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Supplementary notes

Supplementary Note 1. Detail of drying process

An internal drying gradient in concrete has been cited as a potential cause of anomalous water
uptake."? Even after prolonged drying at 60 °C, a residual humidity gradient extending several
tens of millimeters can persist.3 To avoid this effect, concrete slices with dimensions of
100 x 100 x 10 (1) mm*® were used in this study, ensuring uniform moisture distribution
throughout the thickness.

Three drying regimes—20 °C, 60 °C, and 105 °C—were applied to produce specimens
with varying degrees of dryness and distinct pore structure states. The 20 °C condition was
controlled using a silica gel-based climate chamber, maintaining 20+ 2 °C and 15+ 3% RH.
The 60 °C and 105 °C conditions were maintained using laboratory ovens with +1 °C accuracy.
Samples were considered to have reached mass equilibrium when mass loss was less than 0.03%
over a 24-hour period. A schematic diagram of the drying procedure is shown in
Supplementary Figure 1a.

The normalized mass loss curves and the corresponding equilibrium times are presented
in Supplementary Figure 1b. Solid lines represent the average of at least four specimens; error
bars indicate the standard deviation. As drying temperature increases, mass loss accelerates,
equilibrium is reached sooner, and final water loss increases significantly. This is attributed to
enhanced evaporation from small pores at elevated temperatures, leading to the removal of both
gel water and a portion of chemically bound water.** After 120, 696, and 1020 hours of drying,
final water losses of 2.74%, 5.37%, and 6.25% were observed for the 20 °C, 60 °C, and 105 °C
samples, respectively.
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Supplementary Figure 1. Drying process and mass loss.

a Schematic of the drying protocols under three conditions: 20 °C at 15% RH (silica-gel chamber),
60 °C (oven), and 105 °C (oven).

b Normalized mass loss curves over time, showing the drying kinetics and the time required for each
condition to reach mass equilibrium. Error bars represent standard deviation across at least four
replicates.

Supplementary Note 2. X-CR test procedure and water content calculation method.



As illustrated in Fig.1 of the main manuscript, the concrete slice specimen was placed in the
central chamber of the X-CR system. Each sample rested on a plastic base, allowing its
underside to be exposed. Water was added to a surrounding reservoir until the level reached
approximately 3-5 mm above the bottom surface—consistent with standard immersion
protocols.> %" # A schematic of the setup, including physical dimensions and configuration, is
shown in Supplementary Figure 2a. Throughout the CIC, DIC, and X-CR experiments, the
same water absorption procedure was applied. The water level was checked and replenished
every 8 hours to ensure constant immersion depth.

Due to equipment constraints, the X-ray observation window was limited to a 50 X
100 mm® region in the middle of the specimen, as shown in Supplementary Figure 2b . The
attenuation of X-ray intensity follows the Beer—Lambert law. The water content at each pixel
was calculated following the method of Roels and Carmeliet’ using Equation (1):

ACw'ﬂwz_p_wlnIW_Et (1)
a 1 dry

where Ie: and Iy, are the attenuated X-ray intensities for wet and dry specimens,
respectively; p,, is the density of water (g/cm?®), d is the thickness of water (cm), and p,, is
the nominal attenuation coefficient of water in the sample (cm™).

In order to investigate the water content distribution, d=lcm and p=1g/cm’® were used in

Eq. (1). The relationship between mass change and — '%W In ;W—Et was linearly fitted to calculate
dry

Uy, as shown in Supplementary Figure 2c. The resulting value of u,, was 0.0133 cm™. A

small y-intercept (—0.00005) in the fitted curve arises from the exclusion of grayscale changes

in the submerged zone, but this has negligible impact on the accuracy of the slope.
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Supplementary Figure 2. Additional information on the X-CR test setup and grayscale
calibration.

a Dimensions and configuration of the water uptake test setup, including concrete sample, plastic
support base, and water container. The left image shows a physical photograph; the right is a schematic
illustrating immersion depth and water uptake direction.

b Image of a representative sample during testing, with the region of interest (ROI) for X-CR analysis
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indicated.
¢ Calibration curve showing the linear relationship between grayscale change and mass gain for
samples dried at 20 °C, 60 °C, and 105 °C. All data follow a consistent slope of 0.0133 cm™.

Supplementary Note 3. NMR setup, testing protocol, and data processing.

Single-sided NMR was employed due to its minimal constraints on specimen size, making it
suitable for dynamic water uptake tests on large samples. By translating the bottom magnet, the
system generates a movable magnetic field, allowing repeated signal acquisition at a fixed
height.'® -2 In this study, water content and its evolution at a height of 8 mm were monitored
dynamically by repeatedly scanning a fixed test layer, thereby avoiding the long acquisition
time required for full-depth profiling.'* '* The specimen dimensions were 50 x 50 x 100 mm?,
and the effective sampling volume was ~40 x 40 x 0.2 mm? in the specimen center. The test
setup is shown in Supplementary Figure 3a , and an example of the signal decay curve after
36 h of water uptake at 60 °C is shown in Supplementary Figure 3b.

Although inverse Laplace transformation (ILT) is widely used for NMR data interpretation
due to its ability to resolve peak positions and intensities,'> ' it requires a high signal-to-noise
ratio (S/N), typically exceeding 150.'* This demand is not compatible with the time-sensitive
nature of dynamic absorption tests. Therefore, the CPMG decay at each time point was fitted
using a bi-exponential function, as shown in Equation (2):

S :Ale('t/ 1) +4, et/ B2) )

where S(?) is the magnetization at time #; A; and A4: are the amplitudes corresponding to
relaxation times 7%,; and 75,2, respectively. These components represent water in fine pores (e.g.,
interlayer and gel pores) and coarse pores (e.g., capillary and interhydrate voids), respectively.'”
18

A reference sample containing 6 mM CuSOa-5H-O was tested under identical conditions.
Its decay curve was fitted using a mono-exponential function (Equation 3):

Sref(t)=Arefe('t/ D ref) (3)

The volumetric water content (w) in each pore category at any given time point was
quantified by normalizing A: and 4- of the concrete sample to Ar.r of the copper sulfate solution.
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Supplementary Figure 3. Schematic and signal response of single-sided 'H-NMR test.

a Experimental setup including the NMR device, concrete specimen dimensions (50x50x100 mm?3),
and the defined test region (~40x40x0.2 mm?) centered at § mm from the specimen base.

b Representative signal decay curve of the CPMG sequence for a specimen dried at 60 °C, measured
after 36 h of water uptake.

Supplementary Note 4. Trends in NMR data and macropore compression from T:
relaxation behavior.



The initial water content varied significantly among samples subjected to different drying
conditions, as reflected by the first time-point measurements in Supplementary Figure 4a-c.
With increasing drying temperature, the initial water content at a height of 8 mm was
approximately 0.045 g/cm? (20 °C), 0.023 g/cm?* (60 °C), and 0.011 g/cm?® (105 °C), respectively.
Following water contact, the water content at 8§ mm rose sharply after ~1.12h%° (20 °C),
~0.85h%* (60 and 105 °C), and reached a plateau at ~4, 2, and 2 h®3, respectively. The final
plateau water content showed a slight increasing trend with higher drying temperature.

In specimens dried at 20 °C, capillary narrowing induced by C-S-H swelling is not readily
observable due to the limited capillary volume and near-zero water content in these pores. Most
absorbed water is directly retained in finer pores. At 60 °C, water initially fills capillary and
fine pores in nearly equal proportions, followed by redistribution'*—water migrates from
capillaries into fine pores, concurrent with pore constriction caused by C-S-H swelling. This
redistribution persists throughout the test. For specimens dried at 105 °C, approximately 60%
of water initially enters capillary pores, with gradual redistribution into finer pores occurring
later. After ~11h"°, water content in both pore types converges, followed by continued
redistribution.

These observations confirm two important mechanisms: (1) water redistribution
significantly alters the internal pore structure, and (2) higher drying temperatures coarsen the
pore network, making it less responsive to C-S-H-induced compression. Most notably, the delay
and suppression of anomalous water uptake at elevated drying temperatures are directly linked
to reduced pore constriction due to structural insensitivity.

Supplementary Figure 4d shows the evolution of T> relaxation times in capillary pores for
the 60 °C and 105 °C conditions (with data gaps due to equipment maintenance). Data from
20 °C samples are omitted due to insufficient signal strength in capillary pores. The prolonged
high-T- signal retention at 105 °C indicates that larger pores remain open longer, thereby
sustaining high initial water uptake rates and delaying the onset of anomalous behavior.
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Supplementary Figure 4 Detailed visualization and extension of NMR data.

a—c Time-resolved evolution of water content in capillary and fine pores during water uptake for
samples dried at 20 °C, 60 °C, and 105 °C. Gaps in the curves are due to temporary suspension of
NMR scanning during instrument maintenance; water absorption continued uninterrupted during these
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periods.

d Variation in T- relaxation times of capillary pores as a function of water uptake time for the 60 °C
and 105 °C samples. Data for the 20 °C condition are excluded due to insufficient NMR signal
resulting from minimal capillary water content.

Supplementary Note 5. Microstructural changes induced by drying: BSE image analysis
and crack quantification

5.1 Experimental setup and image processing

Drying-induced pore coarsening has been widely reported in the literature.®” *' This
phenomenon is primarily attributed to the consolidation of globular C—S—H clusters driven by
surface free energy minimization. In addition to pore enlargement, severe drying can also result
in microcracking due to autogenous restraint, especially in the presence of aggregates. These
cracks and coarsened pores increase the permeability of concrete? %, facilitating the transport
of water and aggressive agents. **

To evaluate the evolution of porosity and microstructural damage—particularly at the
capillary scale, which dominates liquid water transport—concrete specimens
(100x10x100 mm?) were subjected to varying drying regimes and subsequently analyzed by
backscattered electron (BSE) imaging. Specimens were polished and coated with 15 nm of
carbon using a VC-100 carbon coater (Vacuum Device, Japan). Imaging was conducted using
a JEOL JSM-7800F scanning electron microscope under vacuum at 15kV and a working
distance of ~5.0 mm.

Porosity and cracking were statistically analyzed across magnifications ranging from 50x
to 1000%. Grayscale images were processed using MATLAB 2024a. K-means clustering was
applied for threshold segmentation of pore and solid phases (Supplementary Figure 5a).
Cracks were identified based on morphological parameters—specifically area and circularity—
and manually reviewed to ensure reliability. For statistical robustness, over 12 images were
analyzed per magnification and drying condition, with a total of more than 20000 cracks
identified.

5.2 Qualitative comparison of crack development
BSE images at 500x magnification (Supplementary Figure 5b) reveal the development of
microcracks under different drying conditions. At 20 °C, dense matrix structure is observed,

with sparse cracks appearing along portlandite (regions A and C) and limited propagation
around aggregates (region B). These cracks are isolated and poorly connected.

In contrast, samples dried at 60 °C show a higher density of matrix cracks, with some
forming connected pathways through the matrix (regions D—QG), potentially serving as
preferential transport channels. At 105 °C, crack morphology shifts toward fewer but larger,
more continuous cracks (regions H and J), likely caused by rapid drying and associated energy
release. These wide cracks may connect interfacial transition zones between aggregates,
forming dominant pathways for water transport.

5.3 Quantitative crack geometry analysis

Three parameters—crack length (L), area (A), and average width (W = A/L)—were used
to quantify individual cracks. Statistical results from >450 BSE images at varying
magnifications are presented in Supplementary Figure 6a-c.

Most cracks had lengths between 1-100 um, peaking around 10 pum. With increased drying
temperature, longer cracks became more frequent, though cracks near 100 pm showed limited
growth beyond 60 °C (Supplementary Figure 6a). Crack areas ranged from 0.1-1000 um?,
with 60 °C drying promoting a shift from small (0.1-10 pm?) to medium (10-1000 pm?) cracks
(Supplementary Figure 6b). Further heating to 105 °C primarily widened existing cracks.
Crack widths spanned 0.1-10 pum and increased consistently with temperature across all scales
(Supplementary Figure 6c¢).

Porosity also increased with both magnification and drying severity (Supplementary
Figure 6d). The effect of drying-induced coarsening was more pronounced at higher
magnifications, indicating stronger changes at finer pore scales. At 50%, porosity deviated from
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the trend due to aggregate and air void interference in the larger field of view.
To further describe cracking behavior, two normalized parameters® were introduced: areal
fraction (A.) and crack density (L), calculated by:

A= (A) 3)

La=5 20 (L) (5)

where A is the area of the observation window, A; and L; are the area and length of
individual cracks, and # is the total number of cracks.

Crack quantity at 60 °C and 105 °C was significantly higher than at 20 °C under 50-500%
magnification (Supplementary Figure 6e). At 1000x, differences diminished due to the small
observation window. Crack quantity peaked at 100, suggesting it as an optimal scale for bulk
crack quantification.

Crack density generally increased with both magnification and drying severity
(Supplementary Figure 6f). A rightward shift in the probability distribution of crack area
fraction (Figure 6g) confirmed that higher drying temperatures produced more large-area cracks,
with 105 °C showing the greatest fraction of cracks exceeding 1% of the observation area.

5.4 Correlation with water uptake and deformation

Porosity was found to correlate linearly with the initial water uptake rate (Supplementary
Figure 6h). To compare porosity across scales, values were normalized against the porosity of
105 °C-dried samples. Error bars represent variability across magnifications.

Figure 6i displays the post-drying deformation field, consistent with previous reports.*®
Low-deformation zones coincide with aggregate-rich regions, while high-strain zones
(>2000 um/m) correspond to matrix areas. Extreme strains (-5000 pum/m) may indicate
microcrack clusters.

Importantly, the transport phenomena described here differ from water flow through
visible macrocracks.? ** % 3 No through-cracks were observed in this study. Instead,
deformation and transport are governed by localized microcrack networks, typically below
10 pm in width (Supplementary Figure 6c), which subtly enhance water migration without
forming visible channels.
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Supplementary Figure 5. BSE imaging and statistical analysis of capillary structure and microcrack
development.

a Workflow for BSE image acquisition and quantitative analysis. Individual crack parameters—
including length, area, and width—were extracted alongside group metrics such as crack density and
areal fraction.

b Comparison of microcrack morphology under different drying conditions using BSE images at 500%
magnification. (a—b) 20 °C-dried sample; (c—d) 60 °C-dried sample; (e—f) 105 °C-dried sample.
Regions of interest illustrate typical crack patterns and their spatial distribution.
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Supplementary Figure 6. Quantitative analysis of crack geometry, porosity, and their
correlation with water uptake and strain.

a—c Statistical distributions of individual crack parameters—Ilength, area, and width—for samples
under 20 °C, 60 °C, and 105 °C drying conditions. Insets highlight regions near the distribution peaks.
d Relationship between measured porosity and image magnification. Dashed line represents a linear

fit.
e—f Mean number of cracks per image and crack density plotted as a function of magnification for

each drying condition.

g Probability distribution of average crack area fraction, used as a key indicator of crack size across
drying conditions.

h Correlation between relative porosity (normalized to 105 °C sample) and the initial water absorption
rate (CIR/k-Height). Dashed lines show linear fits.

i Distribution of minimum principal strain after drying (105°C sample). Low-strain regions
correspond to aggregate zones, while moderate strain (-5000 um/m, shown in purple) indicate
microcrack clusters. No visible through-cracks were detected; these zones reflect localized
accumulation of sub-visible microcracks, consistent with the characteristic width (a few microns)
shown in panel c.

Supplementary Note 6. Microscale consequences of drying and their influence on the pre-
anomalous water uptake phase.

The effect of drying temperature on the pore structure evolution has been previously
investigated by our group. ** Here, based on the statistical porosity data (from BSE analysis)
and real-time NMR observations during water uptake, we further elucidate the drying-induced
microstructural transformations and their implications for early-stage absorption dynamics. A
conceptual schematic is provided in Supplementary Figure 7 to visualize the changes.

20°C + 15%RH (mild drying):

Even under relatively mild conditions, capillary water and most gel water are effectively
removed, and C-S-H gel undergoes partial consolidation. The formerly amorphous gel acquires
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a more fibrous morphology. Capillary pores are sparsely distributed, poorly connected, and
contribute little to macroscopic water transport. As a result, porosity observed by BSE is low,
and water uptake at this stage is limited.

During re-immersion, remaining gel pores are easily refilled, but the rehydrated C—S-H
matrix cannot accommodate further water ingress. Interlayer water remains largely intact, and
thus water redistribution does not occur significantly, unlike the higher-temperature-dried
samples.

60 °C (moderate drying):

At 60°C, consolidation of C-S—H clusters progresses further, including partial
transformation of needle-like phases. Larger pore sizes and newly formed transport channels
between adjacent capillary pores contribute to a marked increase in total porosity and enhanced
water conductivity.

At the gel scale, all gel water and some interlayer water are removed. Some C—S-H layers
collapse and bond via intermolecular forces, reducing pore volume. Simultaneously, weaker
layers are pulled apart, generating new gel-scale pores. This dual behavior—collapse and
expansion—produces a more complex pore network.

105 °C (severe drying):

The structural changes at 105 °C follow a similar pattern to those at 60 °C but are more
pronounced. Total porosity is further increased, and capillary pore networks become nearly
continuous. NMR data show that, compared to 60 °C, more gel regions are rapidly re-filled
during initial absorption, indicating more readily accessible gel-scale pores due to severely
delaminated interlayer spaces.

However, water redistribution within the matrix is slower and more restricted. This is
attributed to tighter bonding between consolidated C-S-H layers, which limits the re-absorption
of water into deeper gel and interlayer regions.

Summary:

The consolidation and morphological rearrangement of C—S—H gel during drying critically
influence the pore network and its functionality. With increased drying severity:

e Capillary pore volume and connectivity increase;

e Gel pore accessibility improves, favoring faster initial absorption;

o Tightly packed interlayer structures hinder later redistribution.

This drying-induced asymmetry between capillary inflow and redistribution contributes to
the onset and modulation of anomalous water uptake behavior in cementitious materials.
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Supplementary Figure 7 Schematic representation of microstructural changes at multiple scales after
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different drying conditions.

Conceptual illustration of the morphological evolution of cement particles, capillary pores, and C-S-
H gel globules under 20 °C, 60 °C, and 105 °C drying regimes. The figure highlights changes in pore
connectivity, gel densification, and interlayer spacing that collectively influence water accessibility
and transport behavior. Note: this is a schematic depiction and not based on actual microscopy images.

Supplementary Note 7. Determination method for penetration/expansion height.

While numerous studies have documented water distribution profiles during capillary uptake
and proposed methods to quantify penetration height over time, a fundamental challenge lies in
selecting consistent criteria for defining the boundary of penetration—especially when a
transition zone is present. Based on strain and water content distributions, the specimen can be
conceptually divided into three regions: fully saturated, partially filled, and dry. These regions
respectively correspond to zones of maximum, intermediate, and negligible expansion or water
content, as illustrated in Supplementary Figure 8a.

Notably, the “fully saturated” region may not exhibit 100% pore filling. In prior studies,
the accessible pore volume in mortars with water—cement ratios of 0.6 and 1.15 reached only
~55.7% and ~60.6%, respectively.z’1 Moreover, the residual unfilled pores in saturated zones
and the extent of the transition zone—also referred to as the "wetting front composite region"—
increase with pore structure heterogeneity, a common characteristic in porous materials.** This
observation challenges the assumptions of the classic Lucas—Washburn (L-W) model and
supports the possibility of anomalous water uptake behavior.

The transition zone, which typically contains large pores and strong gradients in saturation
or strain, can be bounded by two critical positions: the height of the beginning (A) and end (B)
of the transition zone can be easily recognized, as shown in Supplementary Figure 8a.

While point A underestimates and point B overestimates the true penetration height, an
intermediate compromise is the intersection point C, defined as the intersection between
tangents drawn along the steep gradient and the plateau. This method is often used in setting-
time analysis for cementitious systems.*?

However, when strain or water content profiles are noisy or nonlinear—such as in this
study—the tangent-based method becomes ambiguous. Therefore, we adopt point D, defined
as the position where the water content or strain equals the arithmetic mean of the fully saturated
and dry regions. This method offers simplicity, reproducibility, and computational efficiency,
and was found to approximate point C with reasonable accuracy.

To capture lateral variations in water uptake, the specimen's surface is divided into eight
horizontal strips (see Supplementary Figure 8b), and the penetration height is calculated

separately for each strip. This approach improves spatial resolution and follows
recommendations in Refs.** ¥

Supplementary Note 8. Temporal evolution of saturated, transition, and dry zones during
water uptake.

Supplementary Figure 8c-h present the evolution of distinct moisture and deformation regions
over time for specimens under different drying conditions. In all cases, the penetration height
increases with time and is positively correlated with the drying temperature, indicating
enhanced absorption capacity in more severely dried samples.

Although a transitional zone is present in each sample, its relative thickness remains small
compared to the total uptake height, suggesting that the wetting front is relatively sharp. Notably,
the transition zone estimated from DIC-derived strain data is typically broader than that derived
from X-CR-based moisture profiles. This discrepancy likely results from the elastic coupling
effect of the material: deformation in the saturated region may propagate slightly into the dry
zone, inducing minor strain responses even in areas not yet filled with water.

In addition, as shown by the mass uptake data, minor differences in water absorption
kinetics were observed between replicate specimens under identical drying conditions. These
inter-sample variations contribute to small discrepancies in the penetration height evolution
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recorded by X-CR and DIC techniques.
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Supplementary Figure 8 Regional classification of water uptake and strain, and methods for
penetration height determination.

a Typical water content and deformation profiles along the specimen height, showing the division into
fully saturated, partially saturated, and dry zones. Points A—D represent different criteria for estimating
the water penetration height.

b Illustration of the sectioning approach, where the specimen surface is divided into horizontal strips
for independent calculation of penetration height. The associated formula for computing average
height is also shown.

c—e Temporal evolution of fully expanded and partially expanded regions derived from DIC data for
samples dried at 20 °C, 60 °C, and 105 °C, respectively.

f—h Temporal evolution of fully saturated and partially saturated regions derived from X-CR data for
samples under the same drying conditions.

Supplementary Note 9. Relationship between penetration height and mass recovery.

Following an initial stage of rapid water uptake, the mass gain of dried specimens tends to
stabilize and shows limited further increase. Although some studies suggest that additional
water absorption may occur over extended timescales,*® *”** the relationship between final
penetration height and mass recovery remains a valuable indicator of pore accessibility and
rehydration capability.

As shown in Supplementary Figure 9, samples dried at 60°C and 105°C exhibit
significantly lower mass recovery compared to 20 °C-dried specimens, even when the
penetration height reaches comparable values. Under 20 °C drying, despite a low ambient
relative humidity (15%), the mass lost during drying is almost completely regained in the
saturated region. In contrast, for samples dried at 60 °C and 105 °C, the penetration height and
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mass recovery ratio exhibit a near-linear relationship that deviates substantially from the ideal
1:1 line (red dashed line), indicating that roughly 50% of the lost water cannot be recovered.

Previous studies have shown that post-absorption water content remains well below the
vacuum-saturated levels,’' and recovery ratios are typically reported in the range of 60-90%.
3% This may be because some large voids trap air. This trapped air is thought to be approximately
evenly distributed in the system and can sometimes be directly observed by visualizing water
content profiles. Another possible explanation is that a large number of irreversibly closed
hydrogel pores caused by heating and drying lead to this result. The present results favor the
second hypothesis: samples subjected to mild drying (20 °C) exhibit minimal irreversible
effects, achieving nearly complete mass recovery. By contrast, high-temperature-dried
specimens display significant unrecoverable porosity, suggesting that irreversible gel pore
closure is the dominant mechanism limiting water regain under these conditions.

~50%
L
f \
100 b y=2.1104x 4‘ 7
2= /
_ RI=0994 4 S yex
Q) y;
o A
: 80+ //A
g
2 6ot .)1
5
‘o
- — "
® 401 H
— ./
= )
[} A
< A% '/
Dq-,) 20 4% = 20°C dried sample
’._-"‘ ‘ e 60°C dried sample
A_/;- 4 105°C dried sample
O z 1 1 1 1 1
0 20 40 60 80 100

Mass recovery (%)

Supplementary Figure 9. Relationship between normalized penetration height and mass
recovery ratio.

Scatter plot showing the correlation between the percentage of penetration height (normalized to
specimen height) and the corresponding mass recovery ratio after water uptake for samples dried at
20 °C, 60 °C, and 105 °C. The red dashed line indicates the ideal 1:1 relationship, where all mass lost
during drying would be fully recovered by water uptake. Deviations from this line illustrate the extent
of unrecoverable water, particularly for samples subjected to higher drying temperatures.

Supplementary Note 10. Calculation of diffusion coefficient using the Boltzmann-Matano
method.

With access to detailed time-resolved water content distributions during absorption, the
Boltzmann—Matano method was employed to calculate the moisture-dependent diffusion
coefficient D(0). This method, originally proposed by Boltzmann* and further developed by
Matano*!, has been successfully applied in water uptake studies of porous materials. ** It
transforms the time-dependent Fickian diffusion equation into a time-independent form,
enabling the evaluation of D(0) from concentration profiles at different times.

Starting from Fick’s second law:

a0 a a0
5= m(PO3F) ©
By introducing the Boltzmann variable 4 = =, this partial differential equation is converted

\/E’
into:
d dey , 1.,de
Z(p@®%)+325=0 O
Here, 0(x, t) is the local moisture content, D(0) is the effective diffusion coefficient, x is distance,
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and t is time.
On the Matano interface (defined as the effective water front), D(0) can be calculated
through integration:
104 1,/(do
D) =-3 AMEA(E) i ()
Where 4;, is the position of the Matano plane.

The calculation procedure is illustrated in Supplementary Figure 10a:

Step I: Transform the water content profiles at each time point into 8(1) using Boltzmann
scaling.

Step II: Exclude the plateau zones (6>0.08 g/cm?® and <0.01 g/cm?), and isolate the front
region near the Matano plane.

Step III: Compute D(0) from the 6(A) curve using numerical integration. To reduce
sensitivity to local fluctuations, the computed data are smoothed using an S-shaped fit near the
front.

Step IV: Reconstruct 6(4) from both the original and fitted D(0), and compare results.
Minor oscillations in D(8) from raw data are attributed to noise in water content gradients but
do not affect the overall trend or physical interpretation.

Supplementary Note 11. Position and evolution of the water front in Boltzmann
coordinates.

Plotting water content 0(x, t) against the Boltzmann variable A is a useful tool for identifying
anomalous uptake behaviors (see Supplementary Figure 10b-d). When the water front
propagates steadily, curves at different time points collapse onto a single profile in the 6(4)
domain.* In this representation, a steeper front indicates faster penetration.

Among the three drying conditions, 20 °C-dried samples exhibited the slowest water front
progression. At early stages, the front is relatively diffuse, and water preferentially fills small
capillary pores—evidenced by faster diffusion in the low-6 region.

As time progresses, the profile becomes steeper (Stage I), indicating accelerated filling of
the pore network beneath the front. The onset of this rapid diffusion phase occurs at ~6 h for
the 20 °C sample, and ~16 h for the 60 °C and 105 °C samples.

For the latter two cases, the water front stabilizes over a prolonged period (Stage II),
maintaining a nearly constant gradient between 16—46 h (60 °C) and 16—64 h (105 °C). During
this stage, the diffusion is balanced, and the front advances steadily. Although microstructural
changes may occur behind the front, their impact on front progression remains minimal.

By contrast, the 20 °C sample exhibits no clear Stage II. It transitions directly to Stage III,
where the water front movement slows down significantly despite a constant front shape—
signifying the onset of anomalous uptake. This phase is marked by a substantial decline in water
potential gradient and diffusion driving force.
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Supplementary Figure 10. Calculation of diffusion coefficient and intermediate results based on
Boltzmann—Matano analysis.

a Flowchart of the diffusion coefficient computation process using Boltzmann—Matano
transformation. The procedure is based on water content profiles along the absorption direction and
includes four main steps: Boltzmann scaling, front isolation, numerical integration, and validation.
b—e Intermediate results for specimens dried at 20 °C, 60 °C, and 105 °C. The plots show the moisture
content 0 as a function of the Boltzmann variable A, used as the basis for extracting D(6).

Supplementary Note 12. Explanation of the temporal mismatch between water content
and volumetric expansion.

Based on synchronized X-CR and DIC measurements, a quasi-linear relationship can be
observed between the average expansion across the specimen cross-section and the mean water
content change, as shown in Supplementary Figure 11a. Among the three drying conditions,
specimens dried at 20 °C exhibit the highest macroscopic expansion per unit water content,
followed by 60 °C and 105 °C. This trend suggests that more dehydrated interlayer regions—
present predominantly in mildly dried samples—correspond to greater swelling potential upon
rehydration.

However, this average-based analysis masks the temporal discrepancy between local
expansion and water content increase. Supplementary Figure 11b presents a direct comparison
between the spatial distribution curves of water content and expansion at a given time. The DIC
and X-CR profiles exhibit similar undulating patterns, reflecting the heterogeneous aggregate
distribution across the cross-section. Despite minor spatial offsets, the peak positions of both
curves align reasonably well in fully saturated regions. Dashed circles highlight representative

17



peak locations where intensity differences remain within a narrow range.

In contrast, within the transition zone, a clear mismatch emerges: the water content curve
consistently surpasses the expansion curve in height, indicating a lag in mechanical response
relative to fluid ingress.

This time-lag effect is further illustrated in Supplementary Figure 11c. A threshold water
content value of approximately 0.05 g/cm® (indicated by the dashed line) can be used to
delineate the induction period—a regime during which water enters the structure but does not
yet trigger significant macroscopic expansion. Once the local water content surpasses this
critical value, volumetric strain increases markedly.

These observations confirm the existence of a two-phase expansion behavior and highlight
the nonlinear coupling between water-induced swelling and fluid transport, particularly in
partially saturated zones.
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Supplementary Figure 11 Evidence of delay between water content increase and deformation onset
from comparative DIC and X-CR analyses.

a Correlation between mean water content and average deformation across the region of interest
(ROI).

b Comparison between water content and strain distribution curves for the sample dried at 60 °C after
24 h of water uptake. Dashed circles highlight aligned and misaligned peaks between the two curves.
¢ Determination of the threshold water content required to initiate macroscopic deformation,
illustrated using the 105 °C-dried sample. The onset of expansion is identified relative to water content
evolution.

Supplementary Note 13. Extended DIC and X-CR observations and corresponding
distribution curves.

While the main manuscript presents the synchronized in-situ DIC and X-CR results for the 0—
32 h period to enable direct comparison between water content and deformation, additional
independent DIC and X-CR tests were performed to verify the anomalous water uptake
behavior over extended durations. These results are shown in Supplementary Figure 12.

Supplementary Figure 12a-c display the evolution of the strain field in samples dried at
20°C, 60°C, and 105 °C, respectively. The corresponding deformation profiles along the
specimen height are shown to the right of each field map. As water uptake time progresses, the
height of deformation increases with drying temperature. For the 20 °C and 60 °C samples,
deformation height plateaued after approximately 100 h, indicating that certain regions had
reached complete saturation or had remained dry, a phenomenon that cannot be captured by
mass-based measurements alone.

Supplementary Figure 12d-f present the water content evolution in samples under the
same drying conditions. Water content distribution curves along the height are similarly
provided. The trends in water penetration depth observed via X-CR closely match those seen
in deformation height via DIC, confirming the consistency between mechanical and moisture
field responses across different drying regimes.

These additional tests further support the reliability of the observed anomalous absorption
characteristics and provide complementary spatial insights that bulk measurements cannot offer.
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Supplementary Figure 12. Extended DIC and X-CR field maps and corresponding distribution
profiles under different drying conditions.

a—c Maximum principal strain fields and vertical strain distribution curves for specimens dried at
20°C, 60 °C, and 105 °C, respectively. Strain evolution is shown over the time range of 0—144 h.

d—f Water content field maps and corresponding height-wise water content distribution profiles over
the period of 0-96 h for specimens under the same drying conditions. The spatial extent of moisture
penetration is consistent with the deformation zone observed via DIC.

Supplementary Note 14. Evaluation of the t** time relationship for describing CIC
evolution

Some fitting parameters in the manuscript are shown in Supplementary Figure 13a-
b.Supplementary Figure 13c shows the results of repeated tests on water absorption quality.
Although there is some dispersion, CIC under different drying conditions is still distinct.
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Several previous studies”® *** have proposed that cumulative capillary water uptake (CIC)
may follow a t*** dependence, especially under anomalous absorption conditions. To evaluate
this hypothesis, we re-plotted our CIC data against t*** for samples dried at 20 °C, 60 °C, and
105 °C (see Supplementary Figure 13d-f). While the resulting plots do exhibit approximate
linearity over intermediate time windows, the overall fitting performance raises several
concerns.

First, the t*% curves consistently exhibit a strong deviation from the origin, implying that
this relationship fails to describe the early-time behavior (e.g., t<1 h®*). Second, although some
individual samples (e.g., 20 °C-sample-2, 60 °C-sample-2, 105 °C-sample-1) appear to follow
two-stage linearity, this pattern is not reproducible across all replicates, and a transition region
is often observed that prevents a clean bilinear interpretation.

Moreover, using the t*** formulation increases the dispersion of the extracted inflection
points, particularly within the same drying condition. This undermines the consistency and
predictability of the model.

Taken together, these results suggest that the t scaling does not improve the description
of CIC evolution compared to the classical t* relationship. In fact, our findings point to the
broader conclusion that CIC behavior in anomalous regimes cannot be captured by a single
power-law relationship, and may require more complex or piecewise models to fully
characterize.
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Supplementary Figure 13 Curve-fitting parameters related to anomalous water uptake behavior
and repeatability of mass absorption measurements.

a CIC values and associated fitting parameters (e.g., initial slope, inflection point) derived from linear
fits of the mass uptake curves, as presented in the main text.

b Corresponding results based on water uptake height derived from X-CR measurements, showing
the relationship between penetration height and derived kinetic parameters.

¢ Results of repeated mass uptake tests for specimens dried at 20 °C, 60 °C, and 105 °C, illustrating
the degree of experimental dispersion across replicates.
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d-f CIC plotted as a function of t*2° for samples under the three drying conditions. While an
approximate linear trend is observable in intermediate time ranges (highlighted by grey guide lines),
all curves exhibit significant deviation from the origin, particularly at early times, suggesting
limitations in the applicability of the t*2* model for anomalous absorption scenarios.

Supplementary Note 15. Assessment of gravitational effects on water uptake behavior.

Although the classical Lucas—Washburn (L-W) equation indicates that gravity has a negligible
influence on capillary water uptake in materials with small characteristic pore sizes, recent
studies** *® still makes us worry that gravity is a disturbing factor for anomalous water uptake.

To this end, we designed a reversed flow test, in which the specimen was vertically oriented
such that the direction of water flow was aligned with gravity (i.e., downward). This contrasts
with the original upward capillary absorption configuration. The experimental setup is
illustrated in Supplementary Figure 14a.

If gravity were a significant factor, this alignment would be expected to accelerate water
penetration or modify the characteristic shape of the uptake curve. However, as shown in the
comparison of height-time profiles, no notable difference in water uptake height or rate was
observed between the standard and downward configurations. The uptake curves were nearly
identical throughout the test duration.

These results suggest that gravitational acceleration has limited to negligible impact on the
capillary water absorption behavior in our experimental system. In particular, the characteristics
of anomalous water uptake, such as the delayed inflection point and non-linear kinetics, appear
independent of absorption direction.

a b
Water uptake Water downtake
8h
Water uptake direction
16h

= =]

Water uptake

24h

—1
g—

Water uptake direction

72h

144h

Water downtake

0 Maximum principal strain (um/m) 1500

Supplementary Figure 14 Gravity has negligible influence on water absorption behavior in
concrete specimens.

a Schematic illustration of the two experimental configurations: standard upward water uptake and
downward “downtake” absorption, where the direction of water movement is aligned with gravity.
Both setups maintain consistent sample geometry, sealing conditions, and water exposure depth.

b Comparison of vertical expansion height over time under the two configurations for samples dried
at 20 °C. The results show no significant difference in deformation extent or rate, indicating that
gravitational acceleration does not noticeably affect capillary absorption or swelling behavior in this
system.

Supplementary Note 16. One-dimensional numerical simulation of swelling-induced
water uptake
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Background and purpose

The anomalous behavior of water uptake in cementitious materials cannot be accurately
captured without considering two key mechanisms: (1) crack area evolution during wetting, as
observed via digital image correlation (DIC), and (2) dynamic changes in pore structure,
particularly the redistribution between capillary and fine pores, as revealed by 'H-NMR. These
coupled processes significantly alter the material's transport capacity and result in non-classical
absorption dynamics.

In particular, the swelling of calcium—silicate-hydrate (C—S—H) phases plays a central role.
The colloidal nature of C—S—H underlies both the volume change and the redistribution of water
across multiscale pore domains. By altering the initial pore state via different drying conditions,
we observed distinct behaviors in crack closure and retention evolution, suggesting that the
anomalous uptake phenomenon is fundamentally driven by C—S—H swelling and its interaction
with the evolving pore network.

To quantify these effects and validate our experimental interpretation, we developed a
front-tracking one-dimensional simulation framework. The model integrates measured
retention evolution, crack density, and region-specific diffusivity to reproduce the full trajectory
of water front propagation. This numerical approach not only supports the physical mechanism
inferred from in-situ observations but also enables predictive simulation under arbitrary initial
conditions. It bridges the microscale pore evolution with macroscale transport anomalies,
offering a unified platform for mechanistic understanding and material design optimization.

Governing equations and concepts

The fundamental concept stems from the Lucas—Washburn equation, which assumes that
water imbibition in porous media follows a diffusion-like process. Under the classical
assumption of constant diffusivity, the water front height 4(t) is proportional to the square root
of time:

h(t) oVt

However, for materials with evolving pore structure and spatially varying resistance, this
relationship becomes more complex. We retain the form but adapt the propagation increment
in each time step based on an effective diffusivity Deg(t), such that:

h(©) ~ 2 % \/Dege(t) * At
Here, the factor 2 originates from the analytical solution to the classical diffusion equation.
While its exact value is empirical and does not influence the core calculation logic, it provides
a reasonable scaling for modeling purposes. Importantly, D.g(t) is not constant, but
recalculated at each step to capture the evolving resistance of the material.

We adopted the arithmetic average to calculate the effective diffusion coefficient Dggf(t).
This choice is based on the assumption that each layer contributes proportionally to the overall
water uptake. The arithmetic mean allows a better representation of the cumulative effects of
structural evolution along the vertical profile, especially when the variation in D(z,t) is
gradually changing.

Hence, in this model, Dgg(t) is determined by averaging the layer-wise diffusion
coefficients over the wetted depth Zgont(t), see Supplementary Figure 15a.

Dose(t) is the effective diffusion coefficient calculated from average value of layer-wise
D(z,t):

Zfront

Deff(t) = 2 dz - D; /Zfront
0

Then, the key challenge becomes determining the effective diffusivity Deg(t) for each
layer at any time, which requires a clear understanding of how D.g(t) evolves with pore
structure. In this study, we employ retention, defined as the ratio of the current capillary pore

volume to the maximum volume (also can be written as 9"/ 0y’ 0, indicates the amount of

water in the capillary or fine pores at time t, and 6, indicates the water content in that kind of
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pore at the beginning of the C—S—H swelling-induced pore structure transformation, as shown
in Supplementary Figure 15b). This parameter effectively captures the shrinkage of capillary

channels due to C-S-H swelling. 9/90 before pore transformation occurs is always 1.

Afterward, it decreases linearly over time. We fitted and summarized them, as shown in
Supplementary Figure 15¢:

Then we introduce Poiseuille’s Law to describe the relationship between channel’s radius
and diffusivity D. According to Poiseuille’s Law, the volumetric flow rate Q of a liquid through
a cylindrical capillary of radius r is proportional to the second power of the radius:

Q o r?

This implies that larger pores dominate transport, and even small variations in radius can
significantly change flow behavior. Since the diffusivity D in unsaturated porous systems can
be analogized to effective mobility of water, it is also assumed to scale with pore radius as:

D(r) < r™
Where n=2, which is common used in classical diffusion analogy, and it is what we use in this
calculation
We generalize this as D(r) « r™, and then relate pore radius to saturation, using a power-law
form:

D oC 9 o

©/,)
where a=n/2=1, because retention is calculated based on the volume ratio, which under the
cylindrical transmission channel assumption is the square of the aperture ratio. Then we get:

6(zt)
D(z,t) = Do * ( )
6o
Then, for capillary pores and fine pores, we respectively obtain:
Bcap (2, 1)
Dcap(zr t) = Dy * (9—)
cap,0
B¢ (z, )
Dfine(zv t) = Dy * (ﬂeL)
fine,0

Since the proportion of initial capillary pores to small fine varies under different drying
conditions, by determining the specific gravity of the initial transport channel based on the ratio
of the area of capillary pores to small pores before the pore transformation begins as measured
by NMR, the following can be obtained:

Ocap (2.t Ofine (2, t
D(z,t) = Dy * (Acap,o * <M> + Afine,o * < fine ( )>)

gcap,o gfine,o
Furthermore, considering the closure of micro-cracks at the capillary pore scale, its
influence on the tortuosity is significant and thus cannot be ignored. Therefore, a tortuosity

. . ch_ ) . . . .
coefficient constrained by Beap(@t) is added to the term of capillary pore transmission, and the
cap,0
equation is rewritten as:
s <9c§p = t))
cap,
cap,0 Qf' (Zr t)
D(ZI t) = DO * ( 9 (Z t) + Afine,O * < gle )
‘L'( cap \% ) fine,0

Qca
p,0

The functional form of tortuosity remains an open question in current literature. In this
study, we adopt an exponential formulation inspired by Archie’s law*’ is employed here:

<9cap (z, t)) (B*(l—GCgL(Z't)))
T\———— | =Tp*e cap,0
Bcap,o

It is known that there are aggregate areas, ITZ areas and mortar areas in the sample. In the
observation of DIC, we have confirmed that there is a part of the crack accumulation area in
the mortar area. Therefore, we can divide the concrete into four parts for treatment and
determine their respective contributions to the transport according to the area proportion:
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Dtotal(zv t) = Aagg * Dagg + AITZ * DITZ + Acrack * Dcrack + Amatrix * Dmatrix
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Supplementary Figure 15 Parameter extraction and structural input for the 1D swelling-
induced transport model.

a Schematic of the layer-wise computation of the total effective diffusivity D, used in the model.
The diffusivity is averaged over the wetted depth zg,, by summing the local values D; weighted by
their layer thickness dz. During water uptake, D; and Dy, are keeping changing.

b Example of NMR-derived pore-scale water content evolution used to determine the initial retention
capacity (0ycap» 0o fine)- Separate contributions from capillary pores and fine pores are shown, and
fitted curves are used to define input retention functions.

¢ Evolution of normalized retention et/ 0, for both capillary and fine pores under different drying

conditions (20 °C, 60 °C, and 105 °C). These curves are used to dynamically update layer-wise
diffusivity during simulation.

d DIC-derived area proportions of matrix, crack-rich zones, ITZ, and aggregates under the three
drying regimes. These values define the spatial heterogeneity and regional weighting in the transport
calculation.

The value of the parameters
Set of the value of the parameters was shown in Supplementary Table 1.

Supplementary Table 1. Materials and physical properties used in mix design.

Parameters 20°C 60°C 105°C Notes Data source

A aggregate 0.460 0.460 0.460 Calculated from mix ratio Calculated

A crack 0.113 0.324 0.188 Calculated from DIC Calculated

24



A ITZ

A_matrix

w_cap
w_fine

A cap,0
A fine,0

T_matrix 0

T _crack 0

B_matrix

B crack

k ITZ

k_exp

Do

0.005

0.422

0.9

0.1

0.2825
0.7175

2.32

12.3255

0.005 0.005
0.211 0.347
0.9 0.9
0.1 0.1

0.5116 0.5746
0.4884 0.4254

1 1
0.15 0.1

4 4

4 4

3 3
9.54 11.37

53.8227  63.8089

Assuming [TZ
thickness=20um and
r_Aggregate=5mm,
calculated from Aggregate

Calculated from DIC

Ratio of transport capacity
of two kinds of pores was
set as 9:1

Area proportion of two
kinds of pores in the initial
state, calculated by NMR

Tortuosity of sound matrix
was set as |

Tortuosity of cracked area

was set as 0.1-0.2, the ratio

of 20, 60 and 105°C was 2:
1.5:1

B controls the sensitivity of
Tortuosity to the change of
0/00, which was set as 4

The increase multiple of
the Dirz relative to Dmaix,
setas 3

k-height, measured by the
experiment

Calculated by k_exp

Calculated

Calculated

Experiential

Calculated

Experiential

Experiential

Experiential

Experiential

Calculated

Calculated

Supplementary Note 17. Materials and experimental protocol

This section details the materials and experimental procedures used in this study. Samples with
dimensions of 100x10x100 mm?* were used to explore the relationship between capillary water
uptake height and mass change. Independent tests using DIC and X-CR were conducted to
validate the spatial consistency between strain and moisture fields.

The pore and crack characterization based on BSE imaging was also conducted on
specimens of the same dimensions. In addition, 50x50x100 mm?* specimens were used for
single-sided H'-NMR testing to investigate local water redistribution and pore-scale self-
sealing behavior during absorption.

Supplementary Table 2. Materials and physical properties used in mix design.

Material Notation Properties
Water w Tap water
Cement C Ordinary Portland cement, density: 3.16g/cm3

Fine aggregate

Coarse aggregate

S
G

Mountain sand, density at surface dry condition:2.58g/cm3, absorption:1.80%

Crushed sandstone, density: 2.64g/cm3, absorption:0.69%,

proportion:59.1%
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Acent Ad AE water reducing agent (Lignosulfonic and polycarboxylic acid type)
en
B AE Air entraining agent (Resin acid series interfacial active compounds)

Note: Density and absorption data refer to surface-dry condition.

Supplementary Table 3. Mix proportions and fresh concrete properties.

Mass (kg/m* C t Di i
W/C s/a ass (kg/m’) onere e‘ Temperature Slump 1Sperson Air content
volume fraction degree
%) (%) W C S G Ad AE [ (°0) (cm) (%)
(m’/m?) (mm)
55 475 165 300 851 964 225 0.0045 0.618 20 13.5  257X245 5

Note: W/C and s/a ratios by mass. s/a: sand-to-aggregate ratio

Supplementary Table 4. Sample grouping and test matrix under different drying conditions.

. o Sample size Mass Single-sided H1-
Drying condition (mm?) measurement X-CR DIC BSE NMR
100x10x100 S S N S
20°C(15%RH) N
50x50x100
100x10x100 S S N S
60°C N
50x50x100
100x10x100 S S N x/
105°C N
50x50x100
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Supplementary Appendices

Supplementary Appendix 1 The definition of the 0/0, function

function [fine] = retention_fine 20(t)
% retention_cap 20
% The 0/080 of fine pores during the water uptake of the sample dried at 20°C
if t<=1.95
fine=1;
else
fine=0.00075*t+0.9853;
end

end

function [cap] = retention_cap_60(t)
% retention_cap 60
% The 0/080 of capillary pores during the water uptake of the sample dried at 60°C
if t<=1.97
cap=1;
else
cap=-0.0586*t+1.1156;
end

end

function [cap] = retention_cap 105(t)
% retention_cap 105
% The 0/080 of capillary pores during the water uptake of the sample dried at 105°C
ift<=1.12
cap=1;
else
cap=-0.023*t+1.0257,
end

end

function [fine] = retention_fine 20(t)
% retention_cap 20
% The 0/080 of fine pores during the water uptake of the sample dried at 20°C
if t<=1.95
fine=1;
else
fine=0.00075*t+0.9853;
end

end
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function [fine] = retention_fine 60(t)
% retention_cap 60
% The 0/080 of fine pores during the water uptake of the sample dried at 60°C
if t<=1.46
fine=1;
else
fine=0.0731*t+0.8975;
end

end

function [fine] = retention_fine 105(t)
% retention_cap 105
% The 0/080 of fine pores during the water uptake of the sample dried at 105°C
if t<=0.66
fine=1;
else
fine=0.0344*t+0.9773;
end

end

Supplementary Appendix 2 Calculate D, by fitting experimental water uptake height
curve

function [Deff0,D0] = cal DO(k exp,A aggregate, A crack, A ITZ,A cap, A fine, w cap, w_fine,
tau_matrix_0, tau_crack 0)

%cal DO

%

%% Calculate Deff0 and DO

%
% Step one
%
% We have already known:

% k = sqrt(Deff0) * A

% Normally A =2 (adjustable)

A=2;

% Fitting k to get effective D: Deff0

Deff0 = (k_exp / A)"2; % unit: mm”"2/h
%
% Step two:
%

% calculate area proportion

A matrix=1-A_crack-A_aggregate-A 1TZ;
% The increase multiple of the DITZ relative to Dmatrix, set as 3
k ITZ=3;
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% In the initial state, the expansion and transformation does not occur. Therefore, the tortuosity is only
taken as the initial value

% Diffusion coefficients of each region (relative to DO)

D matrix rel = A _cap*w_cap/tau_matrix 0+A fine*w_fine;

D crack rel = A cap*w_cap/tau crack 0+A fine*w fine;

D aggregate rel = le-6; % The aggregate is almost imtransportable

D ITZ rel=k ITZ *D_matrix_rel;

% The relationship between Deff0 and DO:

% Deff0 = (Area_matrix*D matrix rel + Area crack*D crack rel + Area aggregate*D aggregate rel
+ Area ITZ*D ITZ rel)* DO

% Get DO

DO = Deff0/(A_matrix*D matrix_rel + A crack*D crack rel + A aggregate*D aggregate rel +

A ITZ*D _ITZ rel);

%
% Finish, output
%

% Deff0 is the initial effective diffusion coefficient obtained through experimental fitting

% DO is the theoretical reference diffusion coefficient for the internal structure (used for subsequent
regional modeling)

end
Supplementary Appendix 3 Calculate the water uptake height

function [height history, Deff history] = simulate uptake( time sqrt, DO, alpha, h max, A_aggregate,
A crack, A ITZ beta matrix, beta crack, A cap, A fine, w_cap, w_fine, k 1TZ, tau matrix 0,
tau_crack O,retention cap,retention_fine)
% Notes of simulate uptake
num_steps = length(time sqrt);
height_history = zeros(num_steps, 1); % simulated water front at each time
Deff history = zeros(num_steps, 1); % record D values for plotting/debugging
% Initial water front position
front z=0.1;
% Calculate the A matrix
A matrix=1-A_ aggregate-A crack-A ITZ;
% set the size of t0
tO=zeros(num_steps,2);
fori=2:num_steps
dt sqrt = time sqrt(i) - time sqrt(i-1);
% height of water front£ unit: mm£O
current_z = front z;
current z = min(current z, h max); % set the maximum height
% Extract slices for the current water front region
for 1i=0:0.1:round(current z,1) %the height resolution is 0.1 mm
for k=1:length(time_sqrt)
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if  t0(k,1)>ii
t0_cal(round(ii*10+1),1)=t0(k,2);
break
else
t0_cal(round(ii*10+1),1)=0;
end
end
% For each layer calculate the diffusion coefficient considering t-t0
% transfer h0.5 to h, than minues, than transfer h to h0.5
time diff save(round(ii*10+1),i)= sqrt(time sqrt(i)*2 - t0_cal(round(ii*10+1),1)"2);
time diff=time diff save(round(ii*10+1),i);
% calculate tau, D for every parts
% retention(t) is a function to describe the change of |E//E0
tau_matrix(round(ii*10+1),i)=tau_matrix_O0*exp(beta matrix*(1-retention cap(time dif¥)));
tau_crack(round(ii*10+1),i)=tau_crack O*exp(beta crack*(1-retention cap(time diff)));
D_matrix(round(ii*10+1),i) = DO * (A_cap*w_cap*retention_cap(time diff)*
alpha/tau_matrix(round(ii*10+1),i)+A_fine*w_fine*retention fine(time diff)" alpha); % Matrix
diffusion
D_crack(round(ii*10+1),i)= DO * (A_cap*w_cap*retention_cap(time diff)"
alpha/tau_crack(round(ii*10+1),i)+A_fine*w_fine*retention fine(time diff)" alpha); % Crack
diffusion
D _aggregate(round(ii*10+1),i) = le-6; % Aggregate diffusion
D _ITZ(round(ii*10+1),i) = k ITZ * D matrix(round(ii*10+1),i); % ITZ diffusion
% Combine these adjusted values using the respective weights
D_eff(round(ii*10+1),i) = A_matrix * D_matrix(round(ii*10+1),i) + A_crack *
D crack(round(ii*10+1),i) + A aggregate * D _aggregate(round(ii*10+1),i) + A _ITZ *
D ITZ(round(ii*10+1),1);
D layers(round(ii*10+1),i) = D_eff(round(ii*10+1),1);
% Update t0 for layers that are now in contact with water
t0(i,1) = current_z; % Initial contact at the first layer
t0(i,2) = time_sqrt(i);
end
% Compute the harmonic average of all layer D values up to the current height
D _total = mean(D_layers(:,1));
% Store the computed D value for this time step
Deff history(i) =D total;
% Update water front height using {I(D);aiot
dh =2 *sqrt(D_total) * dt _sqrt;
front z = front z + dh;
% Limit the water front height to the maximum height
if front z>h max
front z=h max;

end
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height history(i) = front z;

end
end
Supplementary Appendix 4 The main program used for execution
%Ioad the .mat file containing all parameters
load('cal transport.mat’);
close all
% 'cal DO'is a function to calculae the DO by using k-height
% D0 20 mains DO while Deff0 20 mains the effective D considering all parts
[Deffo _20,D0 20]=cal DO(k exp 20,Proportion 20(1,1), Proportion 20(2,1),
Proportion 20(3,1),A pores_initial(1,1),A pores_initial(2,1), w_cap, w_fine, tau matrix 0,
tau_crack 0 20);
[Deff0_60,D0 60]=cal DO(k exp 60,Proportion 60(1,1), Proportion 60(2,1),
Proportion 60(3,1),A pores_initial(1,2),A pores_initial(2,2), w_cap, w_fine, tau matrix 0,
tau_crack 0_60);
[Deffo_105,D0 105]=cal DO(k exp_ 105,Proportion 105(1,1), Proportion 105(2,1),
Proportion_105(3,1),A pores_initial(1,3),A pores_initial(2,3), w_cap, w_fine, tau_matrix 0,
tau_crack 0 105);
% 'simulate _uptake'is a function to calculae water uptake
[height history 20, Deff history 20]=simulate uptake(t 20, DO 20, alpha, h max,
Proportion 20(1,1), Proportion 20(2,1), Proportion 20(3,1), beta matrix,
beta crack 20,A pores initial(1,1),A pores_initial(2,1),w _cap, w_fine, k ITZ, tau matrix 0,
tau_crack 0 20,@retention_cap 20,@retention_fine 20);
[height history 60, Deff history 60]=simulate uptake(t 60, DO 60, alpha, h max,
Proportion_60(1,1), Proportion 60(2,1), Proportion 60(3,1), beta matrix,
beta crack 60,A pores initial(1,2),A pores_initial(2,2),w cap, w_fine, k ITZ, tau matrix 0,
tau_crack 0 60,@retention_cap 60,@retention_fine 60);
[height history 105, Deff history 105]=simulate uptake(t 105, DO 105, alpha, h max,
Proportion_105(1,1), Proportion_105(2,1), Proportion 105(3,1), beta_matrix,
beta crack 105,A pores_initial(1,3),A pores_initial(2,3), w_cap, w_fine, k ITZ, tau matrix 0,
tau_crack 0 105,@retention_cap 105,@retention_fine 105);

% draw the curves and compare them with experimental results

figure
plot(t_20,height history 20,'b-','LineWidth',1.5);
hold on

scatter(exp _20(:,1),exp_20(:,2),'bo");

hold on
plot(t_60,height history 60,'r-','LineWidth',1.5);
hold on

scatter(exp_60(:,1),exp_60(:,2),'ro');

hold on

plot(t_105,height history 105,'g-','LineWidth',1.5);
hold on
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scatter(exp_105(:,1),exp_105(:,2),'go";
hold off
legend('Simulated 20;aC', 'Experimental 20;aC','Simulated 60;aC', 'Experimental 60;aC', 'Simulated
105;aC', 'Experimental 105;aC, ...
'Location’, 'northwest");
xlabel('Time (h"{0.5})");
ylabel('Penetration Height (mm)");
title('"Water Uptake Comparison');

grid on;
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