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Abstract 18 
Moisture transport is the key phenomenon indicating the deterioration of the durability and 19 
structural performance of concrete structures. Although various studies have attempted to 20 
evaluate moisture transport in concrete, an anomalous behavior, which does not follow the root-21 
t law compared to other porous material, was not explicitly taken into account. To quantitatively 22 
evaluate anomalous moisture transport, this study developed a couple of numerical methods 23 
between the truss-network model (TNM) and the rigid-body-spring model (RBSM) for this 24 
purpose. The colloidal behavior of calcium-silicate-hydrate (C-S-H), which is the major phase 25 
of cement-based material, was introduced to consider the anomalous behavior and mechanical 26 
response regarding the microstructural change of cement paste as well as cracks that 27 
significantly accelerate the moisture transport in concrete. The numerical results indicated that 28 
both microstructural change of cement paste and rapid absorption through cracks cause 29 
anomalous behavior. In addition, the numerical results suggest that volumetric change of 30 
cement paste should rely on water content related to the colloidal behavior of C-S-H in order 31 
to reproduce the realistic expansion and the closure of cracks during a rewetting process that 32 
affects structural performance and durability of concrete. 33 
Keywords: Anomalous moisture transport, Microstructural change, Concrete, C-S-H, Cracks 34 
 35 
 36 
1. Introduction 37 
Moisture transport in concrete has been highlighted as the key phenomena that indicate the 38 
deterioration of structural performance and durability of RC structures. In term of structural 39 
performances, various studies clarified the impact of moisture content on mechanical properties 40 
of concrete such as compressive strength, tensile strength, Young’s modulus, etc. (Pihlajavaara, 41 
1974; Sereda et al., 1966; Wittmann, 1968; Yurtdas et al., 2004b, 2004a, 2006, 2015) and 42 
structural performance of RC members (e.g., initial stiffness, strength, natural frequency, etc.) 43 
(Maruyama, 2016, 2022; Nakarai et al., 2016; Sasano et al., 2018; Sasano & Maruyama, 2019; 44 
Sato & Kawakane, 2008; Satya et al., 2021; Tanimura et al., 2007). In terms of durability, 45 
moisture evaporation cause drying-shrinkage cracks in concrete, which have been clarified as 46 
the accelerator for mass transport such as moisture (Van Belleghem et al., 2016; K. Wang et al., 47 
1997; Yang et al., 2006; P. Zhang et al., 2010, 2017), chloride (Aldea et al., 1999; Asselin et al., 48 
2023; Rodriguez & Hooton, 2003), carbon dioxide (De. Schutter, 1999), and radioactive 49 
substances (Yamada et al., 2019) that could lead to the severe damage for concrete. 50 
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Regarding the aforementioned influence of moisture content, it is necessary to 51 
quantitatively evaluate the moisture transport in concrete. However, the moisture transport in 52 
concrete is not as simple as other porous materials because anomalous behavior has been 53 
reported. Therefore, the quantitative evaluation of moisture transport and mechanical response 54 
in cement-based material (CBM) could not be reproduced based on the traditional approach. In 55 
the traditional concept, concrete was considered a rigid porous material. Thus, the moisture 56 
transport characteristics were evaluated based on the root-t law, which is the basis of various 57 
theories elucidating the linear relationship of moisture transport characteristics with the square 58 
root of time such as Fick’s law of diffusion (Paul et al., 2014), Lucas-Washburn equation for 59 
the dynamics of capillary flow (Washburn, 1921). However, Hall et al. (1995) reported 60 
anomalous capillary liquid water absorption in the cementitious material. The moisture 61 
characteristics (e.g., penetration depth and absorbed water amount) in CBM follow the root-t 62 
law at the initial stage, however, the slower sorption process was observed at the later stage. 63 

The similar anomalous behavior was confirmed by the latter studies that investigated the 64 
moisture transport in the unsaturated CBM (Hall, 2007; Kiran et al., 2021; Lockington & 65 
Parlange, 2003; Martys & Ferraris, 1997; Saeidpour & Wadsö, 2015; Taylor et al., 1999; Zhou 66 
et al., 2017). Recently, studies based on neutron magnetic resonance (NMR) were conducted to 67 
investigate the microstructure of CBM. Regarding the NMR studies on capillary water 68 
absorption of CBM (Fischer et al., 2015; Gajewicz et al., 2016), NMR data reported that water 69 
redistribution in the pore system occurs due to the water movement in the calcium-silicate-70 
hydrate (C-S-H) structure. Because C-S-H is the main component of CBM that shows the 71 
colloidal behavior according to the strong dependence on its surrounding water molecules 72 
(Jennings, 2000, 2008; Jennings et al., 2008; Setzer, 2009; Thomas & Jennings, 2006), the 73 
microstructural change of cement paste (MCCP) regarding the colloidal behavior of C-S-H was 74 
accentuated as the cause of the anomalous behavior. 75 

Several modeling approaches have been proposed to clarify or simplify anomalous moisture 76 
transport in CBM such as the effect of moisture content (Rucker-Gramm & Beddoe, 2010), 77 
multi-phasic moisture transport (Z. Zhang & Angst, 2020), and the fourth root of time law 78 
(Villagrán Zaccardi et al., 2017). Nevertheless, the aforementioned numerical methods did not 79 
reflect the origins of the anomaly. Although the fourth root of time law was proposed to consider 80 
the MCCP regarding the pore refinement due to internal swelling, it could not explicitly 81 
reproduce the influence of MCCP on anomalous behavior. The latter studies based on neutron 82 
magnetic resonance (NMR) proposed the dynamic microstructural change model that could 83 
explicitly introduce the colloidal behavior of C-S-H for moisture transport. Nevertheless, our 84 
previous study on dried mortar (Srimook & Maruyama, 2023b) found that the dynamic 85 
microstructural model considering the influence of MCCP is insufficient to reproduce the 86 
moisture distribution and liquid water uptake characteristics. This is because microcracks 87 
occurred during the pre-drying process causing the rapid absorption through cracks at the 88 
surface area. Therefore, it is essential to introduce MCCP and microcracks in order to explicitly 89 
introduce anomalous moisture transport in concrete. 90 

From our previous studies, the modeling of moisture transport in cracked concrete was 91 
proposed based on a couple of numerical methods, a Rigid-Body Spring Model (RBSM) and a 92 
Truss-Network Model (TNM), that could easily couple the mechanical behavior (e.g., 93 
volumetric change, cracking) and mass transport (moisture transport), respectively. The 94 
anomaly regarding MCCP was introduced in the TNM based on the dynamic microstructural 95 
change model (Janota et al., 2022; McDonald et al., 2020) and the rapid absorption through 96 
cracks was explicitly modeled based on microcracks in concrete reproduced by the RBSM. The 97 
numerical investigation on liquid water uptake in pre-dried concrete was conducted and 98 
validated based on an experiment in our research group. The numerical results indicated that 99 
our modeling approach could consider the influence of microstructural change and cracks on 100 
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anomalous liquid water uptake. Furthermore, the concrete expansion-induced closure of cracks, 101 
which indicated the impact of liquid water uptake on structural performance, was reported. 102 

In this study, the anomalous moisture transport in cracked concrete was further investigated. 103 
The numerical models for the anomalous moisture transport and volumetric change were 104 
revised for the realistic phenomena. Aggregates were assumed as a non-absorbance material 105 
(no pores), thus, the moisture transport and volumetric change of aggregate were excluded to 106 
accentuate the influence of the cement-based material expansion that caused the microcracks 107 
and their closure during the drying and rewetting, respectively. Regarding the study on the 108 
microstructure of cement-based material (Maruyama et al., 2019; Maruyama, Nishioka, et al., 109 
2014; Maruyama, Sasano, et al., 2014), various evidence indicated the mechanical behavior of 110 
concrete significantly related to MCCP, which is also caused by the colloidal behavior of C-S-111 
H. Therefore, the volumetric change model was revised to determine based on water related to 112 
the C-S-H structure (interlayer and gel water) instead of the total water in the pore system. The 113 
modeling approach was validated based on the current experimental results. A further numerical 114 
investigation was conducted to discuss the mechanism of anomalous moisture transport and the 115 
influence of MCCP on volumetric change. The purpose is to clarify their importance for 116 
reproducing anomalous moisture transport and mechanical responses. In addition, the mortar 117 
expansion-induced closure of cracks, which might have a significant impact on structural 118 
performance and durability, was further investigated to clarify the mechanism. 119 
 120 
2. Numerical method 121 
This study aims to numerically investigate the anomalous liquid water uptake in cracked 122 
concrete. Therefore, the couple numerical method between the rigid-body-spring-model 123 
(RBSM) and truss-network model (TNM), which has the potential to couple the moisture 124 
transport and mechanical response such as volumetric change, cracking behavior (Sasano & 125 
Maruyama, 2021), must be implemented. In this section, the concept of the RBSM and TNM 126 
was elucidated. The numerical models considering the anomalous moisture transport, moisture 127 
transport through cracks, volumetric change of mortar, and related phenomena (e.g., mesoscale 128 
constitutive model, mechanical property change, time-dependent microcrack (TDM) model) 129 
were described in the following section. 130 
 131 
2.1 Rigid-body-spring-model (RBSM) and truss-network model (TNM) 132 
The RBSM is the discrete approach-based numerical method, which was proposed and further 133 
developed to easily deal with the mechanical behavior of concrete and the strong discontinuity 134 
behavior of brittle material like cracking behavior (Bolander & Saito, 1998; Kawai, 1978; Saito 135 
& Hikosaka, 1999; Yamamoto et al., 2008). Figure 1 (Upper right) is the schematic diagram 136 
elucidating the concept of RBSM. The concrete was discretized into an assemblage of rigid 137 
particles based on the Voronoi diagram. Each particle was interconnected with the set of zero-138 
size springs (one of normal spring and two of shear springs) at the integral point, which was 139 
determined based on the two vertices and gravity center of the boundary surface. Based on an 140 
assemblage of Voronoi elements, the deformation (volumetric change) was reproduced by the 141 
global stiffness, which was constructed by the stiffness of zero-size springs and the assumed 142 
spring length (the distance between the barycenter of adjacent Voronoi elements). At the force 143 
equilibrium, the normal spring bears the compressive and tensile stress perpendicular to the 144 
interface, whereas two shear springs are orthogonal and bear the shear stress parallel to the 145 
interface. The moment (torsional and rotational) borne at the interface of each particle was 146 
automatically accounted for from the deformation of normal springs at several integral points. 147 
The deformation and crack width were interpreted from the strain of the zero-size spring at the 148 
equilibrium and the assumed spring length. 149 

The TNM is a simplified one-dimensional finite element method (FEM) that was 150 
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continuously developed to reproduce the mass transport in concrete and couple with the RBSM 151 
for reproducing the volumetric change due to several phenomena (Bolander & Berton, 2004; 152 
Nakamura et al., 2006). Fig. 1 (lower right) shows the schematic diagram of TNM. The TNM 153 
is a network of truss elements embedded in Voronoi elements and each truss element was 154 
considered a linear conduit for the potential flow. The truss elements generated between the 155 
Voronoi nuclei, and the intermediate point of the boundary surface are internal truss elements 156 
(blue line) that act as the linear conduit with a cross-section area Voronoi surface. To avoid the 157 
redundancy of truss volume, the calibration factor, a ratio of all truss element volume to the 158 
total volume of the specimen, is introduced. The truss elements generated between the 159 
intermediate point, and the middle point of the line between the vertex are boundary truss 160 
elements (green line) that act as the linear conduit with a cross-section area determined by the 161 
crack displacement at the integral point. The boundary truss elements are activated with respect 162 
to the presence of cracks. 163 

 164 
Fig. 1. Schematic diagram of rigid-body-spring model (RBSM) and truss-network model (TNM) 165 

(Nakamura et al., 2006; Srimook & Maruyama, 2023a; Yamamoto et al., 2008, 2014). 166 

2.2 Constitutive models of springs for mesoscale RBSM 167 
In RBSM, the nonlinear behavior was introduced into the springs by constitutive laws in order 168 
to reproduce the deformation, stress, and fracture behavior. Because this study accentuates the 169 
mesoscale, the constitutive models of spring in RBSM were employed to represent the nonlinear 170 
behavior of mortar, aggregate, and inter-transitional zone (ITZ). 171 

For the mortar and aggregate, the constitutive models developed for concrete (Sasano & 172 
Maruyama, 2019; Yamamoto et al., 2008) were employed to represent the nonlinear behavior 173 
under tension and compression for a normal spring and shear behavior for shear springs. For 174 
ITZ, it was considered as the weak zone owing to higher porosity (Diamond & Huang, 2001; 175 
Scrivener et al., 2004), lower strength (Monteiro & Andrade, 1987; Zimbelmann, 1985), 176 
fracture energy (Rao & Prasad, 2011), and Young modulus (Jebli et al., 2018; Xie et al., 2015) 177 
compared to the bulk cement or mortar. Therefore, the constitutive models, which were 178 
developed to represent the characteristics of ITZ (Sasano & Maruyama, 2021), were introduced 179 
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for normal and shear springs at the interface between mortar and aggregate. The tensile behavior 180 
was modeled based on the same constitutive models of concrete, but the reduction factor (𝛼𝛼) 181 
was introduced to consider the weakness of the ITZ. For the compression behavior, the bilinear 182 
constitutive model was employed. The initial Young’s modulus was assigned with the reduction 183 
factor (𝛾𝛾) until the compressive strain developed beyond −𝜀𝜀𝐼𝐼𝐼𝐼𝐼𝐼 that refer to the crushing of ITZ 184 
under compression. Because the coarse aggregate comes into contact with mortar after crushing 185 
of ITZ, Young’s modulus of ITZ is an average value of mortar and aggregate. For the shear 186 
behavior of ITZ, a similar constitutive model of shear spring for mortar was assigned. The 187 
internal friction was set to the same as mortar (37˚), whereas the reduction factor (β) was 188 
introduced to other parameters for shear. Note that the reduction factors were obtained from the 189 
calibration process based on the existing experiment. 190 

Because concrete must undergo the pre-drying and rewetting process along with the liquid 191 
water uptake, the hysteresis of stress-strain was carefully assigned for constitutive models of 192 
normal and shear springs to reproduce the volumetric change with respect to the moisture 193 
content in concrete. In addition, it should be noted that the spring parameters in the RBSM 194 
could not be directly adopted from the macroscopic properties of the material (Yamamoto et al., 195 
2008). For the mesoscale RBSM, parameters used for mortar, aggregate, and ITZ must be 196 
calibrated from the macroscopic properties to appropriately assign parameters for springs in 197 
RBSM. The additional details of the constitutive models for mesoscale RBSM, their hysteresis, 198 
and calibration factors were comprehensively elucidated in the previous study (Sasano & 199 
Maruyama, 2021). 200 
 201 
2.3 Mechanical property changes of concrete 202 
The mechanical property change (MPC) of concrete with the moisture content has been reported 203 
by various studies and accentuated as the key factor for the deterioration of concrete due to the 204 
drying process. The experimental study on the microstructure of cement paste (Maruyama et 205 
al., 2019; Maruyama, Nishioka, et al., 2014; Maruyama, Sasano, et al., 2014) indicated that the 206 
dynamic change of pore structure regarding rearrangement of C-S-H structure during water 207 
movement is the key phenomena. Furthermore, the mesoscale numerical investigation (Sasano 208 
& Maruyama, 2021) clarified that an uneven deformation between cement paste and aggregate 209 
induces the microcrack, then alters the change in mechanical properties along with the 210 
microstructural change of cement paste. Therefore, the MPC of cement paste must be 211 
introduced to the constitutive model. In this study, the MPC of concrete was assigned based on 212 
the previous experiment (Maruyama, Sasano, et al., 2014) that used a similar composition of 213 
concrete. The alteration of compressive strength and Young’s modulus of cement paste under 214 
several drying conditions were used as the residual ratio for the mechanical properties of the 215 
springs. The alteration of tensile strength, cohesion, and fracture energy was also considered by 216 
using the same residual ratio of compressive strength. The additional details of the input 217 
parameters for the MPC of mortar were described in the previous study (Sasano & Maruyama, 218 
2021). 219 
 220 
2.4 Time-dependent microcrack model 221 
To consider the MPC of mortar in RBSM, the constitutive models were updated based on 222 
mechanical properties alternated along with the moisture content. However, updating of 223 
constitutive model insufficiently reproduces the impact of MPC and might cause an 224 
inappropriate stress-strain path. Thus, the time-dependent microcrack (TDM) model, which has 225 
been developed to consider the impact of MPC under the hardening and drying process 226 
(Maruyama et al., 2006; Sasano & Maruyama, 2021; Srimook et al., 2023), was employed to 227 
introduce the plastic deformation occurred throughout the history of the material. The concept 228 
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of the TDM model is shifting the origin of the constitutive models after updating the mechanical 229 
properties due to the change in moisture content. The details of the TDM model were 230 
comprehensively elucidated in our previous studies.  231 
 232 
2.5 Modeling of anomalous moisture transport in cracked concrete 233 
In this study, anomalous moisture transport was introduced based on the concept of 234 
microstructure change and rapid absorption through cracks to quantitatively evaluate the liquid 235 
water uptake in cracked concrete. The details of the governing equations and numerical models 236 
for the aforementioned phenomena were elucidated in the following section. 237 
 238 
(1) Moisture transport in TNM 239 
In the TNM, the moisture transport in porous media like cement-based material was governed 240 
based on mass conservative law under the control volume, and the matrix form was derived by 241 
minimization of strain energy (Logan, 2007). Based on the TNM, the diffusion of moisture and 242 
evaporation at the concrete surface were reproduced by the governing and boundary equations 243 
as expressed in Eqs. (1) and (2). 244 
 245 
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Where R is the relative water content (-), 𝜕𝜕 is the displacement along the axial direction of truss 246 
element (m), D(R) is the moisture transfer coefficient that depends on the relative water content 247 
in concrete (𝑚𝑚𝑚𝑚2/𝑠𝑠), and �̇�𝑊 is water consumption by hydration of cement (𝑔𝑔 𝑚𝑚𝑚𝑚3⁄ ), which 248 
was neglected in this study. The moisture evaporation rate was determined based on the 249 
diffusion coefficient (𝐷𝐷(𝜕𝜕)) and virtual distance for water movement from the matrix to the 250 
environment (𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒). The virtual distance was used to represent the boundary condition of water 251 
transfer from the matrix to the environment (mm), which was determined by a previous study 252 
(Maruyama et al., 2011). 𝛼𝛼𝐷𝐷 is fitted constant for the diffusion rate. 253 
  254 
(2) Numerical implementation for mesoscale TNM 255 
Fig. 2 shows the modeling of moisture transport for mesoscale TNM. The internal and boundary 256 
truss elements were assigned for mortar and coarse aggregate phases, which have different 257 
moisture transport properties. Because the ITZ phase was introduced to represent the weakness 258 
of concrete in the mechanical aspect, the influence of the ITZ phase, which is considered as the 259 
coarser pore structure compared to the mortar phase, should be considered for the diffusion 260 
process. 261 

 262 
Fig. 2. Moisture transport for mesoscale truss-network model (TNM) 263 
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Owing to the coarser pore structure of ITZ, which might accelerate the moisture transport 264 
around aggregate, the boundary truss element at the interface between mortar and coarse 265 
aggregate was considered an ITZ zone. Before cracking, the area and volumetric of the 266 
boundary truss element for ITZ were assigned based on the ITZ’s thickness (Table 2). After 267 
cracking, the moisture transport through cracks was assumed to be dominant, thus, the boundary 268 
truss element for ITZ considers the moisture transport through cracks as usual. 269 
 270 
(3) Dynamic microstructural change model for anomalous moisture transport 271 
To quantitatively evaluate the anomalous moisture transport, this study implemented the 272 
dynamic microstructural change model that introduces the anomalous behavior based on the 273 
microstructure data investigated by Nuclear Magnetic resonance (NMR) (Gajewicz et al., 2016; 274 
Janota et al., 2022; Kiran et al., 2020, 2021; McDonald et al., 2020). The NMR studies on liquid 275 
water uptake reported that the redistribution of absorbed water gradually occurred in the C-S-276 
H structure, then induced the change in the pore system (Fig. 3(a)). Because the diffusivity of 277 
porous media depends on the pore size, the total diffusivity was also gradually altered along 278 
with the sorption and absorption process as shown in Fig. 3(b). 279 

 280 
Fig. 3. Microstructural change of C-S-H structure and anomalous moisture transport in cement-based 281 

material (Gajewicz et al., 2016; Janota et al., 2022; Kiran et al., 2020; McDonald et al., 2020) 282 

Fig. 4 shows the schematic diagram of the dynamic microstructural change model adopted for 283 
the mortar and ITZ phases. With the dynamic microstructural change model originated by 284 
(McDonald et al., 2020), the diffusion coefficient, which depends on dynamic microstructure 285 
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(pore size distribution), saturation degree, and temperature, was determined as expressed by 286 
Eqs. (3)-(7). Owing to the rearrangement of the C-S-H layer with respect to the moisture content, 287 
the equilibrium pore size distribution at the given saturation degree was assigned based on NMR 288 
results (Table 2). Then, the dynamic microstructure (pore fraction) regarding the water 289 
redistribution in the C-S-H layer was reproduced based on the pore relaxation time constant, 290 
which was found to depend on composition, temperature, and pre-dried process, as expressed 291 
in Eqs. (3) and (4). Note that the dynamic microstructural change must rely on the criteria that 292 
the total pore fraction must be always equal to one (Eq. (5)). Regarding the effect of saturation 293 
degree, the saturation term of each pore was determined by assuming that water fills the smaller 294 
pores first and then fills the larger pores respectively. Finally, the total diffusion coefficient was 295 
determined as the summation of the diffusion coefficient of each pore fraction. 296 
 297 
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where 𝑑𝑑𝜙𝜙𝑖𝑖 𝑑𝑑𝜕𝜕⁄  is an incremental pore fraction on each pore with an elapsed time, 𝜙𝜙𝑖𝑖,𝑒𝑒0 , 𝜙𝜙𝑖𝑖,𝑒𝑒−1, 298 
and 𝜙𝜙𝑖𝑖,𝑒𝑒  are equilibrium pore fractions at a current step, relative pore fractions from the 299 
previous step, and relative pore fractions from the current step, respectively. 𝜏𝜏𝑖𝑖  is the pore 300 
relaxation time constant that was assumed to be equal for all types of pores, 𝐷𝐷(𝜙𝜙, 𝑆𝑆) is the total 301 
diffusion coefficient, 𝐷𝐷𝑖𝑖𝑖𝑖 is the diffusion coefficient of each pore at full saturation state, 𝑆𝑆 and 302 
𝑆𝑆𝑖𝑖 are the total and individual relative saturation degrees of each pore. 303 
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 304 
Fig. 4. Dynamic microstructural change model (Janota et al., 2022; McDonald et al., 2020) 305 

 306 
(4) Volumetric change of concrete 307 
The change in moisture content induces the volumetric change of concrete, which causes the 308 
MPC and microcracks due to an uneven deformation between mortar and coarse aggregate. In 309 
addition, our previous study (Srimook & Maruyama, 2023a) found that the concrete expansion 310 
during the rewetting process causes the closure of cracks. Therefore, the volumetric change of 311 
concrete must be appropriately introduced to clarify the alteration of structural performance and 312 
durability of concrete.  313 

In this study, the volumetric change model of cement-based material was newly proposed. 314 
The volumetric change of the mortar phase was introduced based on the amount of gel and 315 
interlayer water related to the colloidal behavior of the C-S-H structure as shown in Fig. 5. 316 
Currently, there is no physical evidence to support this concept. However, the study based on 317 
the microstructure of cement paste observed a strong influence between microstructural change 318 
and shrinkage deformation (Maruyama et al., 2019; Maruyama, Nishioka, et al., 2014). The 319 
shrinkage mechanism should rely on the alteration of the pore system and disjoining (hydration) 320 
pressure according to the change in the C-S-H structure with moisture content. To accentuate 321 
the volumetric change of cement paste (especially expansion-induced closure of crack), the 322 
moisture transport and volumetric change of aggregates were neglected by assuming that 323 
aggregates have no pores. 324 
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 325 
Fig. 5. Volumetric change model based on microstructural change of cement paste. Regarding the 326 

colloidal behavior of the C-S-H structure, the volume change of cement-based materials linearly alters 327 
with the water molecules surrounding the C-S-H structure (interlayer space and gel pores). 328 

(5) Modeling of moisture transport through cracks in concrete 329 
For concrete, microcracks according to an uneven deformation between cement paste and 330 
aggregate have been reported as the accelerator of moisture transport in concrete. Owing to the 331 
influence of cracking on moisture transport, various numerical models were proposed to 332 
reproduce the rapid absorption based on diffusion processes like cubic law. Nevertheless, the 333 
experimental study based on neutron imaging (P. Zhang et al., 2010) reported that the rapid 334 
absorption through cracks occurs within a few minutes followed by the water redistribution 335 
from the crack into a concrete matrix. Therefore, the cubic law solely could not reproduce the 336 
complex behavior mentioned above.  337 

In this study, the rapid absorption through cracks and water redistribution were explicitly 338 
modeled the rapid absorption based on the numerical approach proposed by (Singla et al., 2022). 339 
The rapid absorption through cracks, which interconnect from the water source, was modeled 340 
based on the Lucas-Washburn equation (Eq. (8) represents the capillary absorption between 341 
parallel crack walls under the balancing of driving capillary force, retarding viscosity, gravity, 342 
and initial force (Hamraoui & Nylander, 2002). 343 
 344 

(
2𝛽𝛽𝑚𝑚
𝑟𝑟

+
𝑦𝑦

𝑟𝑟𝛽𝛽𝑤𝑤
2 + 𝑟𝑟2

8𝜇𝜇

) �̇�𝑦 = 𝑐𝑐𝑐𝑐0(1− 𝛽𝛽𝑠𝑠) − 𝜌𝜌𝑔𝑔𝑦𝑦𝑠𝑠𝑖𝑖𝜕𝜕𝑐𝑐(𝜑𝜑) (8) 

where 𝛽𝛽𝑚𝑚 is the correction factor for dynamic contact angle, 𝑟𝑟 is the radius of the capillary, 𝑦𝑦 345 
is the capillary rise, 𝛽𝛽𝑤𝑤 is the correction factor for the wall slip, 𝜇𝜇 is the dynamic viscosity, 𝛽𝛽𝑠𝑠 346 
is the correction factor for the stick-slip behavior, 𝜌𝜌 the density of the liquid (water), 𝜑𝜑 is the 347 
inclination angle of the capillary, 𝑔𝑔  is the acceleration due to gravity, 𝑐𝑐𝑐𝑐0  is the capillary 348 
pressure determined as 2𝛾𝛾 cos(𝛼𝛼0) /𝑟𝑟 , 𝛾𝛾  is the surface tension, and 𝛼𝛼0  is the liquid-solid 349 
contact angle. 350 
 351 
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By using the Crank-Nicolson procedure, the Lucas-Washburn equation was discretized in time 352 
and the modified Lucas-Washburn equation, which was derived by (Gardner et al., 2012), is 353 
expressed in Eqs. (9)-(14). 354 
 355 

𝑧𝑧𝑒𝑒+1 = 𝑧𝑧𝑒𝑒 +
∆𝜕𝜕
2

(�̇�𝑧𝑒𝑒 + �̇�𝑧𝑒𝑒+1) (9) 

2
∆𝜕𝜕
𝑧𝑧𝑒𝑒+12 + �

2
∆𝜕𝜕
𝑘𝑘1𝑘𝑘2 −

2
∆𝜕𝜕
𝑧𝑧𝑒𝑒 −

𝑘𝑘2𝑘𝑘3 − 𝑘𝑘2𝑘𝑘4𝑧𝑧𝑒𝑒
𝑘𝑘1𝑘𝑘2 + 𝑧𝑧𝑒𝑒

+ 𝑘𝑘2𝑘𝑘4� 𝑧𝑧𝑒𝑒+1

− �
2
∆𝜕𝜕
𝑘𝑘1𝑘𝑘2𝑧𝑧𝑒𝑒 +

𝑘𝑘1(𝑘𝑘2𝑘𝑘3 − 𝑘𝑘2𝑘𝑘4𝑧𝑧𝑒𝑒)
𝑘𝑘1𝑘𝑘2 + 𝑧𝑧𝑒𝑒

+ 𝑘𝑘2𝑘𝑘3� = 0 

(10) 

𝑘𝑘1 =
2𝛽𝛽𝑚𝑚

2
 (11) 

𝑘𝑘2 =
𝑟𝑟𝛽𝛽𝑤𝑤

2
+
𝑟𝑟2

8𝜇𝜇
 

(12) 

𝑘𝑘3 = 𝑐𝑐𝑐𝑐0(1− 𝛽𝛽𝑠𝑠) (13) 

𝑘𝑘4 = 𝜌𝜌𝑔𝑔 sin(𝜙𝜙) (14) 

 356 
where 𝑧𝑧𝑒𝑒 and 𝑧𝑧𝑒𝑒+1 is the capillary rise height in the current and next step (mm), ∆𝜕𝜕 is the elapsed 357 
time (s), 𝑘𝑘1 , 𝑘𝑘2 , 𝑘𝑘3 , and 𝑘𝑘4  are the term of capillary absorption that was simplified for the 358 
derivative of the equations. 359 
 360 

To introduce the rapid absorption through cracks in the TNM, the modified Lucas-Washburn 361 
equation was introduced for boundary truss elements on cracking paths interconnected from 362 
water sources. The capillary rise height was determined based on the crack aperture under a 363 
very small incremental time. Once the capillary height in cracks was computed and found that 364 
capillary height develops beyond the location of truss nodes on the crack surface, the boundary 365 
condition of truss nodes was changed to absorbed surface in order to introduce the water 366 
redistribution from saturated cracks to unsaturated cement paste matrix. The schematic diagram 367 
for the calculation of the capillary rise height and changing the boundary condition are 368 
described in Fig. 6. 369 
 370 
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 371 
Fig. 6. Schematic diagram of calculation of capillary rise height for rapid absorption process and 372 

changing the boundary condition for water redistribution process 373 

For cracks that do not connect from the absorbed surface or are located beyond capillary 374 
rise height, moisture transport through cracks was modeled by the cubic law, which was 375 
validated by previous studies (Singla et al., 2022; L. Wang et al., 2016; Witherspoon et al., 376 
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1980). The diffusion coefficient of the boundary truss element was determined by a crack 377 
aperture as shown in Eq. (15). 378 
 379 

𝐷𝐷𝑤𝑤𝑐𝑐𝑐𝑐(S)  =  
𝜉𝜉𝑐𝑐𝑐𝑐𝑤𝑤2

12𝜇𝜇
∙

(1 −𝑚𝑚)
𝑚𝑚 √𝑆𝑆 [1 − (1 − 𝑆𝑆1/𝑚𝑚)𝑚𝑚]2 𝑆𝑆−1/𝑚𝑚−1[𝑆𝑆−1/𝑚𝑚 − 1]−𝑚𝑚 

(15) 

 380 
where 𝑤𝑤 is the equivalent crack width, 𝜉𝜉 is the tortuosity factor, 𝑐𝑐𝑟𝑟 is the reference pressure 381 
(experimentally determined as 18.6237 N/mm2), 𝑚𝑚 is the van Genuchten parameter (0.4396) 382 
and 𝜇𝜇 the viscosity of water. 383 
 384 
2.6 Numerical flow for anomalous liquid water uptake in cracked concrete 385 
To reproduce the anomalous liquid water uptake in cracked concrete and mechanical responses, 386 
the numerical flow was proposed as shown in Fig. 7.  387 
 388 

 389 
Fig. 7. Numerical flow for anomalous moisture transport and mechanical responses  390 

In each step, the calculation starts with the identification of the crack truss (active boundary 391 
truss element on the crack surface). Afterward, the calculation of capillary absorption was 392 
performed for the crack truss, which contains the capillary front. The capillary height was 393 
determined and stored for each crack truss. Once the capillary height surpasses the top node of 394 
the crack truss, the top node will be considered as the absorbed surface. In addition, the capillary 395 
height was updated to the adjacent crack truss to consider the connectivity as described in the 396 
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previous section. Noted that the changing of the boundary surface required a small incremental 397 
time (0.05 – 0.1 second) to gradually change the crack surface from the bottom part toward the 398 
tip of the cracks as shown in Fig. 6. Therefore, the incremental time for the diffusion process 399 
(generally, 60 seconds) was discretized to the small incremental time. With the small time 400 
incremental, the calculation of capillary rise was performed step based on the crack truss 401 
containing the front of capillary water. In order to ensure the equilibrium of the rapid absorption 402 
process, the iterative calculation loop was proposed for the boundary changing and transferring 403 
the calculated capillary height to the adjacent crack truss. The iterative continues until reaches 404 
the equilibrium state (no more updates for all crack trusses). 405 

After determining the capillary rise height and the absorbed surface on the crack wall, 406 
moisture transport in cracked concrete was conducted with TNM. The diffusion coefficient of 407 
the mortar phase was computed based on the dynamic microstructural change model. In 408 
addition, the diffusion coefficient of unsaturated cracks was computed based on cubic law. 409 

For the structural analysis, the moisture distribution obtained from TNM was used to 410 
determine the volumetric change of cement paste. The change in moisture content from the 411 
truss node at the boundary surface and shrinkage coefficient was used to introduce the initial 412 
strain of springs. Then, the internal stress and strain were determined based on the Newton-413 
Raphson procedure. Since the drying process of the concrete sample is free of restraint 414 
conditions, the solution was considered to converge when the summation of internal stress is 415 
close to zero. 416 
 417 
3. Numerical study on anomalous liquid water uptake in cracked concrete 418 
The mesoscale numerical study on liquid water uptake in cracked concrete was conducted based 419 
on the reference experiment by our research group. The numerical implementation and material 420 
parameters used for mesoscale RBSM and TNM were assigned to represent the realistic 421 
condition. The validity of the proposed modeling approach was clarified based on a comparison 422 
between experimental and numerical results. 423 
 424 
3.1 Introduction of reference experiment 425 
The numerical study was conducted based on the experimental investigation of the liquid water 426 
uptake process in cracked concrete using the digital image correlation (DIC) method (Ogawa 427 
et al., 2023). Owing to the deformation of concrete during the rewetting process, the liquid 428 
water uptake process was investigated based on the 2D-strain distribution analyzed by the 429 
digital images recorded during the water uptake test. 430 

In the reference experiment, the 100 × 100 mm concrete sample was cast with OPC and a 431 
water-to-cement ratio of 0.55. After the curing process, the well-hydrated OPC concrete was 432 
cut into 10 mm-thickness concrete slabs. The surface of the specimens was polished for both 433 
sides and then coated with the epoxy resin primer to provide the random pattern for the DIC 434 
method. The specimens were dried at 105 ˚C for 96 hours before conducting the liquid water 435 
uptake test for 168 hours. Throughout the pre-drying and water uptake experiment, digital 436 
images of the ransom pattern were recorded on the specimen surface, which is perpendicular to 437 
the immerse surface. Digital images were used to analyze the 2D-principal strain distribution 438 
by using the Vic-2D, which interpolates the intensity value distribution of the random pattern 439 
and determines the direction of deformation. 440 

Based on the aforementioned approach, the 2D distribution of maximum and minimum 441 
principal strain was determined and used to visualize the expansion and shrinkage deformation, 442 
respectively. Because maximum principal strain indicates not only the mortar expansion but 443 
also the existence of cracks (Maruyama & Sasano, 2014), the penetration depth was determined 444 
based on the minimum principal strain, which reflects the strain of the material, especially when 445 
no interaction occurs. The minimum principal strain distribution after drying was averaged at 446 
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each depth, and then the normalized curve was determined based on the strain distribution at 447 
the top of the specimen where water did not reach through the water uptake test. The penetration 448 
depth, which refers to the location of the capillary waterfront, was identified as the end of the 449 
steepest slope. The schematic diagram of the reference experiment is shown in Fig. 8. Fig. 9(a) 450 
shows the distribution of the post-dried maximum principal strain analyzed based on the DIC 451 
method. Fig. 9(b) shows the penetration depth development analyzed from the minimum 452 
principal strain throughout the water uptake test. 453 

 454 
Fig. 8. Experimental investigation on liquid water uptake in concrete using digital image correlation 455 

(DIC) method (Ogawa et al., 2023) 456 

 457 
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 458 
Fig. 9. Liquid water uptake in concrete investigated by digital image correlation (DIC) method: (a) 459 

Maximum principal strain distribution and (b) penetration depth development along with liquid water 460 
uptake (Ogawa et al., 2023). 461 

 462 
3.2 Additional details on the numerical implementation and materials parameters 463 
 464 
(1) Mesh of reference specimen 465 
The 100×100×10 mm concrete slab, which is a composite material of mortar, aggregate, and 466 
ITZ was meshed as shown in Fig. 1. The Voronoi mesh is composed of 17,956 elements, and 467 
the average element size is 2 mm. Note that coarse aggregates were meshed based on the 468 
spherical shape due to difficulties found in the meshing process. Although coarse aggregates 469 
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used in this study are not in an irregular shape as that of the reference experiment, the maximum 470 
aggregate size and aggregate ratio were assigned based on the concrete mixture used in the 471 
reference experiment. The cumulative passing of aggregate size was assigned within the limited 472 
range following the Japanese Industrial Standard (JIS) as shown in Fig. 10. 473 

 474 
Fig. 10. Mesh of reference specimen and aggregate size distribution  475 

 476 
(2) Material properties for mesoscale RBSM and TNM 477 
Table 1 lists the 28-day mechanical properties used for the structural analysis. The mechanical 478 
property change of mortar was determined based on the 28-day mechanical properties, the 479 
residual ratio of Young’s Modulus, and strength as described in section 2.3. 480 
 481 

Table 1. Input mechanical properties for mortar and aggregate. The asterisk (*) refers to parameters 482 
given by empirical equations from previous experimental data. 𝑓𝑓𝑡𝑡, 𝑓𝑓𝑐𝑐, and 𝐺𝐺𝑓𝑓𝑡𝑡of aggregate were 483 

referred from the previous study (Sasano & Maruyama, 2021). 484 

 𝐸𝐸𝑐𝑐 
(𝑁𝑁 𝑚𝑚𝑚𝑚2⁄ ) 

𝑓𝑓𝑡𝑡 
(𝑁𝑁 𝑚𝑚𝑚𝑚2⁄ ) 

𝑓𝑓𝑐𝑐 
(𝑁𝑁 𝑚𝑚𝑚𝑚2⁄ ) 

𝐺𝐺𝑓𝑓𝑡𝑡 
(𝑁𝑁 𝑚𝑚𝑚𝑚⁄ ) 

Mortar 16,900 3.79* 46.6 0.0615* 
Aggregate 70,000 10.0 150.0 0.0200 

 485 
Table 2 lists the moisture transport properties used for the dynamic microstructural model. 486 

For the mortar phase, although there is no NMR data representing the microstructure for the 487 
reference specimen, the pore fraction used in this study was adopted from the previous NMR 488 
studies (Janota et al., 2022), which studied moisture transport in OPC. Note that the 489 
microstructural data could not be directly applied to the reference experiment regarding the 490 
differences in the w/c ratio, curing, and pre-condition process. However, from the calibration 491 
process, two fitted parameters were determined by the calibration process. From the calibration 492 
process, the fitted parameter of the total diffusion is equal to 0.1 and the pore relaxation time is 493 
30 hours which is comparable to the NMR data and reference experiment. 494 
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In the reference experiment, concrete was cast by mixed crushed stone, and strain 495 
distribution analyzed by DIC indicated that the closure of cracks is caused by mortar expansion 496 
during the rewetting process. Therefore, this study assumed that aggregates are non-absorbed 497 
materials (no diffusion and volumetric change) in order to simplify the variation in moisture 498 
transport properties in the aggregate phase and accentuate the impact of the volumetric change 499 
on the crack closure process. Because ITZ was introduced as the coarser pore structure 500 
compared to the mortar phase, the diffusion coefficient of the ITZ phase was assumed to be 10 501 
times greater than the mortar.  502 
 503 

Table 2. Input moisture transfer properties for mortar phase.  504 

Diffusion Coefficient of Mortar based on Dynamic Microstructural Change Mode 

 

Sd Sv τ (hr) 

0.220 0.840 30 

 Interlayer Gel Capillary 

ϕEq,d,i 0.180 0.100 0.720 

ϕEq,v,i 0.250 0.550 0.200 

ni 1.0 1.0 1.0 

Di (m2/s) DCap/500 DCap/100 2.85E-7 

 505 
The volume change ratio of mortar was assigned based empirical equation (Eq. (16)) 506 

obtained from the previous experiment (Maruyama, Sasano, et al., 2014) in order to reproduce 507 
the drying shrinkage and expansion strain along with the moisture transport in concrete. 508 
 509 

𝜀𝜀𝑠𝑠ℎ,𝑚𝑚𝑚𝑚𝑐𝑐 = 5162 ∙ ∆𝜕𝜕4 − 8726 ∙ ∆𝜕𝜕3 + 4527 ∙ ∆𝜕𝜕2 − 2733 ∙ ∆𝜕𝜕 (16) 
 510 
where 𝜀𝜀𝑠𝑠ℎ,𝑚𝑚𝑚𝑚𝑐𝑐 is the input mortar shrinkage for the concrete analysis (με), and ∆𝜕𝜕 is moisture 511 
loss from the saturation state (-). Regarding the volumetric change model based on the MCCP, 512 
the moisture loss was computed by the amount of water molecules surrounding the C-S-H 513 
structure (interlayer and gel water). 514 
 515 
3.3 Numerical results 516 
 517 
(1) Anomalous liquid water uptake in cracked concrete 518 
The liquid water uptake in dried concrete, which contains microcracks perpendicular to the 519 
aggregate surface, was investigated based on the development of penetration depth with the 520 
square root of time. Fig. 11 shows the moisture distribution and penetration depth development 521 
obtained from the numerical study. From the moisture distribution (Fig. 11(a)), the liquid water 522 
uptake through cracked concrete according to capillary absorption was appropriately 523 
reproduced. Regarding the moisture distribution, the penetration depth, which refers to the top 524 
of the capillary front observed throughout the specimen, was determined and compared with 525 
the experimental results as shown in Fig. 11(b). The linear relationship between the penetration 526 
depth and square root of time could be reproduced at the initial stage. The deviation of the 527 
penetration depth from the linear relationship with the square root of time was reproduced 528 
around 16 to 30 hours. 529 
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Compared with experimental results, good agreements could be observed, except for 530 
specimen S1 which shows more rapid water absorption. Based on the principal strain data, the 531 
difference in S1 possibly comes from the rapid absorption through fine cracks, which seem to 532 
be more distributed and interconnect with each other. Nevertheless, the consistency of the 533 
numerical study with specimens S2, S3, and S4 adequately indicated the validity of the 534 
proposed modeling approach to reproduce the anomalous behavior. 535 

 536 
Fig. 11. Anomalous liquid water uptake in cracked concrete 537 

 538 
(2) Mechanical response according to liquid water uptake 539 
The mechanical response along with the liquid water uptake was also investigated based on the 540 
development of concrete expansion. Fig. 12 shows the post-dried mechanical responses along 541 
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with the liquid water uptake, which indicates the liquid water uptake progress regarding 542 
macroscopic deformation, and principal strain development in the mortar phase. 543 

Note that the principal strain distribution in RBSM was not calculated directly from 544 
elemental strain because the element was considered as rigid particles. It was converted from 545 
the principal stress determined based on the spring stress. Because several cracks occurred in 546 
the mortar, the principal strain determined by the aforementioned procedure might be 547 
underestimated. However, from the crack distribution in Fig. 12, the crack width regarding the 548 
pre-drying process is quite small (1 to 9 microns), thus, the small discrepancy will not 549 
significantly affect the calculation results. 550 

 551 
Fig. 12. Mechanical responses according to liquid water uptake 552 

Compared to the reference experiment (Fig. 9), the development of the principal strain analyzed 553 
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by the numerical study seems to be consistent with experimental results. Even though the 554 
expansion of mortar was observed above the saturated area at the bottom part, the principal 555 
strain developed in accordance with the moisture distribution during liquid water uptake. A 556 
similar distribution of principal strain development was observed for several specimens (S2, S3, 557 
and S4). In addition, at the early period, the principal strain distribution in the reference 558 
experiment indicated that the expansion occurred throughout the specimen similar to that of 559 
numerical results. Only specimen S1 shows the different distribution of the principal strain, 560 
which clearly shows the progress of liquid water uptake progress. However, the water uptake 561 
rapidly occurred compared to other specimens. 562 

Owing to the capability of RBSM, the crack distribution was visualized during the liquid 563 
water uptake as shown in Fig. 12. The alteration of cracks, which occur in accordance with 564 
mortar expansion during the rewetting process, was observed. The drying shrinkage cracks, 565 
which are perpendicular to the aggregate surface, gradually disappeared along with the mortar 566 
expansion. Nevertheless, some cracks remain near the surface area and the expansive cracks, 567 
which are parallel to the aggregate, occurred near the saturation state. The alteration of cracks 568 
in the saturated area was not reported in the reference experiment because it is quite difficult to 569 
distinguish between crack closure and mortar expansion from the principal strain for both the 570 
DIC method and RBSM. 571 

In the reference experiment, the red pattern above saturated was pointed out as the existence 572 
of entrapped air that was exposed to the specimen surface. Nevertheless, a similar pattern was 573 
observed even if the influence of entrapped air was not accentuated in this study. From the crack 574 
distribution analyzed by the numerical study, it seems that the development of principal strain 575 
above the saturated area corresponds with the alteration of microcracks, which are 576 
perpendicular to the aggregate surface. Since specimens encountered the severe drying process, 577 
liquid water uptake in dried concrete induces the alteration of cracks regarding the instability 578 
under the free expansion. A similar observation was also observed in macroscopic deformation 579 
(Fig. 15) and stress distribution (Fig. 16) showing the sudden expansion for the entire specimen 580 
and stress relief at the initial stage of the water uptake. The details of macroscopic deformation 581 
and stress distribution during the water uptake will be elucidated in the latter sections. 582 

Note that there are differences between the numerical study and reference experiment, 583 
which were assumed based on previous studies, such as microstructural data, aggregate shape, 584 
and distribution. These differences might affect the liquid water uptake, especially the liquid 585 
water uptake through cracks that depend on the connectivity of the drying shrinkage crack. The 586 
numerical study based on the realistic aggregate shape and distribution must be further 587 
investigated. Nevertheless, it is worth mentioning that the modeling approach adequately 588 
reproduces the rapid absorption through surface cracks as well as the closure of cracks regarding 589 
the expansion of mortar (cement paste) during the rewetting process. 590 
 591 
4. Discussion 592 
The anomalous moisture transport and mechanical responses in concrete are complex behaviors 593 
because several phenomena are involved. Therefore, it is quite difficult to clarify the mechanism 594 
by an experiment. Owing to the validity of the proposed modeling approach, further numerical 595 
investigation was performed to clarify the mechanism of anomalous behavior, the effect of 596 
microstructural change on volume change of cement pates, and mortar expansion-induced 597 
closure of cracks in the following section. 598 
 599 
4.1 Anomalous behavior of moisture transport in cracked concrete 600 
The anomalous behavior of moisture transport in concrete was reported as the consequence of 601 
various phenomena. The NMR study on the microstructure of cement paste clarified that the 602 
anomalous behavior is caused by the colloidal behavior of C-S-H (Janota et al., 2022; 603 
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McDonald et al., 2020). Whereas the study based on fluorescence imaging reported that the 604 
rapid absorption through cracks influences anomalous behavior (Wu et al., 2019). To clarify the 605 
mechanism, further numerical investigation was performed as listed in Table 3, and compared 606 
between each case to clarify the contribution of each phenomenon as shown in Fig. 13. 607 
 608 

Table 3. List of calculations for clarifying anomalous moisture transport in cracked concrete. 609 

 Numerical cases 
 A: Standard B: without MCCP C: without cracks D: Traditional 

MCCP   
 

 
 

Microcracks   
  

 610 
Regarding the comparison of penetration depth development, the differences observed from 611 

cases A and B clarified the influence of MCCP. The deviation from the linear relationship at the 612 
later stage is mainly caused by the alteration of total diffusivity in the dynamic pore structure 613 
of cement paste. This is because the large number of coarse pores, which was induced from the 614 
collapse of the C-S-H during the pre-drying process, gradually transforms into fine pores with 615 
the pore relaxation rate as evidenced by NMR data (Janota et al., 2022; McDonald et al., 2020). 616 
Regarding the aforementioned process, the penetration depth gradually deviates from the linear 617 
relationship as shown in Fig. 13 (solid red and dashed blue lines). 618 

 619 
Fig. 13. Mechanism of anomalous liquid water uptake in cracked concrete 620 

The influence of cracks was investigated based on the comparison between cases A and C. 621 
The different development of penetration depth (red solid and dashed yellow line) indicated 622 
that drying shrinkage cracks significantly influence the water absorption at the initial stage, 623 
whereas a little influence was observed at the later stage according to a similar development 624 
curve. Without cracks, the anomalous behavior of moisture transport was observed regarding 625 
the slower absorption process at the initial stage. The inflection point was observed at 1 hour, 626 
and afterward, the penetration depth developed at the same rate as the standard case. Thus, it is 627 
worth mentioning that drying shrinkage cracks significantly affect the initial absorption process. 628 
This phenomenon is consistent with the previous experiment, which studied the anomalous 629 
water absorption in cement-based materials under various pre-conditioning regimes (Wu et al., 630 
2019). By using the fluorescence imaging technique, the rapid absorption through surface 631 
cracks was evidenced which was also observed by our numerical study (Fig. 14). The 632 
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anomalous behavior was reported based on the change in slope of cumulative water absorption, 633 
which was found to be correlated with the drying damage identified by the quantity of 634 
microcracks (e.g., average crack width, total crack length, and crack density). 635 

The contribution of both phenomena was investigated based on the comparison between 636 
cases A and D which was calculated based on the proposed and traditional modeling approaches. 637 
From the comparison between numerical cases A and D, the large difference in penetration 638 
depth development indicated the importance of MCCP and microcracks. From the comparison 639 
with the experiment, the penetration depth was underestimated at the initial absorption and 640 
overestimated at the later absorption. In other words, it is worth mentioning that both MCCP 641 
and rapid absorption through cracks must be considered to represent the realistic moisture 642 
transport in dried concrete. 643 

 644 
Fig. 14. Rapid absorption through surface cracks 645 

4.2 Volumetric change of cement pastes regarding microstructural change 646 
The MCCP is a key phenomenon that induces not only the anomalous behavior in moisture 647 
transport but also the mechanical response of concrete. Because the mortar expansion induced 648 
the closure of cracks as observed in the previous studies (Srimook & Maruyama, 2023a) and 649 
reference experiment (Ogawa et al., 2023), the volumetric change of mortar must be 650 
appropriately reproduced. Thus, in this study, the volumetric change model based on MCCP 651 
was newly proposed and introduced for the mortar phase.  652 

To clarify the influence of microstructural change on volumetric change, the concrete 653 
expansion (lateral and vertical deformation) was investigated by comparing the numerical 654 
results from traditional and microstructural change models as shown in Fig. 15. The significant 655 
difference in the concrete expansion implied the influence of MCCP. Owing to MCCP that 656 
gradually occurs based on the pore relaxation process, gradual expansion was observed for the 657 
proposed model instead of sudden expansion by the traditional model. The aforementioned 658 
characteristic is consistent with the previous experiment (Alderete et al., 2019), which studied 659 
the influence of concrete swelling on anomalous capillary water uptake. The horizontal and 660 
vertical strain measured by the strain gauge clarified that the concrete gradually swells from the 661 
surface contact with water until reaching the equilibrium. The consistency of the gradual 662 
deformation implied that the volumetric change of cement-based material depends on the 663 
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MCCP. The rate of volumetric change also relies on the water redistribution in the C-S-H 664 
structure. Nevertheless, there are differences in the deformation compared to numerical results. 665 

 666 
Fig. 15. Influence of microstructural change of cement paste on concrete expansion. 667 

The numerical results reported the homogenous expansion occurred after the liquid water 668 
uptake was initiated and the shrinkage at the top of the specimen gradually developed along 669 
with the liquid water uptake progress. Although the aforementioned phenomenon was not 670 
measured by a strain gauge, the aforementioned homogenous expansion and shrinkage possibly 671 
occurred due to the compatibility of deformation. Under the free conditions, the sudden 672 
expansion of the bottom surface at the early period might induce the deformation of the entire 673 
body as observed in the maximum principal strain from the reference experiment (Fig. 9) and 674 
numerical study (Fig. 12). Whereas the shrinkage at the top of specimen occurred under the 675 
deformation compatibility regarding the bending deformation that increases with the expansion 676 



25 
 

at the bottom of the specimen. Note that the homogenous expansion occurred for the cracked 677 
concrete only because it was not observed from the calculation of case C (without cracks). 678 

Regarding the comparison of deformation (Fig. 15), it is worth mentioning that the MCCP-679 
induced delayed expansion must be considered. This is to reproduce the realistic volumetric 680 
change of mortar that is the origin of microcracks and closure of cracks during the drying and 681 
rewetting process, respectively. 682 
 683 
4.3 Expansion-induced closure of cracks during rewetting process 684 
In the reference experiment, the expansion-induced closure of cracks was reported regarding 685 
the development and dissipation of principal strain at the initial sorption process. However, it 686 
is quite difficult to clarify the mechanism of cracks based on the DIC data. Owing to the validity 687 
of the proposed model, the mechanism was investigated by the numerical results. 688 

Fig. 16 shows the stress distribution (vertical and horizontal direction) according to an 689 
uneven deformation between mortar and coarse aggregate. After the pre-drying process, the 690 
uneven shrinkage deformation of mortar caused the tensile stress in both horizontal and vertical 691 
directions, which induced microcracks perpendicular to the aggregate surface. During the 692 
rewetting process, the re-saturation of water induced the expansion of mortar causing the relief 693 
of tensile stress. At the first hour of the water uptake process, the tensile stress accumulated 694 
under the drying process decreased from the initial stage which is consistent with the expansive 695 
deformation (Fig. 15) and development of maximum principal strain over the entire specimen 696 
(Fig. 12) as described in the previous section. Due to the impact of the drying process, instead 697 
of returning to the initial stage, the reverse stress distribution was observed. The compressive 698 
stress regarding the mortar expansion induces the closure of cracks. A similar process was 699 
observed for the aggregate phase. The compressive stress, which developed from the pre-drying 700 
process, transformed into tensile stress under the compatibility of deformation. The tensile 701 
stress progressively developed along with the mortar expansion and formed expansive cracks, 702 
which are parallel to the aggregate surface. The mechanism is quite similar to cracking behavior 703 
according to the radiation-induced volumetric expansion of aggregate and mortar investigated 704 
by RBSM (Sasano et al., 2020). 705 

Based on the numerical results, it is worth mentioning that the MCCP is the key 706 
phenomenon for the evaluation of structural performance and durability of concrete. Because 707 
microstructural change is the basis of various phenomena, the modeling of anomalous moisture 708 
transport in cracked concrete and mechanical responses must be considered as clarified in this 709 
study. Since we are focused on the concrete material at this stage, the impact on structural 710 
performance was not accentuated. However, we believe that the closure of existing cracks will 711 
cause an alteration in the structural performance of concrete structures. In addition, it should be 712 
noted this study accentuated the crack closure process under the free condition (only the internal 713 
restraint in concrete material). At the structure level, the impact of concrete expansion might be 714 
different because the external restraint and external force are dominant phenomena for the 715 
cracking behavior. Therefore, further investigations are required to clarify the impact on 716 
structural performance. 717 
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 718 
Fig. 16. Mechanism of expansion-induced closure of cracks during the rewetting process 719 

5. Conclusions  720 
This study aims to develop a mesoscale numerical method for evaluating moisture transport in 721 
cracked concrete. Because the moisture content in concrete is a key factor determining the 722 
deterioration of concrete, the quantitative evaluation of moisture transport is essential for 723 
clarifying the structural performance and durability of concrete structures. However, the 724 
anomalous behavior was reported according to the colloidal behavior of calcium-silicate-725 
hydrate (C-S-H), which is a major component of cement paste, and the drying shrinkage-726 
induced crack, which causes the rapid moisture transport into concrete and water redistribution 727 
from crack surfaces into the concrete matrix. 728 
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To reasonably reproduce the anomalous behavior, the colloidal behavior of C-S-H, and 729 
rapid absorption through cracks were reproduced based on the dynamic microstructural model, 730 
and Lucas-Washburn equation, respectively. The numerical investigation was conducted based 731 
on a reference experiment that investigated the liquid water uptake in oven-dried concrete based 732 
on the 2D-strain distribution from the digital image correlation (DIC) method. The good 733 
agreement of penetration depth development and mechanical responses obtained from 734 
numerical and experimental studies shows the validity of the proposed modeling approach for 735 
evaluating the liquid water uptake in cracked concrete. Owing to the validity of the modeling 736 
approach, further numerical investigation was conducted. The conclusions of the numerical 737 
investigation are summarized as follows. 738 
1) Anomalous liquid water uptake is the consequence of both microstructural change of 739 

cement paste (MCCP) and drying shrinkage cracks, which affect the anomalous behavior at 740 
the later and initial stages, respectively. 741 

2) Mortar expansion-induced closure of cracks was observed along with the liquid water 742 
uptake process, however, expansive cracks initiated around the aggregate surface 743 

3) Volume change of mortar should be computed based on the microstructural change concept 744 
(corresponding to water content in interlayer spaces and gel pores) to reproduce the gradual 745 
expansion in accordance with the water redistribution in the C-S-H structure.  746 

4) Closure of drying shrinkage cracks was induced by the development of compressive stress 747 
according to restrained mortar expansion, while expansive cracks were initiated regarding 748 
the tensile stress accumulated in the aggregate phase. 749 

5) The alteration of cracks during the rewetting process indicated the impact of liquid water 750 
uptake on mechanical properties and durability of concrete. However, the impact on the 751 
structural level must be further investigated when external restraint and force are dominant 752 
for cracking behavior. 753 
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