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Abstract

This study proposes a novel analytical model to predict one-dimensional moisture transport
in concrete under cyclic drying and wetting conditions. The framework distinguishes be-
tween two physical mechanisms: diffusion-driven evaporation during drying and capillary-
driven suction during wetting. Governing equations for weight loss and gain are derived
for each respective phase. During the drying phase, weight loss follows a linear relation-
ship with the square root of time, allowing the diffusion coefficient to be determined via
evaporation tests. For the wetting phase, a modified sorptivity approach is employed,
incorporating an error-function baseline to account for residual moisture. A calibration
coefficient of ¢ is utilized to correct for varying conditions between standard water suction
tests and environmental wetting, particularly for air-entrained concrete characterized by
larger capillary volumes and complex tortuosity. Experimental validation was conducted
on concrete with varying water-to-cement ratios. The model demonstrated excellent agree-
ment with experimental data, maintaining relative errors below 10% for standard mixes.
While higher-porosity samples exhibited greater scatter due to “water traps” and complex
pore structures, the model effectively captured cumulative moisture trends over multiple
cycles. This framework provides a robust tool for assessing the durability of concrete
structures in unsheltered environments.

Keywords: concrete; moisture transport; dry-wet cycles; diffusion; sorptivity

1. Introduction

Durability remains a cornerstone of concrete infrastructure performance. Concrete
durability factors, such as permeability, freeze-thaw damage, cracking, and chemical
ingress, are strongly governed by porosity. These factors influence concrete strength mainly
through porosity: higher and more connected pore structures accelerate the penetration
of harmful agents, promote deterioration mechanisms, and ultimately reduce long-term
mechanical performance. Because cement-based materials are inherently porous, their
lifespan mainly depends on their ability to block aggressive agents. Water is the central
driver of most degradation mechanisms; it acts both as a direct cause of damage (such as in
freeze-thaw cycles and calcium leaching) and as a vehicle for harmful ions like sulfates and
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chlorides, which trigger sulfate attack and reinforcement corrosion. Furthermore, internal
moisture levels are a decisive factor in drying shrinkage and subsequent cracking [1,2].
Recent studies have highlighted the significant role of microcracking induced by shrink-
age on moisture transport in cement-based materials. For instance, Anomalous water
absorption in cement-based materials caused by drying shrinkage induced microcracks
demonstrated that drying shrinkage induced microcracks can lead to anomalous increases
in water absorption, deviating from classical capillary-based predictions [3]. Similarly,
the effect of autogenous shrinkage on microcracking and mass transport properties of
concrete containing supplementary cementitious materials showed that autogenous shrink-
age contributes to microcrack formation, which in turn significantly alters mass transport
properties in concrete, particularly in systems incorporating supplementary cementitious
materials [4]. Research consistently indicates that the extent of shrinkage strain is directly
proportional to the volume of moisture lost [5-8].

In this context, marine dry—wet cycles accelerate concrete deterioration through a
“pumping effect.” During wetting, moisture and aggressive salts are driven into the pores;
upon drying, the moisture evaporates while the salt remains trapped. This mechanism
facilitates both chloride-induced corrosion and drying shrinkage, leading to severe struc-
tural damage. Consequently, accurately modeling moisture transport under these cyclic
conditions is a critical prerequisite for predicting the service life of reinforced concrete in
tidal and splash zones.

1.1. Theoretical Review of Moisture Transport Models

Moisture transport in porous building materials is generally governed by three physi-
cal concepts: moisture diffusivity, permeability, and sorptivity [9].

1.1.1. Diffusivity Concept

The diffusivity approach combines various transport mechanisms into a single
moisture-dependent function [10]. While this requires determining only one material
characteristic, the experimental derivation of diffusivity from moisture profiles is time-
consuming and technically complex. Furthermore, the highly nonlinear relationship be-
tween the diffusivity and moisture content profile compounded by hysteresis during
absorption and desorption (or moisture redistribution), making physical parameter iden-
tification difficult, particularly in heterogeneous or composite materials where interface
discontinuities occur.

1.1.2. Permeability Concept

This approach requires two parameters: the permeability function and moisture
storage capacity. The primary challenge lies in determining moisture permeability, which
is a function of moisture content and cannot be measured directly, which associates the
moisture flow with the gradient of capillary pressure, although it could be obtained from
the derivative of the moisture—pressure curve or sorption isotherm. Recent work has
also emphasized the importance of sorption behavior in governing moisture transport
in cementitious materials, both at room temperature and at elevated temperatures [11].
The high nonlinearity and hysteretic behavior of these curves complicate experimental
validation. Additionally, measuring universal adsorption—-desorption isotherms for various
cement-based binders remains a laborious process.
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1.1.3. Sorptivity Concept

The sorptivity concept defines the relationship between the cumulative volume of
water absorbed per unit area (i) and the square root of elapsed time (t). This empirical law
has been validated by numerous studies [12-14], and is expressed as:

i=St

where S represents sorptivity, a fundamental material characteristic. While S is typically
treated as a constant, this assumes a uniform cross-sectional flow area. In practice, however,
moisture distribution within the material is often non-homogeneous, leading to an incon-
sistent internal flow area that can challenge the validity of a constant sorptivity coefficient.

1.2. Previous Models for Dry—Wet Cycles

Various models have been developed to describe moisture transport in cementitious
materials under periodic dry—wet exposure. These are generally categorized into three
methodological approaches [15].

1.2.1. Independent Diffusion Coefficients

This approach models drying and wetting as separate processes without relying on
sorption isotherms [16]. Following the mechanisms proposed by Hall [17], drying is driven
by a combination of evaporation, diffusion, and convection, whereas wetting is dominated
by capillary forces. In these one-dimensional models, moisture content is typically the
driving potential, utilizing diffusion coefficients during drying derived from Bazant and
Najjar [18], while diffusion coefficient during wetting is expressed as D () taken from
Hall [19]. However, the coefficients are highly dependent on experimental calibration,
which must be repeated if cycle parameters change. Additionally, this method disregards
the hysteresis effect.

1.2.2. Non-Hysteresis Modeling

These models use a single sorption isotherm (usually the main desorption curve) to
define the one-to-one relationship between moisture content and either capillary pressure
P. or relative humidity RH (py/ pys). Key models include:

(1) Two-variable potential driving models: Driven by moisture and temperature
gradients. These often assume sinusoidal boundary conditions [20], which limits their
applicability to specific environmental scenarios. (2) Kirchhoff’s potential related models:
Simplifies nonlinear transport by introducing Kirchhoff’s potential [21,22], where the
moisture flow coefficient is normalized to 1. This method is computationally efficient
and less sensitive to mesh refinement. (3) Effective moisture penetration depth (EMPD)
model: these studies assume moisture exchange occurs within a thin, fictitious surface
layer [23-25]. Thus, moisture content is a function of RH and xgppp (the thickness of
the thin fictitious layer). The EMPD model is derived from periodic moisture variation,
requiring an accurate estimation of the effective moisture penetration depth of xgppp.
Utilizing the material’s known sorption isotherm, Cunningham [20] provided a method
for determining this depth. While the model simplifies the process by neglecting latent
heat effects and nonlinear transport properties, it has demonstrated reliable results within
a relative humidity (RH) range of 40% to 80% [26].

1.2.3. Hysteresis Modeling

Hysteresis models couple transport equations with a hysteresis framework to ac-
count for diverging wetting and drying paths. Zhang [15] provided a comprehensive
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review and proposed a five-point fitting method to construct main isotherms with minimal
experimental data.

Applications include the DuCOM model and the work of Derluyn et al. [27], which
coupled heat and moisture transport to simulate concrete responses to varying RH
and temperature.

Johannesson et al. [28,29] developed two-phase moisture transport model to address
hysteresis in porous materials. This approach utilizes separate mass balance equations
for liquid and vapor phase based on volume fractions and coupled by mass exchange
terms that represent evaporation and condensation. Eventually, the total mixture balance
is achieved by relating these equations through their coupled terms. To navigate be-
tween wetting and drying states, third-degree polynomials are used to define the scanning
curves. Despite these advancements, a major limitation remains: current models cannot
derive one main isotherm from another, leaving them heavily dependent on extensive
experimental validation.

1.3. Research Gap and Novelty

A review of the existing literature reveals that moisture transport models for cementi-
tious materials have primarily focused on describing internal moisture behavior within
continuum media. While these models effectively simulate how moisture moves deep
inside a structure in response to external humidity, a significant research gap remains: there
are a lack of practical, flux-oriented models that prioritize the quantity of moisture entering
and existing the exposure surface. Understanding this surface exchange is critical, as it
directly dictates the accumulation of aggressive agents like chlorides and sulfates.

To address this gap, this paper introduces a novel model that shifts perspective from
internal transport profiles to surface flux dynamics. By treating the internal moisture state
as a dynamic boundary condition, the model aims to accurately quantify the net water gain
and loss throughout repeated cycles.

The research objectives are structured to solve three fundamental challenges:

1. Mechanistic Differentiation: to accurately characterize the system, the distinct physical
mechanisms governing the drying and wetting stages were analyzed independently. It
is well established that transport parameters, such as moisture diffusion and sorptivity
coefficients, depend heavily on moisture content and pore structure, a relationship
thoroughly demonstrated by Ksit et al. (2025) [30]. However, for the short-term
evaluations conducted in this study (within a 3-month timeframe), these transport
parameters were treated as constant. This assumption is justified as the coefficients
were derived from reliable water suction tests, ensuring the validity and accuracy of
the constant-coefficient approach for this specific scope.

2. Boundary Evolution: Tracking the redistribution of moisture at the exposure surface
at the conclusion of each cyclic stage.

This study develops a physics-based, macro-scale modeling framework that focuses
on a one-dimensional moisture transport analysis. This approach isolates fundamental
transport mechanisms and provides clear analytical insights, establishing a necessary
baseline for future multi-dimensional engineering applications. The proposed framework
offers three distinct advantages over existing methods:

First, the model maintains high physical interpretability while significantly reduc-
ing parameter uncertainty. The framework presented herein maintains a physics-based
foundation, distinguishing it from purely data-driven digital twin approaches [31]. Rather
than being classified as a strictly theoretical physical model based on microstructural pore
characterization, it utilizes a semi-empirical approach. Specifically, the essential transport
parameters and calibration coefficients are determined independently through macroscopic
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water suction tests and dry-saturation experiments. Namely, this model relies on direct,
reliable laboratory measurements to determine macro-scale physical parameters, bypassing
the need for complex microstructural formulations and their associated assumptions. While
correlations between transport properties and microstructural characteristics (such as pore
size distribution or tortuosity) are of scientific interest, deriving macroscopic transport
properties solely from microstructural geometry introduces considerable uncertainty, as
no universal physical relationship currently bridges the micro- and macro-scales. The
proposed approach effectively circumvents these scaling inaccuracies while maintaining
strong predictive capability. For example, the model utilizes two accessible material con-
stants: sorptivity during wetting, obtainable via standardized tests such as NT BUILD
368 [32], and the diffusion coefficient during drying, which can be derived from the linear
relationship between moisture loss and the square root of time [33,34].

Second, the model dynamically captures the evolution of moisture states within the
concrete. Rather than generating a static profile, the moisture distribution is expressed as
a continuous, time- and depth-dependent function. Although the governing formulation
adopts an analytical error-function representation, the moisture profile is dynamically up-
dated at each time step throughout the drying process. Consequently, progressive changes
in internal moisture conditions are inherently embedded within the evolving profile it-
self. Notably, although sorption hysteresis heavily influences cyclic drying and wetting
behaviors as documented in previous literature [35], the proposed modeling approach ef-
fectively captures the cumulative effects of these moisture fluctuations without requiring a
separate, standalone capillary-pore hysteresis module. This omission significantly reduces
computational complexity while maintaining high accuracy, making the framework both
mathematically efficient and practical for engineering applications.

2. Theoretical Framework for Moisture Transport

2.1. Transport Assumptions and Governing Equations
2.1.1. Drying Stage

When a moist porous sample, such as concrete, is exposed to air in the laboratory
condition (e.g., 20 °C, 50% RH), evaporation occurs at the exposed surface. This creates
an instantaneous moisture gradient, causing moisture to flow from the interior of the
sample toward the surface. This transport process, driven by concentration gradients as
evaporation proceeds, is a characteristic diffusion phenomenon. Consequently, the process
can be modeled using the concept of “diffusivity” and described mathematically by Fick’s
second law. In this study, the moisture concentration c(x, t) (g/cm?) is used to express the
water content within the sample. Fick’s second law can be expressed as:

oc(x,t) 0 (Dac(x, t))

of ox ox M

where x denotes the distance from the exposed surface. For one-dimensional semi-infinite
case, the initial and boundary conditions are defined as c(0,t) = c¢; and c(oo,t) = ¢;,
respectively. The error function solution to Fick’s second law under the drying potential is:

c(0,t) o x
(oot —c(0,8) (zm) @

This can be rewritten as:

c(x, 1) = c(0,) + (c(co, t) — c(0, 1)) x erf<2;§) 3)
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The surface and initial internal moisture contents are cs; and c;, respectively. During
the drying stage, the moisture distribution c(x, t) is governed by:

c(x,t) = cs + (c;i — ¢s) xerf( 4)

x
2v/ Dt )
where D (cm2 /s) is the diffusion coefficient and ¢ (s) is the duration of evaporation.
The weight change per unit cross-sectional area, AW, (g/cm?), for a sample during a
drying duration t; can be derived by assuming the diffusion coefficient D remains constant:

't ta 9c(x, t

AWy = [ Jleoat =D [ 2D gy )
0 0 X

Differentiating Equation (4) with respect to x at the surface of X = 0 yields:

oc(x, t)
ox

cs—c 1
- L 6
o VT Vi ©)

By substituting Equation (6) into Equation (5), and integrating, we obtain the govern-

ing equation for weight change per unit cross-sectional area during drying:

2(cs —¢i)

AW, = 255 S /Dt 7
Equation (7) demonstrates that moisture loss is linearly dependent on the square root

of time, provided the diffusion coefficient is constant. We will subsequently demonstrate

through drying experiments that the moisture diffusion coefficient indeed remains constant

during this stage.

2.1.2. Wetting Stage

Because dry-wet cycles involve multiple transport mechanisms, the boundary and
initial conditions change over time. It should be emphasized that the wetting stage proceeds
immediately after the drying stage. In this stage, capillary sorptivity (suction) driven by
surface tension within the capillary pores is significantly greater than the diffusivity driven
by moisture gradients. Consequently, the diffusion driven by moisture gradients can be
ignored, and the wetting process can be modeled based on the sorptivity concept.

However, the capillary sorptivity coefficient k (cm/+/s) depends on the fraction of
pores in concrete that are accessible for fluid suction when exposed to a water source.
Therefore, a calibration coefficient ¢ is needed to correct k when the fraction of fluid
accessible pores varies.

During the wetting stage, the surface moisture content c(0,¢) is changed into
cmax (g/cm?®), which represents the maximum moisture content in the sample. Following
the evaporation period (at the end of drying stage t;), the moisture distribution is:

clota) = ot (e =) erf (5 ®

The function c(x, t;) represents the initial water content for the wetting stage. It is
assumed that the final volumetric water content reaches c;,y. Under this assumption,
the error function distribution of moisture remains constant during the rapid wetting
process, the weight change per unit cross-sectional area after the wetting stage, AW, can
be derived as:

AWe = (Cmax — ¢(x, t4)) /O i )
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Since the capillary suction process is defined by:
x = kvt (10)

Substituting Equation (10) into Equation (9) and rearranging yields Equation (11),
which is the governing equation during the wetting stage:

AWy = & (Coax — cs).k./o [1 _ (CW _Cs)erf<2 Dtd)

where ¢ is a coefficient for correcting the difference in testing conditions between the

dv't (11)

standard water suction test and the specific drying-wetting environment. It should be
noted that the weight change in every new stage is cumulative; the initial condition (initial
water content) is dynamic and directly associated with the preceding stage, whether drying
or wetting.

2.1.3. Description of the Model

In a standard water suction test (as discussed in Section 2.2.2), specimens are typically
dried to a degree where the remaining moisture, primarily interlayer water, can be assumed
to be homogeneously distributed. In reality, however, moisture within concrete exposed to
an unsheltered outdoor environment is rarely homogeneous, as the duration of drying is
often limited relative to the thickness of the structure.

As established in the evaporation analysis, the drying process in a dry-wet cycle
under natural conditions (e.g., 20 °C and 50% RH) follows Fick’s second law, resulting in
an error-function moisture distribution. Due to this non-uniform distribution, the effective
area available for water absorption during the subsequent wetting process is reduced
according to this error-function profile.

Given that water absorption (capillary suction) occurs significantly faster than evapo-
ration, it is reasonable to assume that the moisture distribution profile remains constant
at the onset of the wetting process. Consequently, the weight change during wetting can
still be expressed by Equation (11). It is important to emphasize that this initial drying
stage begins only after the concrete specimens have reached full water saturation. Figure 1
illustrates two distinct scenarios (Case 1 and Case 2) for the internal moisture profile (water
distribution) resulting from the drying phase that precedes the wetting process: (1) Case 1:
The specimens are sufficiently thick, or the drying duration is short enough, such that the
concrete does not dry out completely. This results in the partially dried moisture profile
shown in Figure 1 of Case 1; (2) Case 2: Conversely, if the specimens undergo complete
drying throughout their entire thickness, the resulting uniform moisture profile matches
Figure 1 of Case 2. In this research, our moisture transport analysis is strictly restricted to
Scenario 1. Because the wetting duration in our experimental program is limited to one
week, the waterfront does not penetrate the full 80 mm thickness of the specimen.

Regarding this model, two key aspects should be emphasized. First, the dynamic mois-
ture profile c(x, t) is iteratively updated at each time step, enabling the model to inherently
capture the continuous evolution of the material’s moisture state without requiring a sepa-
rate capillary hysteresis formulation. Second, it is acknowledged that moisture diffusivity in
cementitious materials is intrinsically non-linear and strongly dependent on both moisture
content and pore structure. Although this non-linearity is considered negligible within the
short-term timeframe investigated in the present study, it is expected to become increasingly
significant in long-term assessments or under varying environmental conditions.

https:/ /doi.org/10.3390/buildings16112204
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Figure 1. Schematic of wetting process after the natural drying process.

2.2. Experimental Program
2.2.1. Materials and Samples Preparation

The cement used in this study has a Blaine fineness of 380 m?/kg, indicating a relatively
fine particle size with a moderate to high specific surface area, which can contribute to
enhanced hydration and strength development. Its density is 3130 kg/m?, representing
the typical true density of cement and serving as an essential parameter in mix design and
related calculations. Natural sand and granitic gravel were used as aggregates. The nature
sand had a fineness modulus of 2.6, classifying it as medium sand according to standard
gradation requirements. Its apparent density (specific gravity) was 2610 kg/m3, with a
water absorption value of 1.0%. the granite gravel (8-16 mm) exhibited an apparent density
of 2730 kg/m?3, a bulk density of 1580 kg/m?, and a water absorption of 0.8%.

The mixture proportions for the concrete used in this study are listed in Table 1. Three
types of air-entrained concrete were employed, utilizing a low-alkali, moderate-heat, and
sulfate-resistant cement. Natural sand and granitic gravel were used as aggregates.

Table 1. Mixture proportions of concrete, kg/ md.

Sand Gravel Water Air Compressive
No. Cement  Water (1-8) (8-16) Reducer Content Strength wlc
(mm) (mm) (%) (MPa, 28 Day)
No. 1 450 157.5 839 839 4.5 6.0 70 0.35
No. 2 420 168 873 806 3.36 6.2 58 0.40
No. 3 240 180 1013 796 0 6.1 21 0.75

Concrete slabs with dimensions of 1000 mm x 700 mm x 100 mm were cast in
the laboratory. Prism specimens measuring 500 mm x 100 mm x 100 mm were then
cut from the central portion of these slabs after a 14-day moist curing period. These
prisms were subsequently stored under wet burlap in the laboratory for over 180 days to
ensure maturity.

Finally, two series of test samples were cut from the prisms: (1) Capillary absorption test
samples: 100 mm x 100 mm x 20 mm; (2) Drying-wetting test samples: 100 mm x 100 mm
x 80 mm.

https://doi.org/10.3390 /buildings16112204
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2.2.2. Water Suction Test and Determination of Capillary Sorptivity Coefficient

The water suction test, as described by the Nordtest method (NT BUILD 368), was used
to determine the water sorptivity coefficient of the concrete. Specimens with dimensions
of 100 mm x 100 mm x 20 mm were pre-dried in an oven at 40 °C for approximately one
week until the weight became constant (defined as a weight change < 0.5% over 24 h).
Subsequently, the samples were removed from the oven and cooled to room temperature
(approximately 20 °C).

After being weighed to determine their initial mass, the samples were placed on a
grating in a water vessel. One 100 mm x 100 mm surface was exposed to water, with
the water level maintained at approximately 1 mm above the grating. Weight gains were
recorded at specific intervals (typically 15 min, 30 min, 1 h,2h,4 h, 8 h, 24 h, 72 h, and
168 h) until a constant weight was achieved.

The capillary sorptivity coefficient k is obtained from the initial slope of the relationship
between moisture gain and the square root of time. The water flow through the exposure
area is expressed as:

AWy-a = py-a-x (12)

where a is the exposure surface area. By substituting Equation (10) into Equation (12) and
rearranging, the following equation is obtained:

k = pAWi“ﬂ (13)
Y-

In this expression, AW, is the moisture gain and py, is the density of water. Once the

samples reached saturation (indicated by moisture appearing on the top surface and the
weight stabilizing), they were dried at 105 °C to a constant weight. The moisture contents
before and after the water suction test were then determined and denoted as ¢ (49 -c) and
Cmax, Tespectively.

2.2.3. Drying-Wetting Experiment and the Determination of Moisture Diffusion Coefficient

To ensure one-dimensional moisture transport, all surfaces except for one 100 mm x
100 mm face of each 100 mm x 100 mm x 80 mm sample were coated with epoxy resin.
Once the epoxy had hardened, the samples were saturated under atmospheric pressure
by submerging the uncoated exposure surface in water for one week until the weight
stabilized (defined as a weight change < 0.5% over 24 h).

Subsequently, excess water was removed from each sample using a moist towel. The
samples were then transferred to a climate chamber maintained at a constant temperature
and humidity (20 £ 2 °C, 50 £ 5% RH) for the evaporation test. The weight loss of each
sample was recorded at specific intervals, typically 15 min, 30 min, 1h,2h,4h,8h, 24 h,
72 h, and 168 h until a constant weight was achieved.

Additionally, control samples (100 mm x 100 mm X 20 mm), similar to those used in
the water suction test, were stored in the climate chamber for an extended period (exceeding
six months) to determine the equilibrium moisture content at 20 °C and 50% RH, denoted
as Cs.

As shown in Figure 2, the experimental results regarding moisture loss reveal a highly
linear dependency on the square root of time.

The moisture diffusion coefficient D can be determined from the slopes obtained in
Figure 2 according to governing Equation (7). The calculation is performed using the
following expression:

0 AWd>2 1
D=2 . 14
4 ( Vi) (cs+¢)? (14
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Figure 2. Linear relationship between weight change and the square root of time on concrete samples
during the drying process((e.g., #1—1 and #1—2 denote the first and second parallel tests for sample
type 1))

It should be noted that while this expression for the moisture diffusion coefficient
appears similar to the D;, term proposed by Krus and Kiinzel [36], the underlying physical
assumptions differ significantly. Our equation is derived from the diffusion governing
equation, where the driving force is the moisture gradient. In contrast, Krus and Kiinzel’s
equation is derived from the capillary suction process, where the driving force is capillary
pressure. These represent two fundamentally different transport mechanisms.

After the evaporation test, the samples were subjected to drying—wetting cycles ac-
cording to the regime illustrated in Figure 3.

Wet
Dry
Twk-twk| TWh=1wk 3wks—1wk ke 1wk
1steyc | 2ndcyc 3rd cyc 4th cyc
<+ —p ¢ >

Figure 3. Schematic of dry—-wet cycles.

2.2.4. Description of Calibration Coefficient ¢

The capillary sorptivity coefficient k was obtained from the water suction test under
a pre-drying condition of 40 °C, which is significantly drier than the environment of the
drying-wetting experiment (20 °C and 50% RH). Consequently, the volume of open pores
available for water suction on the exposure surface during the wetting phase of the dry—wet
cycles is lower than that in the standard Nordtest method.

Furthermore, due to the higher internal moisture content (approaching saturation) in
the concrete, air trapped between the exposure surface and the saturation front becomes
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https://doi.org/10.3390/buildings16112204

Buildings 2026, 16, 2204

11 of 16

compressed upon contact with water. This compressed air creates a “blocking effect” that
hinders water suction. Therefore, a calibration factor ¢ (¢ < 1) is introduced to correct these
differences in test conditions. The value of ¢ may be influenced by the following factors:

¢ o Cmax — €(20°,50%) 'f(T’,S) (15)
Cmax — (€) 400
where f(r, 5) is a function of pore size r and space factor s between air pores/voids. The space
factor is a critical parameter for evaluating the quality of air-entrained concrete, as it relates
to the material’s ability to resist freeze-thaw damage. In Northern Europe, air-entrained
concrete is widely used to mitigate the effects of environmental freeze—thaw cycles.

Quantifying this function remains a challenge and requires further characterization of
the pore systems in concrete (especially on air-entrained concrete). Consequently, this study
treats ¢ as an empirical parameter refined to fit the experimental data. While microstruc-
tural characterization offers insights into material geometry, directly measuring ¢ via
dry-saturation experiments avoids the scaling inaccuracies often introduced by theoretical
pore-structure formulations.

This calibration is necessary because of differing environmental conditions: the sorp-
tivity coefficient k is obtained via a standard suction test after pre-drying at 40 °C, whereas
the drying phase occurs at 20 °C for drying—-wetting cycles. In practice, the sorptivity
coefficients obtained under these distinct drying conditions vary significantly, and ¢ serves
to reconcile these differences.

3. Model Verification and Discussion
3.1. Model Verification

Table 2 summarizes the property parameters required for modeling the three types
of concrete. These values were derived from the experimental results and estimations
described previously, assuming ¢; = cmax. This assumption is based on the observation that
the drying period was not sufficiently long to reduce the initial moisture content (c;) in the
deep interior of the sample below its original saturation value (cmax). Notably, the cmax
value for Sample No. 1 is higher than that of Sample No. 2, which may be attributed to a
higher cement content or potentially less effective compaction in Sample No. 1.

Table 2. Parameters of concrete for simulation of moisture transport.

k D Cmax
No. (cm/s'?) (cm?/s) (c;) /CS 3 £ wlc
x 10-3 x 106 (g/cm®) (g/cm”)
No. 1 2.552 0.228 0.124 0.050 0.656 0.35
No. 2 3.186 0.474 0.109 0.043 0.682 0.40
No. 3 7.600 3.430 0.129 0.032 0.936 0.75

To evaluate the repeatability and reproducibility of the experimental results, a sys-
tematic replication strategy was implemented across the concrete mixtures. For Concrete
Mixes No. 1 and No. 2, two parallel experimental groups were established (for instance,
designated as “1-40-1” and “1-40-2” for Mix No. 1). Within each parallel group, 3 to
5 individual specimens were tested, aligning with standard practice for moisture transport
characterization. Conversely, initial testing of Concrete Mix No. 3 revealed a higher dis-
crepancy between the empirical observations and the numerical modeling predictions than
was observed for Mixes No. 1 and No. 2. To thoroughly evaluate and minimize the exper-
imental uncertainty associated with this specific highly porous mixture, two additional
parallel groups were prepared and tested, expanding the baseline dataset for validation.
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The moisture content for samples subjected to drying—wetting cycles was simulated and
solved using Mathcad software ((Version 14.0, PTC, Needham, MA, USA)), based on the
analytical model developed in this study.

A comparison between the simulated results and experimental data is presented in
Figure 4. The simulated results demonstrate excellent agreement with the experimental
data; for Samples No. 1 and No. 2, the relative error remained below 5% during the first
three drying—wetting cycles and below 10% during the fourth cycle. For Sample No. 3,
the simulated results showed good agreement with a relative error below 15%, which is
considered acceptable for such porous media.
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Figure 4. Comparison of the simulation results with the experimental data. (a) Sample No. 1 (1-35),
(b) Sample No. 2 (1-40), (c) Sample No. 3 (1-75).

However, the experimental data for Concrete No. 3 exhibited greater scatter than
those for Samples No. 1 and No. 2. This is likely because Sample No. 3 (with w/c 0.75)
possesses a larger volume of coarse capillary pores. These pores facilitate moisture transport
into the entrained and entrapped air voids, which effectively act as “water traps.” This
trapping mechanism introduces pronounced hysteresis behavior, thereby increasing the
uncertainty and complexity of the moisture transport dynamics in this specific concrete
type. Furthermore, No. 3 has a higher water-to-cement ratio than No. 1 and No. 2,
indicating a higher porosity, larger open pore volume, and reduced moisture hysteresis
compared with the other samples. Consequently, the value of ¢ for No. 3 is much closer to 1
than those of No. 1 and No. 2, meaning that the transport coefficients for No. 3 require less
calibration. This also suggests that the function f(z, s) for highly porous concrete requires
more precise determination in future research.

3.2. Analysis of Moisture Trends and Model Deviations

It is interesting to observe that the moisture content in the concrete generally decreased
after each drying-wetting cycle. Although the rate of suction (k) is higher than the rate of
diffusion (v/D), the total amount of water diffused out of the sample was larger than the
amount sucked in during cycles of equal duration. This occurs because diffusion (drying)
takes place across the entire exposure surface, whereas suction (wetting) occurs across a
reduced effective surface area. This effective area is further diminished with depth due to
the residual moisture trapped within the concrete. This residual moisture, which follows
the error-function distribution expressed in Equation (11), has been integrated into the
model developed in this study. Consequently, the simulated moisture profiles show a
strong fit with the experimental data.

After the third drying-wetting cycle, the simulated moisture profiles began to fall
below the experimental values. One possible explanation is that after five weeks of drying,
the internal moisture content (c;) dropped below the initial saturation value (cmax). Since
our simulation maintained the assumption that ¢; = cmax, this led to an underestimation of
the potential water suction capacity.
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Another contributing factor could be the development of micro-cracks resulting from
prolonged drying, which has been shown to increase the capillary sorptivity coefficient
k [37]. Moisture flow and associated drying can induce shrinkage strains and stresses
significant enough to cause cracking. As shrinkage triggers deformations and volume
changes, eigen-stresses may accumulate and eventually manifest as micro-cracks [38]. It is
highly probable that the shrinkage induced by moisture transport altered the fundamental
transport properties of the concrete over time.

4. Conclusions

This study proposed a novel analytical model for moisture transport in concrete under
cyclic drying and wetting conditions. Key material parameters, specifically the capillary
sorptivity coefficient (k) and the moisture diffusion coefficient (D), were determined through
standardized water suction and evaporation tests. The methodologies established here are
adaptable to various concrete types and different saturation standards.

A comparison between the analytical results and experimental data showed excellent
agreement, validating the distinct transport mechanisms assumed for the drying and
wetting phases. Consequently, the proposed model is recommended for predicting moisture
transport in concrete structures subjected to natural dry—wet cycles.

Specifically, the following conclusions were drawn:

1.  Drying Stage: Moisture transport in initially saturated concrete is governed by dif-
fusion driven by concentration gradients. The moisture distribution follows an
error-function solution to Fick’s second law, as reflected in the derived governing
Equation (7). The strong linear relationship between moisture loss and the square
root of time provides a reliable basis for determining the diffusion coefficient using
Equation (14).

2. Wetting Stage: Transport is dominated by capillary suction driven by capillary pres-
sure. The moisture gain is described by Equation (11), which combines the sorptiv-
ity function with the pre-existing error-function moisture profile from the drying
stage as an initial condition. The sorptivity coefficient is effectively determined from
Equation (10) via the Nordtest method (NT BUILD 368).

5. Limitations and Future Outlook

The calibration factor £ was utilized as an empirical parameter to reconcile discrepan-
cies in sorptivity coefficients caused by differing environmental conditions. This factor is
inherently linked to the pore size (1) and the space factor (s) between air voids. For highly
porous concrete with complex tortuosity, the function (1, s) requires more precise character-
ization. Future research should focus on quantifying this relationship through advanced
pore-system modeling to transition e from an empirical to a deterministic parameter.

Moreover, it should be emphasized that the focus of this study is restricted to validating
the foundational physics of the model under controlled laboratory conditions. While real-
world service conditions and a broader range of material mixes represent vital areas for
practical engineering, they fall outside the scope of this work and will be addressed in
subsequent investigations.
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Nomenclature
Cs surface moisture content [g/ cm?]
Ci internal moisture content [g/ cm?]

Cmax maximum moisture content [g/ cm’]
AWy  weight change per unit cross-sectional area after drying [g/cm?]
AW,  weight change per unit cross-sectional area after wetting [g/cm?]

k capillary sorptivity coefficient during wetting [cm/+/s]
D moisture diffusion coefficient during drying [em?/s]
€ calibration coefficient, ¢ < 1.
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