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Abstract: The influential depth of moisture transport in a concrete surface subject to drying-wetting cycles

was analyzed numerically. The moisture transport was described by a diffusion model with different diffusivi-

ties for drying and wetting. A finite difference scheme was developed to solve the partial differential equations.

The influential depth was then investigated numerically for initially saturated and unsaturated concretes ex-

posed to drying-wetting actions in marine environments using an equilibrium time ratio concept. The equilib-

rium time ratio was calculated numerically for a saturated condition and the moisture influential depth is

shown to be a linear function of the square root of the drying time. However, this equilibrium time ratio does

not exist for an unsaturated condition and the moisture influential depth depends on the initial saturation as

well as the drying-wetting time ratio. The results indicate that this model gives more realistic predictions of

moisture transport of in situ structural concrete and its durability.
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Introduction

The durability of concrete structures is mostly related
to moisture transfer, and in particular, the ingression of
chloride ions into reinforced concrete members in ma-
rine environments''. Multiple moisture transport mod-
els have been proposed based on three main mecha-
nisms: absorption, diffusion, and permeation*!. Dry-
ing-wetting cycles are identified as the most unfavor-
able conditions for aggressive external agent ingres-
sion since surface absorption is mobilized to more effi-
ciently transport water soluble agents into concrete.
The unified diffusion model™” cannot give realistic
predictions of the moisture transport during drying-
wetting cycles because the concrete diffusivity must be
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treated separately for drying and wetting processes!™..

Motivated by the dearth of credible predictions of
moisture transport into concrete during drying-wetting
cycles, this study used a numerical approach to analyze
intrinsic relations among the moisture influential depth,
material transport properties, as well as the dying-wet-
ting cycles.

1 Diffusion-Absorption Model of
Moisture Transport

1.1 Global transport modeling

A unified diffusion equation is usually used to describe

the global moisture transport in concrete!),

00 0o o6
E—a[D(H)aj (1)

where 6 is the water saturation in the concrete pores, x
the coordinate (mm), ¢ the time (s), and D the satura-
tion-dependent moisture diffusivity (m”-s™'). Note that
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Eq. (1) is somewhat simplified and must be used with
caution. More sophisticated models are provided by
Mainguy and Coussy"'"
case, the initial moisture content is described by an

. For the one-dimensional

initial moisture profile,

O(x,1=0)=0,,(x) )
and the Dirichlet boundary condition at the surface for
varying moisture conditions is

O(x=0,t>0)=6.() 3)
with 64(f) as the prescribed varying water saturation
degree at the boundary, x=0. To simulate a semi-infi-

nite case, an additional boundary condition is needed,
O(x =0, >0)=6,,(0) (4)

1.2 Diffusivity for drying and wetting

As the concrete surface is subject to drying-wetting
cycles, the moisture is driven out from the inside of the
material by pore water evaporation as well as vapor
diffusion during drying, while during the subsequent
wetting the moisture transport into the concrete is
dominated by surface absorption and possibly vapor
diffusion""'?. Thus concrete diffusivities in Eq. (1)
during drying and wetting should differ,
Do D, (), during drying;

( )_{DW (0), behind the wetting front during wetting

)

The diffusivity during drying is given by the well

established relation between the diffusivity and the
water saturation[m,

1-¢,

D,=D;| o, + (6)

where Dj is the concrete diffusivity when totally satu-
rated (m”-s "), and a, 6., and N are experimental
parameters.

The diffusivity during wetting can only be deduced
indirectly since it represents the absorption processes
by diffusion. The term “wetting” here refers to the
situation when a moisture film with enough thickness
accumulates on the concrete surface so that capillary
absorption can take place. Hall''"¥ deduced the wetting
diffusivity from capillary absorption data as

D, (8)=Dlexp(nf) (7)
with DY denoting the wetting diffusivity for a totally
dry state and n a regression coefficient. Halll'!

suggested n=6-8 for building materials while Leech et
al.l"™ suggested n=6 for concrete on the basis of the
nuclear magnetic resonance (NMR) imaging analysis
of wetting front. In addition, an explicit relation be-
tween concrete sorptivity and diffusivity is given by
Lockington et al.l'"),

a1 o
o non n o n

where S indicates the concrete sorptivity for a totally
dry state (m- s ") and ¢ is the capillary porosity.

2 Numerical Solution of Moisture
Transport

Equations (1)-(7) give a complete model for concrete
subject to drying-wetting cycles based on the important
assumptions that (1) the dying-wetting processes are
isothermal, (2) the external hydraulic pressure and
gravity are both neglected compared to capillary ab-
sorption for the moisture uptake during wetting, and (3)
hysteresis is not taken into account for the moisture
transport during the drying-wetting cycles.

With the drying-wetting cycles expressed as the
variable moisture boundary condition in Eq. (3), the
solution for the time-dependent moisture content dis-
tributions was found using a finite difference method.
An implicit predictor-corrector scheme!!”!
calculate numerical solutions to Eq. (1) with Eq. (2) as

was used to

the initial condition and Egs. (3) and (4) as boundary
conditions. The scheme ensures 2nd-order accuracy.
The central idea of the scheme is, for a given time in-
terval 7, to discretize temporally Eq. (1) into two sub-
steps with the first predicted solution for the water
saturation,

1

e+ k

0,26, _1],(0+0, ( - k%)_
7/2 h’ 2 0,." =0,

k k
R

and the corrected solution,

+ +l +l + +
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where 4 is the element length and 8;‘ is the water satu-
ration at node j for ¢ = kz. The equations were solved
with the discretized initial condition of Eq. (2) and the
boundary conditions of Egs. (3) and (4) using a gener-
alized minimal residual method (GMRES) with a pre-
conditioning technique"®
then calculated for all the nodes in space at all times.
The element size, &, and time interval, 7, were reduced
until the results converged to an expected tolerance.

!, The water saturation, 6, was

3 Numerical Analysis of the
Influential Depth

3.1 Equilibrium drying-wetting ratio

Natural drying-wetting cycles were idealized as peri-
odic drying-wetting cycles with a drying period, #4, and
a wetting period, #,. The general variable moisture
boundary condition in Eq. (3) was then specified as
O(x=0,t>0)=6,(t)= {ed’ during drying:
1.0, during wetting
(11

Thus, the drying is idealized by imposing a constant
water saturation, &4, at the concrete surface with the
wetting characterized by a constant surface saturation
equal to 100%. These boundary conditions were used
to investigate the moisture transport influential depth.

First, consider the equilibrium between the moisture
loss during drying and the moisture absorbed during
the subsequent wetting. For equilibrium, the moisture
loss is equal to the moisture absorbed; thus the drying
front created at the end of ¢, is totally restored during
the wetting period, #,. For a specific drying-wetting
cycle scheme, the drying-wetting time ratio at equilib-
rium is defined as
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Mg =—+ (12)
W lequilibrium
Analysis of the constitutive Egs. (1)-(7) and (11)
shows that this time ratio, 74, When it exists, is gov-
erned by the concrete diffusivity during drying, the
diffusivity during wetting, the initial water saturation
profile, and the external drying water saturation,

Mg = Mg Dy Dyy36,5,6,) (13)
where the diffusivities are intrinsic properties of the
concrete and the water saturations are external factors.

The equilibrium time ratio can be used to evaluate
the moisture influential depth as well as its evolution.
If t4/tw<neq, the moisture loss during drying is totally
restored during wetting and the influential depth is de-
termined by the drying time #4. If 74/2,>#cq, the mois-
ture loss is not totally restored by the wetting and the
influential depth will progress after each cycle. The
equilibrium time ratio can be determined numerically
and used to evaluate the moisture influential depth for
various drying-wetting cycles for both initially satu-
rated and unsaturated concrete.

3.2 Saturated concrete subject to drying-wetting
cycles

For initially saturated concrete, the initial condition in
Eq. (2) can be specified as
0, (x)=1.0 (14)
The drying properties and soptivities of concrete
specimens with different water cement ratio (W/C)
measured by Wong et al.”’) are used in the numerical
analysis in this section with the corresponding wetting
diffusivities, DSV, calculated using Eq. (8). The pa-
rameters are summarized in Table 1.

Table 1 Retained parameters of concrete properties under drying and wetting

Material wiC D3/10 "(m*s™") a 0, N DY/10"(m’s™") n
Concrete 1 0.40 2.00 0.025 0.792 6.00 3.22 6
Concrete 11 0.50 3.15 0.025 0.792 6.00 4.24 6
Concrete 111 0.60 4.23 0.025 0.792 6.00 9.45 6

For Concrete I in Table 1, 64 is equal to 0.6 and the
drying periods, ¢4, were 0.5, 1, 5, 10, and 30 days. The
corresponding shortest wetting periods, #,, necessary to
restore the moisture loss during drying are found nu-
merically with the results presented in Fig. 1. The re-
sults show that an equilibrium time ratio, #.q, does

exist and is about 120 for this case. The calculations
used a numerical tolerance 6=0.01 to judge whether the

moisture was restored in the dried zone by the wetting,
Ox)| >1.0-6 (15)

t=ty+t,,
The equilibrium time ratio, 7.4, was also calculated
for the other two concrete specimens in Table 1 for
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four different drying gradients (1.0 — 64) of 0.2, 0.4, 0.6,
and 0.8. The numerical results in Fig. 2 show that, as
indicated in Eq. (13), #¢q is mainly influenced by the
concrete transport properties and the external drying.
The numerical results also show that #.q is less sensi-
tive to the drying gradient than the concrete diffusivity
with no direct correlation found between #.q and the
drying gradient or between #.q and W/C. This is possi-
bly due to the specific expressions used for the drying
and wetting diffusivities.

8,
W/C=0.4
6,
= 4}
2,
0 510 15 20 25 30

t,/day

Fig.1 Equilibrium wetting periods for various drying
periods for Concrete I
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Fig. 2 Equilibrium time ratios for various drying
gradient and W/C

The moisture influential depth was then also ana-
lyzed. As mentioned before, for a concrete with speci-
fied transport properties, the evolution of influential
depth is determined by 7.4 for the drying-wetting cy-
cles, the drying time, ¢4, and the wetting time, . The
total cycle time #4., can be expressed as

t, =t +t, =(1+ljzd (16)
n

Consider a typical case of sea water splashing where
the splashing is considered as a daily event, i.e., t4.,,= |
day in Eq. (16). The drying time, #4, is treated as a
variable with values of 0.25, 1, 4, 9, 16, 23, and 23.5 h.
The properties of Concrete I in Table 1 were used with

the surface water content taken as 0.6 during drying
period. From the time ratio, #q, in Fig. 1, 74 at equilib-
rium is 23.8 h. Thus, the wetting time necessary to re-
store the moisture loss is only about 0.2 h, which
means that, for most natural cases, the moisture equi-
librium will always be preserved. Accordingly, the
drying zone created during drying phase totally disap-
pears by the end of the wetting phase. The moisture
influential depth is thus determined by the drying time.
The calculated influential depths, AX, are illustrated in
terms of tcll/z in Fig. 3. The influential depth is linearly
related to the square root of the drying time with the
maximum influential depth corresponding to the dry-
ing time at the equilibrium ratio, #.. The maximum
depth for these conditions is 11 mm which coincides
with the convection zone depth, 6.0-11.0 mm, sug-
gested by the FIB Model Code!").

127

107 e

AX/mm
\
AY

Fig. 3 Moisture influential depth in terms of the
square root of the drying time

3.3 Unsaturated concrete subject to
drying-wetting cycles

For unsaturated concrete with initial saturations less
than 1.0, the equilibrium time ratio and influential
depth are also the function of the initial water satura-
tion in the concrete. For simplicity, consider a constant
initial water saturation,
0,:(x)=6,, <1.0 (17
Stability of the wetting profiles for two consecutive
cycles was defined as 6;—6;_; approching a predefined
numerical tolerance of 0.002, which means that the
infinite norm of the vector 8,—6,_, satisfies
16, —8, ], <0.002 (18)
The marine splashing case used in the previous sec-
tion was also used for the unsaturated case using the
properties for the Concrete I in Table 1 with an initial
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water saturation of 0.8 and a cycle #4.,=1 day. Results
are given for two time ratios of #= 50 and 5000 to ana-
lyze the moisture profile evolution. The profile evolu-
tions for the two time ratios are presented in Fig. 4.
Stable distributions are achieved after 5 cycles for # =
5000 and 30 cycles for # =50.

0.85

0.80

Plotting interval: 1 day

0.751 & - — - — Drying profile
Wetting profile

-
I
I |
0700 "Ax 5 10 15 20 25
x/mm
(a) n=15000
1.00
S , - — - — Drying profile
0.95 N Wetting profile
l/'l\ Plotting interval: 3 days
0.90 , .
< Hl
ossff 1
)|
o.s0f I >
| | t=3 days
0.75 ‘
0 AX 50 100 150 200
x/mm
(b) =50

Fig. 4 Moisture profile evolution with two time ratios
for unsaturated case

The results show that when # is large, the drying
process dominates and the drying front passes the sur-
face layer of material, so the influential depth near the
surface is determined by the wetting process. However,
if # is relatively small, the wetting process dominates
and the wetting front advances into the material. Thus,
the influential depth near the surface is determined by
the drying period.

The results also show that there is no equilibrium
time ratio for those conditions with a stable state al-
ways found for a given time ratio and that the drying
and wetting periods govern the influential depth near
the material surface in a more complex way. Further-
more, the number of cycles necessary to establish a
stable state is relatively small compared to the actual

Tsinghua Science and Technology, October 2008, 13(5): 696-701

numbers of cycles during the service life of concrete
structures, so the influential depth at the stable state
can be used for durability analyses.

4 Discussion and Conclusions

The moisture influential depth into concrete was ana-
lyzed by numerically solving the differential equations.
The moisture transport process was analyzed with a
unified diffusion-absorption model with different dif-
fusivities for concrete drying and wetting. The nu-
merical results revealed several important aspects of
moisture transport during drying-wetting cycles.

(1) The different moisture transport mechanisms for
drying and wetting must be included in the model. The
moisture transport during drying is driven by evapora-
tion and diffusion while the moisture transport during
wetting is driven by absorption. The diffusion equation
can be easily solved by the finite difference method
and convergence is assured by the implicit predic-
tor-corrector scheme.

(2) The equilibrium drying-wetting time ratio was
defined to balance the water loss and water absorption
during each drying-wetting cycle. This equilibrium
ratio can be calculated for initially saturated concrete
and along with the influential depth which is linearly
dependent on the square root of the drying time. A
study of concrete surface exposed to daily marine
splashing gave a realistic convection zone depth of
AX~11 mm as the influential depth at the equilibrium
time ratio.

(3) The equilibrium time can be used to predict the
evolution of the influential depth for in situ dry-
ing-wetting cycles. For drying-wetting time ratios lar-
ger than the equilibrium one, the drying process domi-
nates and the drying front progresses deeper into the
concrete with time while the depth stabilizes for dry-
ing-wetting ratios less than the equilibrium ratio.

(4) For unsaturated initial conditions, no equilibrium
ratio exists and the stable states are always reached
regardless of the time ratio. For large time ratios, the
drying process dominates the moisture transport in the
material and the influential depth near the surface is
determined by the wetting time while for smaller ratios,
the wetting process dominates the moisture transport in
the material and the influential depth is governed by
the drying time.
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(5) The model and the concept of equilibrium dry-
ing-wetting time ratio give more realistic predictions of
the moisture transport in the structural concrete for use
in durability analyses.

Experiments are needed to confirm the predicted in-
fluential depths of concrete structures.
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