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Abstact. An accurate description of moisture transportanarete is significant to determine the service &f a
concrete structure. Many authors managed to desdfile global moisture transport in concrete during
wetting/drying cycles by using Fick’s laws of di§ion. The difference between the models of theouarauthors
lies in the use of the diffusion coefficient. Theaee authors who are convinced that by using tviteréint
diffusion coefficients, one for wetting and the etHor drying, a better description of the moisttnansport in
concrete can be obtained. In this paper, this ambrds examined by simulating and comparing two efgytne
with a single diffusion coefficient and the otheathwiwo diffusion coefficients. A comparison is neabdetween the
results of a model with two diffusion coefficienamd a model with a single diffusion coefficient, evé the
diffusion coefficient is the average of the wettgngd drying diffusion coefficient. The result isngputed for one
cycle of wetting and drying. The simulations shdwttthere are differences in the results of theetsodn order
to validate the model and to investigate which & todels describes the moisture transport mostratety,
experimental work is needed.

1 Introduction permeability of the concrete mg), k. the relative
permeability (-), # the viscosity kg *[), and p,

The durability of concrete is related to the destwh of the capillary pressurekg (i * 572).

moisture transport. Moisture transport in  marine

environment, where drying and wetting cycles octemds

chloride to penetrate into reinforced concrete cttmes.

When chloride reaches the rebars, corrosion caeaamnd @)

that decreases the service life time of the strestuBy

describing the moisture transport in such a strectthe

service life can be determined. Many descriptiorfs o

moisture transport in concrete can be found ifitheature.

For example, the authors [1-5] describe moistuzasport ] ) )

in concrete structures by using a single diffusion Commonly, k. and p. are increasing functions of the

coefficient. In [6-8], the same by using two difet  saturations, see [9].

diffusion coefficients for drying and wetting. Tipeirpose o ]

of this paper is to compare these two methods sériteng ~ BY substituting eq.(1) into eq.(2),

moisture transport in concrete structures during

drying/wetting cycles. In addition to the modelingn d K

experimental set-up is proposed to validate theatsod E(%) -0 Eﬂ; k.Op) = 0. 3)

%((/’5) +03=0 (massbalange

where @ is the porosity of the concrete (-5 the water
saturation (-), andt the time (s).

2 Mathematical model

Furthermore, the following is assumed in this paper
In this paper, the moisture transport (one phase)flin
concrete is described based on the Darcy's lawrass

balance [9]: * The sample is homogeneous.

e There is no flow at the boundaries except the

v=-Xiop,  (Darey), ) boundary at the right.
M * The initial saturation is constant.

1)

where v is the volumetric velocitynfis), k the intrinsic  For the boundary at the right, a periodic repatitiof
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wetting and drying cycles is assumed. In view adsth

assumptions, the lateral flow is 0. This allowsueidg the ds

model to one dimension. The sample occupies then th E:Aﬁ(s), (13)
interval (O,L).

The following conditions are imposed while the initial and boundary conditions are,

a t=0: s=s, n L), Sx0)=5, 2(01)=0, s(1t)= () (14)
(4) o
. Kpoop _ . : .
at x=0: —k o t>0, where § is a constant number between O (in case of dried
(5) H concrete) and 1 (in case of water saturated cagjcref (t)
is a periodic function, which simulates wettingfdiy
at x=L: s=s(t), t>0, cycles
(6) '

) L i . 1 tOOT,]+kO,,
where s is the initial saturation,s,(t) the saturation at st) = (15)

the right boundary. 0 tO(,,T,]+kO,,

In the context of a one-dimensional model, eq.&jdmes where T, is the dimensionless drying time, is the

_ dimensionless wetting tim&,= Ty +T,, is the period of one
9 (-2 Ky 0 |_ o (7)  cycle,andk is any natural numbers.
ot ox\ u ' ox

3 Approaches
To make the equation dimensionless, the following

notations are introduced, Two modeling approaches for the moisture transjort
concrete are compared in this paper. The first thades
X t Pe the same diffusion coefficient for both wetting aghgying
Xi:? ti:?, Pc ::F’ (8) phase. The second model uses two diffusion coeffisi

one for the dryingD™(s) and one for the wettingD* (s) .

where L, T, P are characteristic values for the length,

In the literature [8], these following coefficientre
time, and capillary pressure. Substitute eq.(8) iet.(7) [8] d

determined experimentally ,

and set,
+ — 110 %638
T @ © D"(s)=10"[&™, (16)
2 kP’
D (s)=101° qo.ozaﬂ ) (17)
then eq.(7) transforms into, 1+ ( 1-s
0.208)
os :i D(s)ﬁ ) (20) which are plotted in Figure 1.
ot ox 0X
Here 3.1 Standard model: one diffusion coefficient
_ fp(9)
D(s) =k (s) ds (11) A standard model considers the same diffusion wefit

for both wetting and drying, In view of eq.(16) aeq.(17),

By using the Kirchhoff transformation the following averages are considered,
D*(s)+D(s)

A9 = [ Dwav, 12 D=1 18)

Dy(s) =4/D*(s) D7 (9). (19)

eq.(10) becomes
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Here D,(s) is the arithmetic average of the diffusion

coefficients, Dy(s) the logarithmical average of the \when solving the systemsign(d,s) is replaced by the
diffusion coefficients, D*(s) the diffusion coefficient for regularization sign;(9,s) (see Figure 2),

wetting and D™ (s) the diffusion coefficient for drying.

00,5+ 0% -1 if 9,s<0,
1E-7
. 0,s .
sign;(8,s) = - if —-0<o,s<d, (26)
1E-8 1)
00,5-0°+1 if 8,s>0,
1E-9 o
E 10 where 0 <0 <<1 is the regularization parameter.
S 1E10+
15
1E-11 4
1
1E-12 T T T T 05
0.0 0.2 0.4 0.6 0.8 1.0
Saturation g 0
Fig. 1. Various diffusion coefficients as a function ofigation @
05
The coefficients introduced in eq.(18) and (19) #ren
used for the Kirchhoff transformation in eq.(10prRhe -1 a
resulting model, eq.(12), an implicit numerical ecte [10] e ‘ , ‘ =
is combined with a linear iterative procedure [11]. -2 -1 0 1 2
4
15

3.2 Hysteretic model

Here the hysteretic model in [12] is adapted,

sign,

0s _
i 05 P(9)- (20)

In the above, p(s) has to include the switch between two
diffusion coefficients, in this casep(s) reads,

P(s) = Pe(s) * ¥(s)sign(o,s), (21) , _ ,
Fig. 2. The graphs of (agignand (b.)sign;
where pe(s), y(s) and sign(d;s) are defined as Solving the above equations directly using finite
difference method leads to incorrect results. Alively,
B9+ L (9 the inverse g;(r) of the regularizedsign; is used as
Pe(s) = 5 ; (22)  considered in [13],
_BO-80
§)=—F—77"", 23
7e) 2 @3) —oe e s,
and o .
) 1 if a,s>0 , @(r):= or if rO0404 1], (27)
sign(0,s) = 4 _
NS =11 it as <0 (24) s+l i v oss,
o

e : . For the time discretization, lef\t be the time step, and
L 7(s) are the Kirchhoff transformations for the p™ = p(mAt), s™ = s(mt)

wetting/drying diffusion coefficients ,
The implicit discretization of eq.(20)and eq.(21¢:a

B (s) = ISD(Z)” “dz. (25)
0
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S -S — axx pm+1,
At
Sm+1 _ Sm pm+1 D, (Sm+l) (28)
= e
At @ ( /(s™)
where m=0,1,... initially, °=5.
Further,  atx=0, d,p™! =0, and

atx=L, s™ =g ((m+1)At).

In the equations above, eq.(28) and the left sifle o
eq.(29) are explicit fors™?*. The right side of eq.(29) is
implicit for s™, due to the nonlinear function 0pe(S) -
Therefore, p,(s™) is simplified for a linear function as
investigated in [14] by a Taylor expansion given by

Pe(s™1) = Pe(s™) + pe(s™) ™ - ™). (29)
Then the discretized form becomes
Sm+1 -gm _ OXX pm+1,

At (30)
Sm+l _ Sm _ %( pm+1 _ pe(Sm) _ pe')(sm) msm+1 _ Sm))

At ys™)

For discretizing the spatial derivatives, finitéfeliences on
a grid with Ax=1/N (NON) are used.

4 Numerical results

The model is implemented in Matlab. Here, only agele

is computed, which is one day for wetting and saysdfor
drying. The initial condition ¢ ) in this case is assumed to
be 50% saturation. Further, the following is usadthe
numerical schemed =107, and Ax=10"3 dt =10°.

The comparison between the results of the standard

model with one diffusion coefficient and the resulf the
hysteretic model with two diffusion coefficientseashown
in Figure 3.
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Fig. 3. Comparison of the models

The results show that there is a large differeratevben
the three models. To validate the models, experiaten
work is needed, which will be explained in the ngattion.

5 Experiment

Mortar specimens with a water cement ratio of Ol a
cement type of CEM | 42.5 N are used in this paper
validate the models. Mortar specimens are prepaned
casting them in PVC tubes with a diameter of 100.mm
After one day, the mortar is demoulded and cured2f®
days. The side of the specimens is sealed with yepox
ensure a one dimensional flux. At one of the twerop
surfaces of the specimen, the condition is changed
simulate cycles. Wetting is simulated by contactihg
surface with water during one day and drying bywhihg
dry air with a certain flow at the surface duringdéys.
After one drying/wetting cycle (one week), the nhois
content is determined by weighing the specimens Tiss
is compared with the calculated mass from the muast
profiles of the models for validation. Figure 408ls the
experimental setup.

00—

Water
Dry air

®

Wetting Drying

Fig. 4. Sealed mortar specimens encounter wetting cyclere
day and drying cycle for six days

6 Conclusions

Two various methods (standard method and hysteretic
method) to describe moisture transport in concdeteéng
wetting/drying cycles are implemented in Matlab ahd
results are compared. Measured diffusion coefftcierthe
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literature is used in the models. One cycle of weftirying

is compared. The duration of the wetting phasenis day
and drying is six days. From the obtained numerigsllilts,
it can be concluded, that using the standard meidklone

diffusion coefficient or using the hysteretic moseéth two

diffusion coefficients, can have a large influerme the
results. After one cycle, the hysteretic model giekearly a
higher amount of moisture content in the structaeijt is
shown in Figure 3. Furthermore, an experiment petsu
designed to validate the models.
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