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An analytical approach is used to investigate the influential depth over which moisture transport occurs
within initially saturated concrete subjected to drying—wetting cycles. During drying the moisture trans-
port is modelled as an evaporation—-diffusion process with instantaneous evaporation at the moving gas—
liquid interface, while the wetting of dried concrete surface zone is described by capillary absorption.
Based on the water loss and intake balance during drying and wetting, an equilibrium drying-wetting
time ratio is identified. By this ratio, the drying-wetting cycles are classified as drying-dominated, wet-
ting-dominated and equilibrium ones. The corresponding moisture influential depths are expressed
explicitly in terms of environmental factors and material transport properties. With the available con-
crete sorptivity data, the equilibrium time ratio and influential depth are calculated and discussed in

Durability depth.
Influential depth
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1. Introduction

The deterioration of concrete structures by environmental ac-
tions has become a general concern for engineering design, main-
tenance and management [1]. Moisture (water) can either be a
transport medium of external aggressive agents, e.g. CO, and chlo-
ride ions, or be itself a reactant of a degradation process, e.g. alkali-
silica reaction. Accordingly most durability problems of structural
concrete are intimately related to moisture transport. As concrete
surface is exposed to drying-wetting cycles, the capillary absorp-
tion mechanism is mobilized so that the moisture transport and
the ingression of external agents can be more efficient. The dry-
ing-wetting cycles are identified as the most unfavorable environ-
mental condition for concrete deterioration processes [2,3].
Concrete is a porous material of low permeability with saturated
permeability coefficients in the range of 10~'*-107'? m/s [4]. For
typical natural drying and wetting duration, the moisture loss
and intake usually affect a rather limited depth from the concrete
surface [5,6]. This depth is commonly noted as the influential
depth of moisture transport.

The influential depth, and its dependencies on material design
and environmental factors, has both scientific and practical signif-
icance. For laboratory research, this depth can help to set up
rational drying-wetting schemes for accelerated durability tests
and to investigate aggressive agent transport under drying-
wetting cycles. For durability design of concrete structures, this
depth can indicate directly the expected quality and thickness of

* Corresponding author. Tel./fax: +86 10 6279 7422.
E-mail address: likefei@tsinghua.edu.cn (K. Li).

0958-9465/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.cemconcomp.2009.08.006

concrete cover to steel reinforcement. The influential depth has
been investigated by several authors: a unified diffusion model is
used to calculate the humidity profile with constant moisture dif-
fusivity [7]; saturation-dependent moisture diffusivity is taken
into account by Arfvidsson [8] through an updated numerical
scheme and by Cunningham [9] through an analytical approach;
a lumped model is employed to investigate the effective transport
depth of moisture for one-sided and two-sided cases under period-
ical moisture content with a constant diffusion coefficient [10].

However, most available approaches are limited in their abili-
ties to predict moisture transport under natural drying-wetting
cycles for the following reasons. (1) Different moisture transport
mechanisms are mobilized during drying and wetting: during dry-
ing moisture migrates to the surface by a combined evaporation-
diffusion-convection process while during wetting moisture trans-
port is dominated by capillary absorption of liquid water [11,12].
So the water diffusivity function can not be the same for drying
and wetting. (2) Relevant research shows the wetting of a porous
material of low permeability by liquid water creates a sharp wet-
ting front in the material [13,14], which is also plausible for the
drying of a wet porous material. Thus, diffusion models giving a
transitional humidity profile are no longer valid for moisture trans-
port with drying and wetting fronts. (3) Under natural climates,
wetting is closely related to liquid water accumulation on concrete
surface by atmospheric precipitation or sea tide splashing, so nat-
ural cycles can have very different drying and wetting durations.
The equal duration assumption retained in previous research for
drying and wetting is not realistic.

Motivated by the dearth of satisfactory results on influential
depth, this paper aims to investigate fundamental relationships
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amongst the influential depth, material transport properties and
drying-wetting cycles. The paper is organized in the following
way. In Section 2, the authors describe the drying and wetting of
concrete by an evaporation-diffusion model and capillary
absorption process, respectively, and the relevant mathematical
equations are given. The concept of equilibrium time ratio for dry-
ing-wetting is proposed and the analytical expression of time ratio
is derived in Section 3. By the established concept of time ratio, the
influential depth of moisture transport is analyzed for different
cases of drying-wetting time ratios and some numerical calcula-
tions are performed in Section 4. Concluding remarks are given
in Section 5 for the developed concepts of time ratio and influential
depth, as well as their application to structural case analysis.

2. Moisture transport
2.1. Evaporation-diffusion process for drying

For the sake of simplicity, an initially saturated state is consid-
ered for concrete during drying. As the concrete surface is exposed
to a lower humidity during drying, the evaporation process occurs
at the gas-liquid interface within the pore structure of concrete.
Meanwhile, the evaporation elevates the local vapor concentration
near the interface, which induces a vapor diffusion process from
the interface to the concrete surface. The moisture transport during
drying is modelled herein as such an evaporation-diffusion
process.

Consider a one dimensional evaporation—-diffusion process. At
t=0, the porous material is saturated by liquid water; at t>0,
the material is exposed to a lower humidity hg < 100% at the posi-
tion x = 0. During the drying process, the gas phases in material
pores are composed of dry air and vapor. The mass conservation
of vapor can be expressed as,

o _ div(D,gradc,) (1)
ot

where c, stands for the molar concentration of vapor ( mol/m?) in
gas phases and D, for vapor diffusion coefficient in concrete pore
structure (m?/s). The vapor concentration c, can be converted to
its partial pressure p, in gas phases by Claperon’s equation and fur-
thermore to relative humidity h by the standard definition of rela-
tive humidity,

h=Po 2)

vs

p, =RTc,,

with R as the perfect gas constant (J/mol/K), T the absolute temper-
ature (K) and p,, the saturated vapor pressure (Pa). Thus, Eq. (1) can
be written in terms of relative humidity h,

oh .
i div(D, grad h) (3)

Near the gas-liquid interface, the evaporation increases local vapor

concentration, which will in turn elevate the local liquid water con-

tent in pores by condensation. If this condensation is considered as

a local one, the vapor diffusion coefficient can be assumed constant

between material surface x = 0 and the evaporation interface x = X.

The boundary conditions are expressed in term of relative humidity,
h(x =X, t) = hy = 100% @)
h(x=0,t > 0) = hy < 100%

At the gas-liquid interface x = X, the vapor molecules escape from
gas-liquid interface by evaporation and transport to x = 0 by diffu-
sion in dry air. As a first approximation, the evaporation rate is as-
sumed to be much greater than the subsequent diffusion rate so

that evaporation can be considered as instantaneous. The moisture
mass conservation across the interface can thus be expressed as,

(8- (%),

with p, representing the liquid water mass density ( kg/m3) and M,
the vapor molar mass (kg/mol). Adopting the notation of relative
humidity in Eq. (2), the above equation can be rewritten as,

dX M, oh
P (E) =Dys ﬁDv (&) o (6)

Accordingly the moisture transport process is described by Egs. (3),
(4) and (6) which constitute a Stefan-like moving boundary prob-
lem. The solution procedure is detailed in Appendix A and the dry-
ing front position X is,

X =2/\/Dyt (7)

The drying front coefficient /. is the solution of the following
equation,

Jerf(2) exp(i2) = % ”7”15 % (hs — ho) 8)
with erf(z) as error function. The humidity profile is,
hs — h() X
— Ny = f <x<X
h=to =yt (375) 0<* ©

2.2. Capillary absorption process for wetting

Consider a concrete initially unsaturated. As the material is put
into contact with liquid water, the water intake is dominated by
capillary absorption (suction) across the material surface. The
available experimental results indicate, in a more detailed way,
that the water intake is accomplished by an initial instantaneous
surface sorption, a subsequent capillary sorption and a latent water
diffusion at smaller (gel) pore level [11,12]. However, for the sake
of simplicity a conceptual model of capillary transport is retained,

I, = Syt (10

with I, for water intake flow (m) and S,, for concrete sorptivity
(mm/min"/?). The sorptivity depends on the water saturation de-
gree in concrete s; and can be expressed, according to Hall [13], as,

Sw=S0(1 — 1.085))? (11)
with 53, for sorptivity measured from a totally dry sample.

3. Equilibrium drying-wetting time ratio

3.1. Concept of equilibrium time ratio

Now consider concrete surface subject to periodical drying—
wetting cycles with a drying duration t; and a wetting duration
t, for each cycle. Here we analyze the water loss and water intake
for the first drying-wetting cycle. For the drying phase, the water
loss flow I, from a saturated state can be evaluated by the progres-
sion of drying front X = X(t),

Iy = (ss — S0)X (12)

with s;, sp standing for the water saturation degree of concrete at
the humidity levels of hs and hg, respectively. Here it is assumed
that the elevation of water saturation near the drying front due to
condensation is very local and the liquid water saturation between
[0,X] is constant, equal to so. During the subsequent wetting phase,
the water intake flow can be evaluated by Egs. (10) and (11).
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After the first drying—-wetting cycle, if the water loss during dry-
ing and water intake during wetting reach an equilibrium state,
Iy = I,,, one can assume that the drying zone [0,X] created in drying
phase ¢, is totally refilled in the subsequent wetting phase t,,. In
other words, the drying front X is stabilized. By Eqs. (10)-(12)
the above equilibrium condition can be written as,

Iy=1,: (5 —50)X(tq) = Sw\tw (13)
Substitution of Eq. (7) into the above equation gives,
(Ss — S0)224/Dyty = Swv/tw (14)

An equilibrium time ratio 7, resulted from the equilibrium between
water intake and water loss, is thus defined as,

i Sw 2
vt vt s )

3.2. Numerical analysis

To evaluate quantitatively the equilibrium time ratio 75, one has
to detail the drying front coefficient 4 and vapor diffusion coeffi-
cient D,. By Eq. (8) the coefficient 1 depends on the saturated vapor
pressure p,, and drying humidity gradient Ah = h; — ho. The vapor
pressure p,, is a function of ambient temperature T. Here we retain
a regression function given by Mainguy [15],

D,s(T) = exp (68.18 _721464

—6.29731n T) (16)
The diffusion coefficient D, of vapor in concrete depends on the
intrinsic diffusion coefficient of vapor in dry air D,, and the resis-
tance of pore structure represented by a tortuosity function f,

D, = D,of 17)
with D,, and f specified, respectively, in [16,17],

_ Paem (T 18 _ 43 10/3
Dua(pe.T) = 02172 (1) = g1 -5) (18)
pg TO

with D,, for vapor diffusion coefficient (cm?/s), T for temperature
(K), Paim for atmospheric pressure (Pa), p, for total pressure of dry
air and vapor (Pa), ¢ for concrete porosity (-). It is assumed here
that pore gas pressure is in permanent equilibrium with atmo-
spheric pressure p, = Py, and D,, depends only on temperature
T. By Egs. (11), (16), (17) and (18) the time ratio 7, can be expressed
in terms of variables Sy, s, T, ¢,

2
SW(S()?SI)

2;“(Ta hs - hO) V DU(T7 ¢7 sl)(ss - SO)

It is to note that hy — ho and s; — so are interdependent through con-
crete sorption isotherm function h — s;, which can be derived from
Kelvin equation and capillary pressure function p.(s;). Adopting
the capillary function from Mainguy [15], the sorption isotherm
can be expressed as,

RT

Py () = —po(s) = —a(s;* — )" (20

T5(So, 81, T, ¢) = (19)

where q, b are experimental constants. This sorption isotherm is the
very transport identity for concrete porous materials and includes
more detailed moisture transport behaviours, such as the influence
of salt presence [18].

With p,, described in Eq. (16) a numerical scheme is developed
to solve / in Eq. (8). With the parameters retained in Table 1, the
evolution of 2 in terms of ambient temperature 0 = T — 273 and
humidity gradient Ah = hs; — hg is illustrated in two dimensions
and three dimensions, respectively, by Fig. 1a and b. It can be seen

Table 1

Parameters for evaluation of equilibrium time ratio 7, of drying-wetting cycles.
Parameters Value
Perfect gas constant R (J/K/mol) 8.3147
Temperature T (K) 293.15
Saturated vapor pressure p,, at 20 °C (kPa) 2.337
Atmospheric pressure p,, (kPa) 101.325
Water density at 20 °C p, (kg/m?) 1000
Molar mass of vapor M, (kg/mol) 0.018
Concrete internal humidity hs (%) 100
Environmental humidity for drying hq (%) 20-90
Capillary pressure coefficient a (MPa) [15] 18.624
Capillary pressure coefficient b (=) [15] 2.275
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Fig. 1. Influential depth coefficient 4 in terms of ambient temperature 0 and
external drying humidity gradient Ah. (a) Two dimensional illustration and (b)
three dimensional illustration.

that for typical environmental temperature, 0 = 0—40 °C, the mag-
nitude of / is in the order of 10~ and . increases monotonically
with ambient temperature and humidity gradient.

For the equilibrium time ratio expressed in Eq. (19), no attempt
is undertaken to investigate the influence of all variables. Instead,
five representative concrete samples from Hall [13] are retained
with measured porosity and sorptivity at dry state (¢,Sp), and
the time ratio 7 is calculated in terms of humidity gradient Ah
for an isothermal process at T =293 K. The parameters for this cal-
culation are given in Table 1 and the results are illustrated in
Fig. 2a and b. For an easier interpretation of results, three horizon-
tal lines are added on Fig. 2b, representing, respectively, time ratio
7, of 50:1, 100:1 and 500:1. If the drying-wetting alternative per-
iod is taken as 1 year, in other words, the drying-wetting is treated
as an annual event, these three time ratios correspond to a total
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Fig. 2. Equilibrium time ratio 7, in term of drying humidity gradient Ah for concrete
sorption data from Hall [13]. (a) 7; in normal magnitude and (b) 7, in logarithm.

annual wetting time of 172, 87, and 17 h. It is observed that, for
commonly encountered drying humidity gradient 30-40%, the
time ratio 7, is situated between 100 and 500, i.e. only 17-87 h
are needed for a stabilized drying-wetting front while 87-172 h
of wetting are necessary to stabilize the front for humidity gradient
40-50%.

4. Influential depth
4.1. Simple drying process

For a simple drying process, the drying front X, at the end of
drying can be evaluated from Eq. (7) as,

Xy = 2/7/Dytq = 2X(T, Ah) /Dy (T, $,5))tq (21)

with D, specified by Eqs. (17) and (18) and 4 by the solution of Eq.
(8). Fig. 3 illustrates the evolution of X,//; in terms of concrete
porosity ¢ and external drying gradient Ah for an ambient temper-
ature T =293 K. The Boltzmann variable X,/\/t; represents the dry-
ing front progression rate and it is observed that the progression is
more rapid for larger porosity and higher humidity gradient.

4.2. Equilibrium influential depth
For a specific drying-wetting scheme, if the drying time t, and

wetting time t,, satisfy the equilibrium ratio, i.e. t,/t,, = ts, the sta-
bilized drying-wetting front X; can be evaluated by Eq. (7) as,

6 T T T T T T
——¢ =0.06
——0=0.07 .

& Sr ——0¢=0.08 ,,/ 1
8 —— = 7 7
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Humidity gradient Ah (=)

Fig. 3. Boltzmann variable X;//t; in terms of concrete porosity ¢ and drying
humidity gradient Ah for ambient temperature T =293 K.

X = 2//Dytg = 247/DyTsty (22)

As aforementioned, if the drying-wetting is considered as an annual
event, that is,

teyent = tg + tw = 1 year (23)
the influential depth X; is thus,

X; = 24, /Dy%temf ~ 24/ Dyloren With 7, > 1 (24)
s

By this argument the stabilized front X can be evaluated indepen-
dently from the equilibrium time ratio 7; and in terms of its vari-
ables T,¢,Ah and s;.. The stabilized front X; is calculated, for an
ambient temperature of 293 K, in terms of porosity and humidity
gradient, and the numerical results are presented in two dimen-
sions and three dimensions, respectively, in Fig. 4a and b.

It can be seen that the influential depth of drying-—wetting can
be scaled to the order of 1 cm which is of the same magnitude of
the concrete cover thickness for most concrete structural members
exposed to natural drying-wetting. In durability design of rein-
forced concrete structures, assuring concrete cover with enough
quality and thickness is crucial to the protection of internal steel
reinforcement against corrosion. The numerical results obtained
in the figures can serve as reference for the choice of concrete cov-
er's quality, denoted by porosity ¢, and its thickness, measured by
the influential depth X;. Qualitatively, one can state, from the fig-
ures, that for moderate drying gradient Ah ~ 30%, the influential
depth is within the first centimeter into concrete surface, for a gra-
dient 30-50% this depth is situated within 1-2 c¢m and it can sur-
pass 2 cm with a gradient higher than 50%. For comparison, most
structural design codes specify a minimum concrete cover thick-
ness more than 3 cm for drying-wetting environmental actions
for durability consideration [19].

4.3. Influential depth evolution

Here come the more general cases: the time ratio of drying and
wetting T = t4/ty does not respect the equilibrium one 7,. Hence,
the drying-wetting front can not always be stabilized due to the
unbalanced water loss and water intake. Two cases can be distin-
guished: 7 > 7; and 7 < Ts.

For cycles T > 1, more moisture is transported to outside dur-
ing drying phase t; than the water intake by absorption during
wetting phase t,, so it is a drying-dominated process. Conse-
quently, each drying-wetting cycle contributes to the progression
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Fig. 4. Stabilized front X; in terms of concrete porosity ¢ and drying humidity
gradient Ah for ambient temperature T=293 K. (a) Two dimensional illustration
and (b) three dimensional illustration.

of drying front deeper into the material. At the end of each drying-
wetting cycle, the difference between drying flow I; and wetting
flow I,, can be converted into the drying front progression dX,

Al = 24+/Dyt4(Ss — So) — SwVtw = (Ss — So)dX (25)

After n cycles the drying front, or influential depth, can be estimated
as,

X, =ndX = n(ZM/thd - Ifw‘/;”;) (26)
s — It

For a wetting-dominated process with 7 < 7;, more moisture flow
can be absorbed during wetting than what is required to compen-
sate the moisture loss during drying. Therefore, the drying front will
disappear after each wetting phase. In other words, after each cycle
the maximum influential depth of moisture transport is always
determined by the drying time tg,

Xn =22y/Dyty (27)

5. Conclusions

The models presented in the paper capture the main mecha-
nisms involved in moisture transport across concrete surface sub-
ject to drying-wetting cycles. For the sake of developing an
analytical approach, some details of moisture transport are ne-
glected, such as the local elevation of water content near a drying

front due to evaporation. Though simplified, these models do fur-
nish several important conclusions concerning the drying-wetting
front and its influential depth:

1. During the drying of an initially saturated concrete, the progres-
sion of the drying front is basically governed by three factors:
external drying humidity, ambient temperature and vapor
transport properties. From the numerical results, it can be
observed that the front progression is sensitive, on one side,
to material pore structure through total porosity ¢ and tortuos-
ity resistance to vapor diffusion f; on the other side, front pro-
gression is sensitive to drying humidity gradient Ah through
the coefficient .. For a given climate condition, the dominating
factor for drying front progression is the pore structure of
concrete.

2. Under periodical drying-wetting cycles with drying time t; and
wetting time t,, there exists an equilibrium time ratio
Ts = tq/tw by which moisture loss during drying is totally com-
pensated by water intake by sorption during wetting. The dry-
ing front is thus stabilized and the corresponding influential
depth at equilibrium can be evaluated. By this time ratio one
can draw a first important conclusion if the moisture influential
depth in concrete will evolve under a specific drying-wetting
condition, which can be very helpful for the in situ analysis of
moisture-related durability problems of structural concrete.
From the numerical results, the influential depth at equilibrium
can reach the magnitude of centimeters which is of the same
order of concrete cover thickness in common design and con-
struction practice.

3. For drying-wetting cycles with t4/t,,#71s, the paper gives quan-
titative expressions of influential depth evolution for drying-
dominated and wetting-dominated processes. For drying-dom-
inated process, one can employ the expression of influential
depth evolution to predict moisture-related durability pro-
cesses and furthermore to help the choice of strength class
and thickness of concrete cover to steel reinforcement in struc-
tural members.

4, Although the modeling of influential depth is formulated on the
basis of an initially water-saturated concrete, the same reason-
ing can be made for an initially dry material exposed to wetting
and subsequent drying. Since the concepts of equilibrium time
ratio and influential depth are formulated by the moisture flow
balance between wetting and drying, the same expressions of
influential depth and equilibrium time ratio can be applied for
initially dry cases with the hypothesis that the head of wetting
front after first wetting remains immobile during the subse-
quent drying.

5. The analytical modeling presented in this paper needs to be val-
idated through comparisons with experimental results and the
output of other models. The relevant issues can be found in
other publications of the authors. For further engineering appli-
cation of the analytical description of influential depth, how-
ever, the evaluation of wetting time t, for natural climate
conditions deserves some attention. According to the modeling,
tw is defined as the period during which the concrete surface is
covered by a water film with sufficient thickness to mobilize
concrete capillary sorption. Accordingly it can be different from,
and usually much shorter than, the common definition of time-
of-wetting (TOW) proposed for metallic surface corrosion
processes.
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Appendix A. Solution of moving boundary problem

The goal is to solve the Stefan-like problem posed by Egs. (3),
(4) and (6). Introduce firstly an intermediate variable #,

X
1= 5Dt 2

It is shown that the general solution can be written into the form
[20],

h=Aerf(n)+B (29)

with erf as the error function and A, B as constants. Consider the
second boundary condition in Eq. (4),

h(n=0)=ho = B=ho,h—ho=A erf(n) (30)

Substitution of above equation into the first boundary condition in
Eq. (4), one has

X
hs — hy = Aerf| — 31
o= hert(35=) Gy
Here, we note
X
A= d X=2./Dyt 32
2Dt " v 52)
Introducing Eq. (32) into Eq. (31), one gets
_ hs - hO
—erf(2) (33)
and substitution of the above expression into Eq. (30) gives
_erf(n)
h—hy= erf(l) (hs — ho) (34)

The solution of 4 can be resorted to the moving boundary condition
Eq. (6). The differential terms in the equation are,

@& =MT
‘ bl e (35)
% = [ttsert () ;=
So Eq. (6) becomes
, 1 Mv hs — hO !
Pt =5Pus T {m] erf (7) (36)
Note,

erf(2) = % /0/ exp(-y*)dy and erf'(2) = % exp(—4%) (37

Putting these results into Eq. (36), one gets

1 M, {hs—ho

piA= ﬁpmﬁ m] exp(—#%) (38)

Rearranging the above equation gives the one variable equation for
/.in Eq. (8). With solved /4 the humidity profile can be calculated by
Eq. (34) and the drying front X by Eq. (32).
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