinkage strains of solid specimens with the calculated values. The
diffusion, film, and shrinkage coefficients obtained by the proposed method were used. Squares, lozenges, and
circles represent data for the 45%, 60%, and 75% relative humidity cases, respectively. In both figures, the calculated
data fit the experimental data well. It is found that the relationship between shrinkage strain and relative humidity
expressed in equations (81) to (85) is adequate.
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6. VERIFICATION OF THE PROPOSED METHOD

Drying time - days
Fig.24 Shrinkage strain of cylinder specimen (G16)

Figures 23 and 24 show the deformation of cylinders due to drying for the M240 and G16 mixes (one cylinder only).
The other mixes were also investigated and gave similar results. Circles and squares represent the experimental data
measured at the center and the edge of the cylindrical specimens, respectively. The diameter and height of the
specimens were both 150 mm.The top and bottom of the specimens were sealed with resin. These data were measured
at 45% relative humidity. The curves in these figures were calculated by the finite element method using the diffusion,
film, and shrinkage coefficients described in the previous sections. The results show that the calculated values fit the
experimental data very well, and demonstrate the validity and applicability of the proposed method.

7. CONCTJTSTONS

An experimental approach and a numerical method were proposed for obtaining the diffusion, film, and shrinkage
coefficients of cement-based materials. The advantage of the proposed method is the direct determination of the
diffusion coefficient as function of relative humidity for cement-based materials without the need for desorption
isotherms. The results obtained from experiments with sliced specimens confirm that the influence of gaps between
slices on the transfer of moisture can be neglected. Therefore, diffusion and film coefficients can be determined as
functions of relative humidity using a pile of sliced specimens without the need to consider the effects of gaps. A new
numerical method for obtaining diffusion coefficients from the moisture distribution or relative humidity distribution
is proposed, based on the weighted residual method combined with a nonlinear least square method. The shrinkage
coefficient was obtained from solid specimens. The thickness of the specimen satisfies Bernoulli's hypothesis. It was
shownthat the relationship between shrinkage strain and relative humidity of solid specimens can be expressed by a
power law. Three mortars with different mix proportions and two concretes with aggregates of different maximum
size were used. The diffusion, film, and shrinkage coefficients can be obtained for all types of cement-based materials.
The results demonstrate the applicability of the method proposed in this contribution.
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