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Moisture diffusion influences the durability and long-term performance of concrete and whilst it predominantly
occurs via the cement matrix and Interfacial Transition Zone, most existing models consider concrete to be
homogeneous. This paper introduces a novel micro-meso model that employs random packing and Voronoi
tessellation. Rayleigh-Ritz pore distribution and Brunauer-Skalny-Bodor models are combined to determine the
radius and fraction of various pores. The results indicate that relative humidity diffuses faster with increasing
temperature, decreasing ambient relative humidity and tortuosity. Ambient relative humidity has a greater in-
fluence on diffusion compared to temperature and tortuosity. Numerical and experimental comparisons
demonstrate that the proposed methodology effectively captures relative humidity distribution across various
scenarios. Furthermore, explicit pore network modelling incorporates key parameters for a more accurate
analysis. Integrating the proposed methodology into a fully coupled hygro-mechanical framework can potentially
yield more accurate predictions of mechanical behaviour; enhancing the reliability of long-term performance
assessments and enabling more durable concrete design.

1. Introduction

Durability is of paramount importance for achieving a long service
life in concrete structures. Concrete, inherently porous in nature, is
susceptible to moisture transport, enabling aggressive chemical agents
to infiltrate and potentially trigger degradation mechanisms [1]. These
degradation processes can include chloride penetration [2,3],
alkali-silica reaction [4,5], and carbonation [2]. In this context, the
transport properties of concrete play a pivotal role in determining its
durability [6,7]. Moisture diffusivity, a fundamental property that
governs the rate at which moisture propagates through the material, is a
key parameter in assessing the resistance of concrete to the deleterious
effects of moisture-related phenomena. A robust understanding of
moisture diffusivity enables the development of strategies and materials
that can mitigate or even prevent these mechanisms of degradation,
ultimately extending the service life of concrete structures.

Numerous numerical models have been proposed to predict moisture
transport and capillary diffusion in cementitious materials [8-10]. At
the mesoscale, diffusivity of the various constituents (phases) of con-
crete (aggregates, interfacial transition zone (ITZ) and cement matrix) is
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required to predict the global moisture transport [11]. For this purpose,
theoretical equations for liquid and vapour water based on Darcy’s law
and Fick’s second law are widely employed to express the relationships
between moisture diffusion coefficient, water saturation degree and
relative humidity (RH) [12-15]. Building upon these principles, Caré
and Hervé [16] proposed a mesoscale model to predict the moisture
diffusivity of concrete at different volume fractions of coarse aggregate,
while Sun et al. [17] developed a multi-phase model that explicitly ac-
counts for the individual phases, including mortar, ITZ and aggregates,
as well as a homogenization phase. Huang et al. [18] proposed a
multi-scale model that accounts for the pore size distribution and frac-
tion to study moisture diffusion. Moreover, Dehwah and Xi [19] studied
the moisture diffusion mechanisms whilst considering different pore
sizes by employing molecular, Knudsen and surface diffusions. A
generalized self-consistent model was proposed to predict the moisture
diffusion in concrete including the influence of coarse aggregates [20].
Nevertheless, these theoretical models still necessitate the use of
empirically calibrated moisture diffusion coefficients, based on experi-
mentally determined parameters (e.g. time, RH, distance, temperature),
to express their relationship with moisture saturation and RH. Moreover,
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the measurement of these parameters is affected by material variability
and the precision of the instrumentation [21-24].

Wang and Ueda [25] employed both macro and meso models to
derive a theoretical solution for diffusivity by phase, assuming that most
diffusion occurs in the mortar and ITZ. However, as 2-D models do not
account for porosity and tortuosity of pore structures, these are unlikely
to provide accurate predictions for 3-D problems. Furthermore, most
models focus on the diffusivity of the phases, treating them as homo-
geneous, thus making it challenging to understand the impact of pore
structure on the diffusion process [18].

In contrast to mesoscale models, microscale models focus on
modelling diffusivity based on the microstructure characteristics of the
pore structure, which include volume fraction and size distribution.
Experimental techniques employed to obtain the pore structure features
include: micro imaging generated by X-rays (micro-CT), backscattered
electron imaging (BEI), and mercury intrusion porosimetry (MIP). The
MIP method can detect a wide range of pore sizes, spanning from 2.5 nm
to 10° nm. On the other hand, BEL and micro-CT offer two-dimensional
and three-dimensional images of pores, along with their spatial distri-
bution. Results show that concrete contains a diverse array of pores,
predominantly falling into four categories: (i) C-S-H gel pores (calcium-
silicate-hydrate), (ii) small capillaries, (iii) large capillaries and (iv)
voids [26].

Zhang and Ye [27] introduced a micro-model to predict moisture
diffusion in non-saturated cementitious materials, accounting for
different pore radii based on MIP measurements. However, the precision
of measured pore radii derived from the MIP method can be compro-
mised by the “ink-bottle” effect [28]. To address this limitation, a cy-
lindrical pore model, coupled with thermodynamic theories, can be
employed to more accurately predict moisture diffusion [29-32].
Furthermore, the pore size distribution can be characterized through a
multi-Rayleigh-Ritz (R-R) model encompassing various pore types [30].
This pore distribution model uses the pore type fraction and radii to
represent the pore density distribution.

Zhang et al. [33] developed a “Lattice Boltzmann” (LB) model for
moisture transport to investigate the water-gas diffusion in porous ma-
terials. However, they did not account for the gel pores in mortar,
despite other studies emphasizing their critical role in moisture diffusion
[34-36].

A more accurate prediction of moisture diffusion can thus be ach-
ieved by a model that links microstructural features to the diffusion
properties of cementitious materials. This can be accomplished by
converting the different micro-scale pore types into a homogeneous
mesoscale phase. Examples of this include applications of the Maxwell
model [37], the differential medium model [38,39], and the
self-consistent model [40]. However, these models do not consider
coarse aggregates and, hence, are more suited to model mortar rather
than concrete.

This paper presents the development of a mesoscopic model for
predicting moisture diffusion in concrete based on the Rayleigh-Ritz
pore size distribution model. A Voronoi diagram is used to generate a
mesh for pores, ITZ surrounding randomly positioned impermeable
aggregate, and mortar, resulting in a 2-D concrete mesoscale model. A
time-dependent model is employed to account for non-steady state
diffusion and predict the moisture transport through the pores and ITZ.
The proposed model is validated against experimental results. Based on
this model, the specific phases of pores and ITZ will contribute towards
more precise descriptions of the RH distribution and evolution in con-
crete. Because of its enhanced predictive capabilities, the model derived
herein can be used to study multi-phase coupled problems, such as
thermo-hygral, hygro-mechanical, or thermo-hygro-mechanical prob-
lems. Integrating the proposed methodology into existing mechanical
frameworks will lead to an increased accuracy in the prediction of the
mechanical response of the material, including shrinkage, creep and
crack development effects. This in turn will enhance the reliability of
long-term performance assessments and facilitate the design of more
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durable concrete structures.
2. Geometric properties of mesoscale model

The approach adopted combines the mesoscale geometry and
microscale theory to develop the micro-meso (MiMe) model to simulate
moisture diffusion. The following sections describe the parameters that
are necessary to define the geometry of all concrete constituents e.g.,
mortar, aggregate, ITZ and pores, and presents the methodology used to
develop the mesoscale model.

2.1. Distribution and shapes of aggregate

The Monte Carlo method is used to locate the centroid and diameter
of each aggregate and generate their in-plane spatial distribution [41,
42], which is expressed as:

{X = Xmin + i(xmax - xmin) (1)
Y = Ymin +j(ymax —}’mm)

where, Xmin, Xmax, Ymin> Ymax are the lower and upper limit of the con-
crete plane in x and y directions, respectively; and i and j are random
numbers sampled between 0 and 1.

Specific rules regarding the judgement of interaction between ag-
gregates are imposed to avoid overlap of individual aggregates and
ensure that each aggregate is located within the boundaries of the
specimen, which are expressed as:

VE—x)+y-y)*=> (d;d') 2

where, x’, y’ and d’ are the coordinates of previous aggregates and di-
ameters, respectively.

Based on the mix design (in kg/m3: water 168, OPC 420, river sand
718 and crushed granite aggregate 1127; and the density of the aggre-
gate (2700 kg/m®) a volume ratio of 42 % aggregate is determined and
used to generate the aggregate mesh) [18]. Three size groups are
considered based on the grading curve of Mora’s sample [43] to create a
reasonable aggregate size distribution (4.75-9.5 mm —28.4 %, 9.5-12.5
mm - 63.6 % and 12.5-16 mm 8 %).

Polygonal aggregates with a diameter ranging from 4.75 to 16 mm
are created by employing the Fuller distribution [44] to generate the
number of edges and angles of polygon (x). A typical two-dimensional
random polygon aggregate model is shown in Fig. 1.

2.2. Geometric properties of the ITZ

Although the ITZ enhances the pore network connectivity, it also
affects the overall tortuosity and complicates the diffusion process in
ways that cannot be easily quantified. As a result, diffusion within the
ITZ is often treated similarly to diffusion within the pore network [45].

The diffusion properties of the ITZ are dominated by total pore
volume within this zone. Moisture transport is assumed to occur
exclusively within the ITZ, which can be visualised as the zone sur-
rounding the aggregates with a thickness “t” (see Fig. 2), and does not
occur through the interfaces with mortar and aggregates. The thickness
of the ITZ is generally considered to be of the order of 0.05 mm [18],
hence this value is adopted in the present study.

2.3. Mortar pore structure

In this study the bulk of the mortar matrix is considered to be
impermeable, akin to aggregates. Therefore, the diffusion process occurs
exclusively through a network of interconnected pores, capillaries, and
ITZ. As continuous interconnectivity of the pore structure is assumed,
the formation of percolating paths is inherent to this model and inde-
pendent of aggregate size and content.
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Fig. 1. 2-D random distribution of polygonal aggregates.
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Fig. 2. 2-D random distribution of polygonal ITZ.

To create the capillary structure, the Voronoi tessellation method for Voronoi regions within the mortar. These nodes are interconnected via
polygonal geometrical elements [46] is adopted. This method generates equidistant segments that either intersect or meet at the ITZ, as depicted
an array of randomly allocated nodes, located at the centroid of the in Fig. 3(a) and (b). The nominal width of these capillary segments is set
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at 0.3 mm and the total area of the capillary network is determined on
the experimentally derived porosity from MIP or other methods.

3. Theoretical framework for diffusion through capillary
structure

Moisture transport in concrete is driven by flow potential, resulting
in both diffusion (for vapour water) and permeation (for liquid water)
that lead to desorption and adsorption [47-49]. Desorption occurs when
concrete is exposed to an environment with relatively low RH. Liquid
water diffuses due to capillary stress, whilst vapour water diffuses
through pores that are partially unoccupied (by liquid) due to gas
pressure differential.

According to the extended Darcy’s equation, the flow rate of liquid
water (Jg, (kg-m’zs’l)) can be expressed as follows:

9p.

Jo=—K.(h) o

3
where K}, (s) is the diffusion coefficient of liquid water as a function of h
(RH %), p. (Pa) is the capillary pressure.

The relationship between RH and capillary stress is obtained using
Kelvin’s equation and expressed as follows:

pRTInh
c= = Tw (€]
where M,, is the mass of water per unit molecule (kg/mol), p; is the
density of liquid water (kg/m>), R is the universal gas constant
u -K’lmol’l), and T is the temperature at the point under consideration
(K).
Fick’s law is employed to express the flux balance of water mass in
the diffusion process of vapour:

(5)
where Jy is the diffusion flux of water vapour (kg-m_zs_l), Ky is the

diffusion coefficient of vapour water varying with h (RH %). The vapour
relative humidity is defined as the ratio of vapour to saturated vapour

(b)

Fig. 3. (a) capillary structure, and (b) overall network.

pressure, h = py/pys. Thus, the diffusion of vapour water is expressed as:

oh

Jy= — Ky(h)pvs— 6

v v(R)pys o (6)

where Jy is the vapour flow rate (kg-m’zs’l), pv (Pa) is the vapour
pressure, pys (Pa) is the saturated vapour pressure.

For mass balance, the rate of water mass change per unit volume is

equal to the difference of moisture flux J across the boundaries of an

infinitesimal control volume, which is expressed as:

w_
at

v-J )
By combining Egs. (3)-(7), the diffusion process including liquid and

vapour water is obtained as:

owoh 0 (. pRT dh oh
oh ot ox (KLMwh a*’(vp%)

®

where ow/oh is the slope of the adsorption or desorption isotherm, w and
h are the water content and RH due to moisture diffusion (w = w, - Aws,
h = h, - Ahg), w, and h, are total water content and RH in concrete, Aw;
water loss by hydration process, Ah is the RH reduction due to hydration
process.

To predict the moisture diffusion, both vapour and liquid perme-
ability of concrete (in Eq. (8)) are needed. These diffusion coefficients,
which make up the total diffusivity, depend on the pore radius and
distribution and can be obtained using the Rayleigh-Ritz model.

3.1. Rayleigh-Ritz (R-R) distribution for pores

To determine the diffusion coefficients for vapour and liquid water,
the diameter and portion of each type of pores needs to be considered.
Huang et al. [18] categorize pores based on their diameters into the
following types: 1) C-S-H gel pores (smaller than 2.5 nm), 2) small
capillaries (from 2.5 nm to 50 nm), 3) large capillaries (from 50 to 105
nm), and 4) voids (greater than 105 nm). However, the larger voids
(>105 nm) are normally closed pores that lack connectivity and do not
affect the diffusion processes. Moreover, the presence of microcracks
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(width more than 1 pm) also impacts moisture transport and should be
incorporated into the pore size distribution model.

The R-R model can be employed to disaggregate the MIP curve to
determine the distribution of each type of pore [50]. The volume frac-
tion of each pore type (¢;) and their representative radius (r) are used to
delineate the distribution of each type of pores, expressed as:

4
P=9.> (1 —exp (%)) ©)
1 1

where ¢, is the porosity of concrete, and ¢; is the ratio between the
porosity of pore type i and the overall porosity. B; is the pore radius
corresponding to the peak of the differential porosity for each pore type
on a logarithmic scale.

A random connection of tubular geometry capillaries is adopted to
simulate the entire pore structure [50]. Hence, the pore size distribution
is related to the density distribution of pores fg, which is expressed as the
derivative of porosity to pore radius r:

4
b; r
fa=¢. —'eXP(——) (10)

From Fig. 4, the saturation degree S, can be obtained by integrating
the pore specific surface area and the thickness of water molecules along
the radial direction:

s,:% / fulr)dr an

where r. is the critical radius (i.e. the pore radius below which capillary
condensation can occur), and it is given by the sum of the capillary
condensate radius ri and the thickness of the absorbed water on the pore
wall t,, as shown in Fig. 4.

To derive the analytical solution for the R-R model, the well-
established water saturation degree solution model by Brunauer-
Skalny-Bodor is employed along with the empirical functions intro-
duced by Xi et al. [51] to calculate the saturation degree. The
Brunauer-Skalny-Bodor model thus reduces to the two-parameter (C and
k) formula shown in Eq. (12):

h(1 —k)[1 + (C— 1)k]

S =T —’m)[1+ (C — 1)kh]

(12)

The parameters, ¢; and B;, can be obtained by combining Egs. (10)
and (11) and Eq. (12) and implementing a curve-fitting method [52].

3.2. Diffusivity of vapour and liquid water

In concrete, vapour water flows through capillaries into the pores
and this movement depends on the flow potential due to difference in
RH. The Knudsen’s theory is employed to describe the collision between
molecules and collision against pore walls of vapour water diffusion.
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The vapour water diffusion coefficient, ky, can be expressed using the
following equation [53]:

DV(I MW
he U () )

where [, is the mean free path of water molecules, r, is the actual radius
of the pore, which is equal to rx (shown in Fig. 4), D, is the permeability
of vapour water in air as given below [53]:

P T 1.88
Dy :Do?0 (T—O) 14

where Dy is the vapour water diffusion coefficient at pressure Py and
temperature Ty (Dg = 21.6 x 10-6 mz/s, Py=11325Pa, Tp = 273.16 K)
[53].

The diffusion coefficient of unsaturated concrete, Ky, is obtained
using Eq. (15) by integrating over the pore size range [50]:

©ky r—tg\?
Ky = / T(T> fa(r)dr (15)
where 7 is a parameter representing pore tortuosity and it is taken as T =
(n/2)? [50,54].

As proposed by Ishida et al. [54], the permeability of liquid water can
be expressed as a function of moisture flux balance based on the
Hagen-Poiseuille equation [54], and the diffusion coefficient of liquid
water can be determined as:

([ ) 2 16)

where py, is the density of liquid water, 7 is the viscosity of liquid water.

For concrete, the convective process at the surface also needs to be
considered. Based on the mass balance between ambient air and con-
crete, the diffusion flux to air can be expressed by Ref. [55]:

_ DvaMw vx.hb — he
RT o

KL:

PL
872y

J= 17
where hp and h, represent the relative humidity on the concrete surface
and the ambient relative humidity, respectively. The parameter § is the
effective thickness of the concrete boundary, which can be taken to be
about 25 mm [51].

3.3. Discretization and numerical implementation

The finite element method (FEM) is employed to determine the
moisture diffusion in the pore structure by using a specially formulated
User Defined Element (UEL) subroutine in Abaqus. In the FEM imple-
mentation, Q = HP is the domain representing the moisture diffusion
region, with D being the space dimension (D = 2) and 0Q representing

t,

Fig. 4. Moisture sorption within a capillary with saturated flow.
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the boundary.

Starting from Eq. (8), multiplying by an arbitrary variational field
that satisfies the essential boundary conditions sh and integrating over
Q, the following weak form function of the diffusion process can be
obtained:

oh _oon
ot ot
of(h) ook

o o™ a®

ow 05h osh__ p,RT oh  dsh oh
o bdo = [ == — 4= —dQ
/Q{ oh ot }d /Q{ I My ax T ox Kvpvsax}d
To solve Eq. (18), the format of the weak form function is described
as:

/@K/’LRT@ 9h,  oh dw dsh
L ox “Mgh ox  ox PYax T on ot

}dQ:O 19

Taking into account the boundary conditions described in Eq. (17),
the Knudsen number is employed to describe the collision between
molecules and collision against pore walls of vapour water diffusion,
whilst the Hagen-Poiseuille theory is employed to obtain the perfor-
mance of liquid water diffusion, hence, the adsorption and desorption
moisture diffusion function is obtained as follows:

/ {a5hK p,RT 0h dsh_ ok awaéh} P
Q

ox My ox | ox P¥ax oh ot

(20)
7/ 5h{Dme Vs h - he}dagzo
0Q

RT d

The Galerkin approach assumes that the variational field, 6h, can be
expressed by the following function:

Sh=Nysh" 21)

where SKY is the nodal RH, Ny is the matrix of shape functions de-
rivatives for the scalar fields (Nt = [N, N2, N3, N4]).
Substituting Eq. (21) into Eq. (20), the following is obtained:

ol ox “Myhox  ox “%ox oh ot
ShY =0 (22)

DvaMw Vs h— he
f/mNT{iRT = }dag

Since the sh" is arbitrarily chosen, the weak form function of mois-
ture diffusion can be expressed as:

/% pRT Ok ONr oh owdNr) ..
U ox “Myh ox  ox PY¥ax T on ot

DvuMw Vs h— he
—/mNT{iRT = }dagz

The discretization of this diffusion system at element level can be
described as follows:
{ Vh = Brh"

~ ~N
h = Nrh

=0 (23)

(24)

where i is nodal incremental relative humidity. Br is the matrix of
shape function derivatives for the tensor fields (By = [dN;/0x, dN2/0x,
0N3/0x, ON4/0x]).

Using the Galerkin method [56], the solution equation for FEM can
be obtained by combining Eq. (23) and Eq. (24):

/ NI W e + / BIK,” WRT R 0y + / B;Kvpvsa—h do
Q Q Q

Tot oh Myh ox ox
_ NTDvaMw Vs (hs - he) dS . 0 (25)
o | RT 5 N

A modified Newton-Raphson method is utilized to obtain the
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solution for this non-linear diffusion equation [56], which is expressed
as:

Nr ow p.RT
NI— —dQ BYK;“L""B.dQ / BIKypysBrdQ
{[) TAL Oh +[)TLMWhT +QTVPVST

D,.M, N.
_ NT vaiViwpPys _TdS hN
o © RT 6

oh ow »,RT dh oh
_ TZ2" 7% T L - T i
- /Q N o /Q BIKAE Slda s /Q BIKypus, 40

_ / NiDvaMupss (s = he) 4 (26)
0Q

RT 13
4. Validation of model
4.1. Parameters of model

The model was verified using experimental data by Huang et al. [18].
Prismatic specimens (100 mm x 150 mm x 300 mm) (Fig. 5) were cured
in a chamber at 23 °C and 100 % RH for 90 days. It was assumed that the
hydration process was substantially complete by this stage. After curing,
the perimeter of the specimens was sealed and stored in a chamber at
23 °C and 18 % relative humidity for 30 days.

Table 1 shows the R-R pore distribution parameters as obtained by
Huang et al. [18], whilst Fig. 6 shows the moisture diffusivity based on
the methodology discussed in Section 3.2.

It should be noted that when the pore distribution parameters are not
determined experimentally, their values can be estimated as discussed in
Section 3.1.

4.2. Comparison between experimental data and simulation results

The RH distribution in the sample can be predicted by the MiMe scale
model, introduced above, by using the data and parameters given in
Section 4.1. Fig. 5 (b) shows the FEM model developed for the cement
matrix, aggregate, and ITZ pore structures; using the method described
in Section 2 as well as the initial boundary conditions. The RH evolution
in the pore network for the top and bottom 20 mm at different times (i.e.,
7, 14 and 30 days) is shown in Fig. 7.

A comparison of the predictions with the experimental data at 30
days is given in Fig. 8. The results overall are in good agreement.
However, due to the tortuosity of the pore structure, the RH distribution
along the length of the specimen at each depth is not perfectly uniform
as for a homogeneous material (see Fig. 9). Fig. 10 (a) shows the RH

Sealed surface

Section

Exposed
to air

(@ (b)

Fig. 5. (a) Sealing conditions of sample, and (b) FEM model of sample.
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Table 1
Parameters for R-R pore distribution model.
b1 B; (nm) P2 B3 (nm) o) B3 (nm) ba By (nm)
Sample 0.042 1.01 0.056 5.00 0.020 32.05 0.012 571.80
3 005-10 { \ BTN [ F.
RH: 5 101520253035404550556065707580859095
. 100
@ 2. 50E-10 o
E 2. 00E-10
32
: !
§ 1. 50E-10 < 50
£ |
Z .
& 1. 00E-10 $
[=)
_ - - 0
5. 00E-11 | /— 0 50 100 150 200 250 300
"4
0. 00E+00 T T T T 1
0 20 40 60 80 100
RH(%)
(a)
3.1E-10
3. 00E-1 2.8E-10
2.5E-10
2.2E-10
1.9E-10
L61E-10
1.31E-10

1.O1E-10

7.08E-11

— 4.09E-11

LIE-11

(b)

Fig. 6. Diffusion coefficient as a function of (a) RH, and (b) RH and radius.

distribution in the pore structure of the sample, and the variation of RH
with depth at five different sections along the length of the specimen. As
expected, the RH drops rapidly near the boundaries, but is still almost
fully saturated in the middle (98 %).

4.3. Parametric investigation

The effect of ambient relative humidity, temperature and tortuosity
on the diffusivity of concrete is shown in Fig. 11(a) and (b) and (c),
respectively. The depth of 8 mm is used for these results. As expected,
moisture transport increases with a decrease in ambient RH (see Fig. 11
(a)) since this creates a higher flow potential at the concrete-air
boundary, increasing the evaporation rate at the concrete surface. The
effect of increasing temperature in 20 °C increments is shown in Fig. 11
(b). As the temperature increases, the RH drops faster to a small extent
the diffusion ability of concrete [53]. On the contrary, increased tortu-
osity slows down moisture diffusion by extending the diffusion paths.

The sensitivity of the diffusion model to the main investigated pa-
rameters is shown in Fig. 12. In the figure, RH,cf is defined as the
reference environment characterized by T = 20 °C, RH = 20 % and,

Fig. 7. RH evolution along time, (a) RH distribution at 30th day, (b) Bottom-
left corner at 7th day, (c) Top-left corner at 7th day, (d) Bottom-left corner at
14th day, (e) Top-left corner at 14th day, (f) Bottom-left corner at 30th day, and
(h) Top-left corner at 30th day.

assuming a tortuosity 7 = 2.5. The relative change in RH resulting from
exposure to different environmental conditions and values of tortuosity
is presented. Increasing the temperature by 20 °C or 40 °C, decreases RH
by about 3 % and 10.8 %, respectively. Increasing the ambient RH by 20
% or 75 % results in an increase in RH by about 20 % and 50 %,
respectively. A change in tortuosity from 2.5 to 2.2 and 2.8, results in
changes in RH that vary from —4.8 % and 5.5 %, respectively.
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Fig. 8. Comparison between experimental data and simulation results at different depth, (a) 8 mm and 13 mm, and (b) 18 mm and 23 mm.
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Fig. 9. (a) RH distribution within the pore network and location of measuring depths, (b) RH distribution at a depth of 8 mm and 13 mm from top and bottom, and

(c) RH distribution at a depth of 18 mm and 23 mm from top and bottom.

5. Effects of mesostructural features on moisture diffusion

As a typical multi-phase composite material, concrete can be seen as
a heterogeneous system with exceedingly complex composite structure
at the mesoscopic level. Based on previous models, the important fea-
tures of concrete are the heterogeneities induced by the addition of
coarse aggregate and fine aggregate into the mortar matrix, resulting in
the formation of ITZ, and a porous component comprising of mortar.
Therefore, the effects of ITZ thickness, fine aggregate content and shape
of coarse aggregate are investigated.

5.1. ITZ thickness effect of model

According to previous literature, the ITZ can be modeled as a thin
bond layer between aggregate particles and matrix, typically with a
thickness ranging from 10 to 50 pm [57]. To investigate the effect of ITZ
thickness, thicknesses of 10, 20, 30 and 40 pm are considered. The same
distribution, shape and size of aggregate, and pore structure are
employed to minimize the effect of other geometric features. It should be
noted, however, that the value of the ITZ thickness affects the porosity of
the ITZ phase, an in turn the total porosity, albeit slightly, as shown in
Table 2. The RH evolution at 8 mm depth with different ITZ thickness is
shown in Fig. 13.
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Fig. 10. (a) RH distribution within the pore network and location of measuring sections, and (b) RH distribution along the depth of the sample at different sections.

From Fig. 13, the RH evolution (at 8 mm) slightly increases from
58.4 % to 60.3 %, which shows that a decrease in ITZ thickness reduces
moisture diffusion. This can be attributed to the fact that a decrease in
ITZ thickness increases the representative tortuosity of the pore phase,
thus decreasing total porosity.

5.2. Fine aggregate effect

To investigate the effect of fine aggregate on moisture diffusion,
different volume fractions (3 %, 6 % and 9 %) are considered. As the
inclusion of higher volume fractions of fine aggregates would prove
computationally costly, and was not deemed to provide any further in-
sights, only these three cases were examined. The resulting aggregate
distributions are shown in Fig. 14. The other geometric features, such as
volume fraction and distribution of the coarse aggregate and pore
structure remain the same. However, the porosity changes slightly with
the inclusion of fine aggregate, as shown in Table 3. The RH evolution at
8 mm depth with the different fine aggregate contents is shown in
Fig. 15.

From Fig. 15, the RH evolution (at 8 mm) is found to slightly in-
crease, from 58 % to 60 %, with the addition of fine aggregates. This
shows that the increase in the volume fraction of fine aggregates slightly
reduces the moisture diffusion inside concrete. This results from the
decrease in the representative tortuosity of the pore phase, as well as the
total porosity of the sample. However, this effect is marginal and, given
the high computational costs associated with the generation of the
higher number of aggregates, a simplified model only including the
coarse aggregated can be adopted.

5.3. Shape effect

To investigate the effect of coarse aggregate shape, two types of
aggregate with spherical and ellipsoidal shapes are examined. To
minimize the effect of other geometric features, the same pore structure
is employed. The models are shown in Fig. 16. The porosity details of
different phases are shown in Table 4. The RH evolution at 8 mm depth
with different aggregate shapes is shown in Fig. 17.

From Fig. 17, it can be seen that the RH evolution (at 8 mm) changes
slightly with different shapes of coarse aggregate, ranging from 58.1 %
for spherical aggregate to 58.4 % for polygonal aggregate and 58.8 % for
ellipsoidal aggregate. However, again this change is marginal and a
correction is needed only if the aggregates are substantially flaky or fibre
like.

6. Validation of MiMe model
6.1. RH distribution in hardened concrete

The model is verified using experimental data by Jin et al. [58]. One
hundred mm cubes were cured in a chamber at 22 + 2°Cand 95 + 5 %
RH for 60 days. It was assumed that the hydration process was sub-
stantially complete by this stage. After curing, 5 sides of the samples
were sealed with epoxy resin while only one side was left exposed. The
specimens were subsequently stored in a chamber at 30 °C and 30 % RH
and RH measurements inside the concrete at two different depths from
the exposed surface (5 mm and 30 mm) were taken for 30 days. Table 5
shows the parameters of the R-R pore distribution model, determined
using the procedure described in Section 3.1. The drying moisture
diffusion obtained from the implementation of the proposed model for
the entire cube is shown in Fig. 18.



S. Meng et al.

T=20Ct=25

Cement and Concrete Composites 155 (2025) 105836

RH=20%1t=2.5

— T=20TC
— T0T
— T=60C

iG 1 1 1 1 1 ] io 1 L 1 L 1 1
€ 5 10 15 20 25 30 o 5 10 15 20 25 30
Time(d) Time(d)
(a) (b)
100,
ey,
90 RH=20% T =20C
=80
e
70t
60}
'c 1 1 1 1 1 1
) 5 10 15 20 25 30
Time(d)
(©
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Table 2

Porosity for different phases with varying ITZ thickness.
Model Porosity (%)

ITZ Pores Total

ITZ-50 1.02 11.9 12.92
ITZ-40 0.82 11.9 12.72
1TZ-30 0.61 12.0 12.61
ITZ-20 0.41 12.0 12.41
ITZ-10 0.2 12.05 12.25

10

The RH evolution in the pore network for the top 5 and 30 mm
sections is shown in Fig. 19 versus time up to 2800 h. The predictions are
overall in good agreement with the experiments, which confirms the
ability of MiMe in predicting the RH distribution in hardened concrete.

6.2. RH distribution in early age concrete

The model is further verified for early age concrete using experi-
mental data by Wei et al. [59]. Three beam specimens (1000 mm x 100
mm x 38 mm) were cast and sealed completely before being stored in a
chamber at a temperature of 23 + 2 °C and 40 + 5 % RH. The specimens
were then unsealed from the top surface at different times (7, 28 and 50
days) so as to measure the RH changes induced by self-desiccation and
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Table 3

Porosity for different contents of fine aggregate.
Model Porosity (%)

ITZ Pores Total

Sand-0% 1.02 11.90 12.92
Sand-3% 1.28 11.27 12.55
Sand-6% 1.58 10.65 12.23
Sand-9% 1.93 10.01 11.94
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Table 4
Porosity for different phases with different shape of aggregate.

Model Porosity (%)

ITZ Pores Total
Polygonal aggregate 1.02 11.90 12.92
Spherical aggregate 0.91 11.86 12.77
Ellipsoidal aggregate 0.90 11.89 12.79

the drying process. In this sample, the RH change due to self-desiccation
is directly obtained from RH evolution of the sealed sample. As for the
heat generation during hydration process of small samples, any tem-
perature increase is transient and its effect was ignored in this study.

Table 6 shows the parameters for the R-R pore distribution model
determined using the procedure described in Section 3.1. The FEM
simulated drying moisture diffusion for the entire beam is shown in
Fig. 20.

The RH time history at mid-height (19 mm) is shown for all three



S. Meng et al.

100,
90
—— Polygonal aggregate
| —— Spherical aggregate
~80F — Ellipsoidal aggregate
&
70F
60
SG 1 1 " 1 " 1 1 1 " 1 L ]
0 S 10 RE 20 25 30
Time (d)

Fig. 17. RH evolution with different shape of coarse aggregate.

beams in Fig. 21. The numerical predictions are in good agreement with
the experimental data, confirming the accuracy of MiMe in predicting
the RH distribution in early age concrete.

6.3. RH distribution in concrete with different water-cement ratios

The model was further verified using experimental data for concrete
with different W/C ratios (0.28, 0.4 and 0.68) by Kim and Lee [60].
Prismatic specimens (100 mm x 100 mm x 200 mm) were submerged in
water for 3 days. After water-curing, some specimens were exposed to a
constant temperature of 20 = 1 °C and RH 50 + 2 %. Fully sealed
specimens were also examined to consider the RH evolution of
self-desiccation.

Table 7 shows the parameters for the R-R pore distribution model
determined using the procedure described in Section 3.1. The FEM
simulated drying moisture diffusions for the three prisms are shown in

Cement and Concrete Composites 155 (2025) 105836

Fig. 22.

The RH time evolution in the pore network for the top 120 mm up to
60 days is given in Fig. 23. The predictions obtained using the MiMe
model are in good agreement with the experimental data, thus con-
firming the ability of the proposed model to capture the effect of
different W/C ratios on RH distribution.

6.4. Accuracy of the simulation results

The average absolute error (AAE) (Eq. (27)) [61] between experi-
mental data and simulation results for the different case studies dis-
cussed in the previous sections are summarized in Table 8.

NP
i T

N

AAE= 27)

where (x){™ are the simulation results and (x){* are the experimental
values, N is the total number of RH data along with time.

It can be seen that the AAE values for all examined cases are below 2
%, which confirms that the proposed MiMe model can adequately
simulate the diffusion and drying process in concrete.

7. Conclusions

To predict moisture diffusion in concrete, a MiMe (micro-meso)
model based on Voronoi tessellation and the Monte Carlo method is
proposed. The model utilizes a Rayleigh-Ritz (R-R) pore distribution to
obtain the diffusion coefficient of concrete, taking into account vapour
water diffusion and liquid water permeability. The main conclusions
from this study are:

(1) Using the Monte Carlo method and Voronoi tessellation to
generate the geometry and spatial distribution of aggregate, ITZ,
and pores, is a viable and flexible method that allows for the
tortuosity of concrete to be taken into account directly in the
modelling process.

(2) The correct determination of the diffusion coefficient (vapour
and liquid water) and pore size distribution (using the R-R model)

Table 5
Parameters for R-R pore distribution model of harden concrete.
$1 B (nm) b2 B, (nm) $s3 B3 (nm) b4 B4 (nm)
PC1 0.0512 0.681 0.0498 2.17 0.0154 11.4 0.0064 571.8
PC2 0.0432 0.657 0.0421 2.01 0.0129 10.2 0.0054 562.4
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Fig. 18. FEM model for (a) PC1, and (b) PC2 samples.
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Fig. 19. Comparison between experimental data and simulation results for (a) PC1, and (b) PC2 samples.

Table 6
Parameters for R-R pore distribution model of early age concrete.
b1 B; (nm) b2 B (nm) b3 B3 (nm) oA B4 (nm)
sample 0.04 1.06 0.06 6.32 0.012 73.8 0.008 571.80
RH: 5 1015202530354045505560657075808590095
Fig. 20. FEM model for beam sample.
at the micro level is essential for developing accurate meso-scale
100 models. In the present study moisture diffusion in concrete was
described with a maximum error 1.64 %.
95 Fully sealed (3) Moisture diffuses faster with increasing ambient temperature (RH
r diffusion increase from 2 % to 10 %), decreasing RH (RH diffu-
90 |- sion increase from 1 % to 50 %), and decreasing tortuosity (RH
r diffusion increase from —2% to 5 %). The parametric analysis
. 85 S, shows that the ambient RH has a more substantial impact on
g\cl r Exposed at = moisture diffusion compared to temperature and tortuosity.
E 80 F 28 day (4) The RH distribution at a given depth is significantly affected by
b the assumed tortuosity.
75 L (5) Moisture diffuses slightly faster with decreasing ITZ thickness
t and decreasing fine aggregate fractions. The shape of coarse
70 . Experimental data aggrega?e has a minor (.effect on .m(.)isture diffusior.l.
L I P (6) Comparisons of numerical predictions and experimental results
65 show that the RH evolution can be adequately predicted for early
L age concrete, hardened concrete and concretes with different W/
60 . I . | : 1 ; 1 " | C ratios.
0 10 20 30 40 50
Time(d) Integrating the proposed methodology into a fully coupled hygro-

Fig. 21. Comparison between experimental data and simulation results for
specimens exposed to unidirectional drying at different ages.

mechanical framework will allow for more accurate predictions of the
mechanical behaviour under load. This in turn will enhance the reli-
ability of long-term performance assessments and facilitate the design of
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Table 7

Parameters for R-R pore distribution model of different W/C concrete.
W/C 1 B; (nm) 2 B (nm) @3 B3 (nm) b4 B4 (nm)
0.28 0.055 0.99 0.036 7.26 0.017 65.2 0.017 551.7
0.4 0.045 1.01 0.04 6.94 0.025 72.1 0.032 553.2
0.68 0.037 1.04 0.05 6.32 0.035 73.8 0.041 557.80
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0.2 gagy
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Fig. 22. FEM model for samples with W/C equal to: (a) 0.28, (b) 0.4, and (c) 0.68.
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Fig. 23. Comparison between experimental data and numerical predictions for specimens with W/C equal to: (a) 0.28, (b) 0.4, and (c) 0.68.
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Table 8
AAE between simulation and experiments.

Cement and Concrete Composites 155 (2025) 105836

Model AAE (%) at different depths (mm)
5 8 13 18 19 23 30 70 120
Huang Q [18] - 1.38 0.27 0.21 - 0.26 - - -
PC1 [43] 1.64 - - - - - 1.94 - -
PC2 [43] 1.56 - - - - - 1.10 - -
Exposed at 7th day [59] - - - - 0.81 - - - -
Exposed at 28th day [59] - - - - 0.66 - - - -
Full sealed [59] - - - - 0.25 - - - -
W/C-0.28 [60] - - - - - - 0.70 0.46 0.61
W/C-0.4 [60] - - - - - - 0.79 0.49 0.15
W/C-0.68 [60] - - - - - - 0.59 0.54 0.34
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