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ARTICLE INFO ABSTRACT

Handling Editor: X Zhao Variable climate conditions, including increasingly frequent extreme weather events such as floods and pro-

longed rainfall, pose a significant challenge to the durability and functionality of building materials. This study

Keywords: analyzes the drying time of multilayer wall partitions subjected to fluctuating moisture loads and different initial
Moisture content moisture levels. A series of hygrothermal simulations was conducted using WUFI software, which solves coupled
WUFI 2D

nonlinear differential equations describing heat and moisture transport in porous materials. The simulations
were carried out for various wall configurations commonly used in construction, including autoclaved aerated
concrete, ceramic blocks, silicate blocks, and concrete units, using climatic data for Warsaw. Initial moisture
levels ranged from air-dry to fully saturated conditions. The results indicate that the drying process strongly
depends on the type of material; aerated concrete and silicate blocks showed faster drying rates, while some
layers, such as gypsum boards and adhesives, demonstrated significant moisture accumulation during the early
stages. Based on these results, a surrogate model was developed using stochastic modeling techniques and
principal component analysis (PCA) to compress the simulation data and predict drying times. This model en-
ables rapid estimation of drying periods under various exposure scenarios, supporting improved design and risk
assessment after water damage to building envelopes.

Building envelope moisture
Material drying

Gaussian processes

Principal component analysis

Glaser method described in the German standard DIN 4108 [11], are
based on steady-state assumptions and do not account for dynamic cli-

1. Introduction

In recent decades, there has been an intensification of extreme
weather phenomena, such as heavy rainfall, floods, and prolonged pe-
riods of high humidity. These phenomena pose a serious challenge to the
durability and functionality of building materials and entire building
envelopes. Increased moisture content in the envelope affects energy
consumption, which results in higher carbon dioxide emissions [1-4].
Moisture penetrating the material structure can degrade its mechanical,
thermal, and aesthetic properties, and it can also promote the growth of
microorganisms such as molds and fungi [5-8]. Modern methods of
surface renovation require stable moisture conditions in built-in com-
ponents [9,10].

Traditional methods for assessing moisture-related risks, such as the
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matic changes or nonlinear processes in porous materials [12-14]. In
response to these limitations, advanced numerical methods have been
developed in recent years, such as the WUFI 2D software [15], which
allows the simulation of coupled heat and moisture transport under
transient conditions.

The method used in this study is based on the solution of coupled
nonlinear partial differential equations that describe simultaneous heat
and moisture transport in capillary-porous building materials [16-18].
The model accounts for vapor diffusion in air, thermal conduction in
solids, capillary water transport, and latent heat effects associated with
phase change [19-21]. A two-dimensional, transient model was adop-
ted, incorporating sorption, desorption, and redistribution of moisture
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within individual layers of the envelope [22-24]. The simulations were
conducted using climate data that included, among others, variable
rainfall, ambient humidity, external temperature, and solar radiation.
These calculations were performed using the specialized WUFI 2D
software [15], which implements the described physical model and al-
lows the inclusion of real meteorological data for the specified location.

However, despite its high accuracy, numerical simulation is time-
consuming and computationally expensive, which limits its applica-
bility in engineering practice, especially for multi-scenario or optimi-
zation analyses. In response to these challenges, model order reduction
techniques such as Principal Component Analysis (PCA) and stochastic
process modeling have become increasingly popular, enabling the con-
struction of surrogate models. These models provide fast and efficient
predictions of system behavior based on a limited set of input parame-
ters, which is especially useful in the context of design, risk assessment,
and remediation planning.

In particular, Gaussian Process Regression (GPR) has proven to be a
highly effective surrogate modeling tool, capable of capturing nonlinear
input-output relationships while providing uncertainty estimates. Its
application in engineering extends to both direct prediction and inverse
identification problems, as demonstrated in previous works combining
GPR with dimensionality reduction techniques like PCA or POD [25,26].
Effective surrogate modeling requires not only robust training but also
appropriate sampling strategies in the input space to ensure good
generalization properties. Buljak and Garbowski [27] discussed the
importance of optimal space-filling designs in the context of
reduced-order models using POD and radial basis functions (RBF),
emphasizing the trade-off between accuracy and computational cost.
The POD-RBF methodology has been extensively described and vali-
dated in inverse problems by Buljak [28], including its mathematical
foundations, interpolation properties, and sensitivity to noise. Earlier
work by Garbowski [29] also underlined the benefits of stochastic model
reduction in inverse problems, supporting its integration into modern
engineering workflows.

The aim of this study is to analyze the drying process of building
partitions made of different materials—such as autoclaved aerated
concrete, ceramic blocks, silicate blocks, and concrete—under variable
climatic conditions typical for the Warsaw region. A series of numerical
simulations was performed using WUFI 2D [15], considering different
initial moisture levels and operational conditions. Based on the obtained
results, a surrogate model using principal component analysis and sto-
chastic modeling was developed to quickly estimate drying times for
various exposure scenarios. The proposed approach serves as a tool to
support design processes and moisture risk management in buildings.

Compared to traditional approaches such as the Glaser method,
empirical drying curves, or static drying tables, the proposed modeling
framework offers a significant improvement in both predictive accuracy
and flexibility. While classical methods often rely on steady-state as-
sumptions and simplified thermal-moisture interactions, our method
captures transient, multidimensional hygrothermal effects and allows
adaptation to varying climatic and material scenarios. Moreover, once
trained, the surrogate model provides instant predictions with quanti-
fied uncertainty, enabling use in real-time decision-making, risk
assessment, or optimization tasks.

2. Materials and methods
2.1. Laboratory investigations

The materials used in the masonry constructions typically exhibit a
capillary-porous structure [30,31]. The pore sizes within the micro-
structure of small-sized masonry elements vary widely, from nanometers
to millimeters [32,33]. These pores appear in various forms and geom-
etries. A key indicator of a porous material’s ability to absorb moisture is
its effective porosity, defined as the ratio of the volume of open pores to
the total volume of the considered sample [30,34].
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Moisture content testing is one of the most frequently performed
measurements to determine material properties and the moisture state
of building envelopes. Moisture content is described as the relative
amount of water in the material [35], and can be expressed as either
mass moisture or volumetric moisture. In this study, mass moisture was
determined using the following relation:

M.loo (%) 6h)
my

Wn =

where:

m,, — mass of the sample in the wet state [kg],

mqg — mass of the sample in the dry state [kg].

Test methods for measuring moisture content vary in their level of
invasiveness. Direct measurement techniques rely on readings from
appropriate measuring equipment, based on the known relationship
between the measured value and other physical quantities [36,37]. In
this study, the classification of testing methods follows the categories
listed in the PN-EN 16682:2017 standard [38], which distinguishes
between absolute, relative, and safety-critical measurement methods.
The review of available measurement protocols revealed inconsistencies
and gaps in methodological guidelines, introducing the potential for
unintentional error. To obtain reliable measurements, at least 9 repeated
readings per partition were performed using the same device.

The tested wall configurations consisted of small-format masonry
units with a single layer of gypsum plasterboard, attached using adhe-
sive mortar dabs. Cement-lime mortar with a volumetric ratio of 2:0.5:8
(hydrated lime: CEM I 32.5R Portland cement: 0-2 mm sand) was used
to build the walls, along with market-available porous materials made
from regular concrete, autoclaved aerated concrete (AAC), silicates, and
perforated ceramics Each wall prepared for the experiment was 24 cm
thick, 75 cm high and 100 cm long (Fig. 1).

After 28 days of curing at 25.0 & 1.5 °C and 45.0 + 2.5 % relative
humidity (conditions were monitored using temperature and humidity
dataloger), the walls were exposed to moisture loading using tap water
for 30 days. Moisture content was then measured under ambient con-
ditions of 17.8 + 1.5 °C and 40.1 + 2.0 % relative humidity. All samples
were watered with the same amount of water on the same day, at the
same time, with the same water flow rate, the same water temperature
and the same environmental conditions.

2.2. Numerical simulations

Drying time estimation for the analyzed wall systems was performed
using WUFI 2D software [15]. The program is based on a system of
nonlinear partial differential equations that describe unsteady heat and
moisture transport in capillary-porous materials. For one-dimensional
flow, the transport equations take the form [39-42].

Heat transport:

OHOT 9 (0T 9 (65 0p
ﬁ&*&(‘&)*’“&(;&)v @
Moisture transport:
wop_0 (L i) 0 (5 0p
Pwip ot~ ox (”WDWaq; 6x> tox (,4 x)’ 3)

where:
Dy — capillary conductivity coefficient [m?%/s],
H — enthalpy of wet material [J/m3],
hy, — heat of vaporization [J/kg],
p — partial pressure of water vapor [Pa],
u — moisture content [m3/rn3],
8, — diffusion coefficient of water vapor in air [kg/m-s-Pa],
T — ttemperature [°C],
A — thermal conductivity coefficient of wet material [W/m-K],
p — diffusion resistance coefficient of dry materia [—],



B. Ksit et al.

(a)

pw — water density [kg/m3],

¢ — relative humidity [—].

The equations include both liquid and vapor moisture transport
mechanisms, as well as the thermal effects of phase transitions.
Boundary and initial conditions were defined based on actual climate
data for Warsaw (temperature, humidity, solar radiation, wind-driven
rain), with simulations carried out for a 3-year period, starting from a
fixed moisture loading scenario. The external and internal surface of
each wall was subjected to varying climatic conditions.

Different initial moisture conditions were defined for each wall
system: from air-dry, through 5 %, 8 %, 12 % mass moisture, up to full
saturation. For each configuration, drying profiles were recorded for
selected layers: the structural element (e.g., block), mortar, adhesive,
and plasterboard.

The simulation outputs—time-dependent moisture content in critical
layers—were used to define the drying time, interpreted as the period
necessary to reach a near-stable moisture profile. These data served as
input for the surrogate model, described in the next section.

The applied heat and moisture transport model accounts for material
sorption properties, moisture redistribution capacity, and comprehen-
sive external climate effects, including wind-driven rain.

The analyzed wall configurations are shown in Fig. 1, and the input
data along with material properties are summarized in Table 1, Fig. 2a
and b.

The calculations were performed using the following assumptions.

e the indoor climate according to EN 15026 (Fig. 3), — average hu-
midity load, was adopted in accordance with the methodology given
in EN 15026 (Fig. 3b), i.e., the indoor air conditions are obtained by
entering the daily outdoor air temperature (based on TMY) into the
graph in Fig. 3a; the indoor air humidity level is selected depending
on the projected operating mode (low load/normal load/high load),

Table 1
Physical properties of the materials used in the study.
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(c) (d)

Fig. 1. Wall system models: ceramic block (a), silicate block (b), regular concrete (c), autoclaved aerated concrete — AAC (d).

external climate for the Warsaw location - a representative city for

Poland (the capital) was adopted; the external climate takes into

account variable weather conditions such as: temperature, relative

humidity, global radiation, solar radiation, driving rain, normal rain;

the figure shows the assumed boundary conditions of the external

climate (Fig. 4),

e rain load according to ASHRAE 160 [43]: Rain exposure category:

medium, building height >10 m < 20 m, rain exposure factor 1.2 [-],

rain deposition factor 0.35 [-]

partition orientation - north direction N,

thermal resistance Rg; = 0.13 [(m? K)/W], Rge = 0.04 [(m? K)/W]

[44],

o the outdoor climate of October 1, 2025, at 00:00 was assumed as the
initial conditions for all simulations,

e all simulations were conducted over a three-year period from the
start date, i.e., until October 1, 2028, at 00:00, with a time step of 1 h,

o the initial moisture content was assumed for an air-dry condition, i.

e., for the moisture content of the material at 80 % relative humidity;

variant V_0 (Table 1),

the analyses also included calculation variants that took into account

different material moisture contents: 5 %M (variant V_1), 8 %M

(variant V_2), 12 %M (variant V_3), and the saturation state — V_4

(full saturation of the material pores with water).

2.3. Mathematical model: PCA and Gaussian Process Regression

To construct the surrogate model, a two-step procedure was
employed. In the first step, Principal Component Analysis (PCA) was
used to reduce the dimensionality of the simulation data obtained from
WUFI [15]. In the second step, a probabilistic regression model based on
Gaussian Process Regression (GPR) was developed to predict the drying
time under various initial conditions.

Material Thermal conductivity Diffusion resistance Initial moisture Volumetric Porosity of the
coefficient coefficient content density material
A [W/mK] pi-1 —[kg Y % p [kg/m?] e [m*/m?]
m’] |
Wall silicate block 1.0 34 27.5 1.50 1830 0.35
material ceramic block 0.10 16 11 1.83 600 0.77
regular concrete block 1.60 92 53 241 2200 0.18
autoclaved aerated concrete 0.13 15 15 2.31 650 0.74
block
Plasterboard adhesive 0.54 31 8.4 0.60 1395 0.46
Cement-lime mortar 0.60 50 25.7 1.37 1880 0.28
Plasterboard 0.20 8.3 6.30 0.74 850 0.65
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Fig. 2a. Moisture storage function/sorption curve for autoclaved aerated concrete block (a), ceramic block (b), silicate block (c), regular concrete block (d).
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Fig. 2b. Liquid transport coefficient/redistribution for autoclaved aerated concrete block (a), ceramic block (b), silicate block (c), regular concrete block (d).
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Fig. 3. Indoor climate model: (a) average daily temperature and humidity of indoor air, (b) obtained indoor climate model for the climatic conditions of the city of

Warsaw and normal moisture load.

Dimensionality reduction using PCA.
Let u(x,t) € R" denote the moisture (or temperature) distribution at a
given point in time t. For m time samples, the data matrix is defined as:

U= [u(tl),u(tz), cen u(tm)} € Rm @
PCA involves solving the eigenvalue problem for the covariance

matrix:

1
C=EUUT,CV=VA (5)

where V = [v1, v, ...,V;| are the principal components and A the corre-
sponding eigenvalues. Each distribution u(ti) can be approximated as:

u(t) = Zak(ti)vk or UxVA, (6)
k=1

where A € R™™ contains the projection coefficients onto the reduced
basis.

After dimensionality reduction using PCA, the surrogate model was
trained using Gaussian Process Regression (GPR), a non-parametric,
probabilistic approach suitable for problems with limited but informa-
tive data. The target variable is the drying time, defined as the time
required to reach a quasi-equilibrium moisture level at key locations in
the wall.

Input space and training data.

Each input vector x € R? combines:

e material properties (e.g. porosity, thermal conductivity, vapor
diffusion resistance),

e initial moisture level (in kg/ms),

e geometric features of the wall (e.g. layer thicknesses),
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Fig. 4. Outdoor climate parameters: (a) temperature, relative humidity, global radiation, (b) driving rain, (c) solar radiation.

e and compressed climate data (the PCA transformation was applied to
hourly climatic data (temperature, relative humidity, rainfall, solar
radiation) collected over 3 years for Warsaw, and the first 10 prin-
cipal components capturing over 95 % of total variance were
retained).

The training set {x;, yi}:il
ulations, with synthetic data augmentation through interpolation for
additional configurations. Synthetic data for surrogate model training
were generated using cubic spline interpolation between discrete
simulation results for the air-dry state (steady state) up to full water
saturation.

The GPR model assumes that the latent function f(x) follows a

Gaussian process:

was built using results from 24 full sim-

f(X) ~ GP(m(x),k(x,x’)), )
where.

e m(x) is the mean function, typically set to zero,

e k(-,-) is the covariance function (kernel) defining the similarity be-

tween data points.

Several kernel types were evaluated. The most effective in this study
was the squared exponential (RBF) kernel, defined as:

, 1 ,
kRBF(x,x):af2 exp( —ﬁ\xf x|2) 8)

where.

e 0} is the signal variance,
e [ is the characteristic length scale.

Alternative kernels (tested for completeness) included.

e Matérn kernel (for rougher functions):

672" (v |x — x| UK V2ulx — X|
30 i v I

€)

kMatem(x7 X,) =

withv=3orv =3,
e Rational quadratic kernel (effectively a sum of RBF kernels with
different length-scales):

2\
/ 2 lx — x|
kro(x,X) =0} (1 R ) (10)

The kernel parameters ¢ = {o,,6,} were learned by maximizing
the log marginal likelihood:

log p(y|X,8) = — %yT (K+a2) y- %log(det(K—}— o)) — glog 27
an

This optimization was performed using the L-BFGS-B algorithm,
which is well-suited for problems with continuous, bounded parameters.
The L-BFGS-B optimization of kernel hyperparameters used initial
values of 1.0 for all parameters, bounded within [le-2, 1e3], and
terminated when relative objective function change was less than le-6
or after 1000 iterations.

The final trained GPR model allows not only to predict the drying
time y- for a new input x:, but also to quantify the uncertainty:

y- =kl (K+0%I) 'y (12)

Varly:] =k(x+,x.) — k! (K + 621) 'k (13)

This capability is particularly valuable for risk-aware engineering
decision-making.
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3. Results and discussion
3.1. Results of mass moisture content measurements

To examine the internal structure of the analyzed wall materials and
verify potential material inhomogeneity, scanning electron microscopy
(SEM) was performed using a QUANTA 250 microscope (Fig. 5a-d).

SEM observations revealed significant grain variability in silicate,
AAC, and regular concrete samples, whereas the ceramic sample showed
a uniform grain structure. The silicate block images showed irregularly
shaped inclusions and agglomerates of fine particles. In the regular
concrete sample, large inclusions of both irregular and spherical shapes
were identified. The AAC sample exhibited characteristic spherical
voids, indicating air bubbles formed during the foaming process. The
SEM images (Fig. 5a-d) suggest differing water absorption potentials
due to the distinct pore structures of the analyzed materials.

Moisture content measurements were performed using both
destructive (direct) and non-destructive (indirect) methods. Electrical
moisture meters were used, including dielectric, resistive, and micro-
wave types, alongside gravimetric analysis. Core samples for the
destructive method were taken using a 20 mm diameter drill, extracted
at depths of approximately 5 cm and 10 cm. The moisture content was
measured using a Trotec T610 microwave meter, a Brennenstuhl MD
resistive meter, and a Gann dielectric meter (Fig. 6). Measurements were
carried out at different wall heights: 10 cm, 40 cm, and 60 cm.

Due to the large volume of data, Table 2 presents moisture content
results at heights of 60 cm and 10 cm for ceramic blocks, autoclaved
aerated concrete (AAC), silicate blocks, and concrete blocks.

The analysis included correlation of the results and guidelines pro-
vided by the moisture meter manufacturers. Interpretation was based on
average readings in accordance with the instructions provided with the
measurement devices. In order to determine the actual mass moisture
content of the tested partition, control measurements were carried out
using the invasive method (MN). The tested masonry was damp up to the
saturation level. Among the tested materials, ceramic hollow block,
characterized by a fine-pored structure, exhibited the highest saturation.
It should be noted that the maximum values of saturation of this material
are achieved under vacuum conditions, where air is evacuated from the
pore network, allowing the material to absorb water up to its total open
porosity. This process is used to define a theoretical upper limit of
saturation, which exceeds the levels achievable under natural capillary

SEM MAG: 1.00 kx
WD: 15.00 mm
SEM HV: 10.0 kV

View field: 277 pm 11 ] 1]
Det: BSE 50 pm
Date(midiy): 03/20125 | I

(a)

VEGA3 TESCAN
s
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absorption. In our study, this fully saturated state is introduced as a
boundary scenario to assess drying dynamics under extreme conditions.
The tests conducted on samples taken using different methods showed
significant variability in results even within a single wall layer.

After conducting a series of measurements using non-invasive de-
vices, it was found that many commercially available meters have a
limited measurement range and restricted applicability, often being
suitable only for specific materials. The interpretation of the obtained
results was based on determining the moisture condition of the masonry
(Table 3).

Microwave-based indirect measurements using the Trotec T610 m
showed that, according to the manufacturer’s moisture classification
scale, all tested materials were classified as “dry.” However, it must be
noted that such measurements should be calibrated, as the manufacturer
states that accurate readings are only valid for materials tested at the
RWTH Aachen Institute of Building Research—namely adhesive, screed,
and C30/37 concrete [48].

The next measurement, using the MD resistive meter, was based on
evaluating electrical resistance between two electrodes in the damp
material. This method classified all tested materials as “wet.” The un-
certainty of resistive moisture meters ranges from 1 % to 10 %,
depending on the degree of moisture [49].

Using the Gann dielectric meter with a spherical probe, further
measurements were conducted. Based on the readings and the manu-
facturer’s guidelines, the results indicated high moisture levels in con-
crete and very high moisture in other porous materials.

These findings support existing hypotheses in the literature, which
state that “for indirect methods, measurement differences are negligible
at high absolute moisture contents, but at lower moisture levels, meters
show significant deviations” [35,50]. Moisture measurements were also
taken on the surface of the gypsum board in all cases, the measured
moisture content was close to zero, ranging from 0.50 to 0.6 %.

Destructive tests on AAC blocks confirmed high moisture levels,
while other materials were classified as having either acceptable or
elevated moisture levels. As noted by other researchers [51-54],
although non-invasive meters are readily available and easy to use, the
results they produce are not always reliable. Our study confirms that
calibration is essential for such devices, and even results from a single
device may vary by 3-4 %.

Moreover, moisture distribution within masonry varies both verti-
cally and horizontally, and non-invasive devices measure moisture at

VEGA3 TESCAN
r

Ll LIl
Det: BSE 100 ym
Date(m/dly). 03/20/25 n

(b)

SEM MAG: 500 x
WD: 15.00 mm
SEM HV: 10.0 kV

View fleld: 554 pym

Fig. 5a. SEM image of the silicate block sample: magnification 50 pm (a), 100 pm (b).
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SEM MAG: 1.00 kx View field: 277 pm
WD: 15.00 mm Det: BSE
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SEM MAG: 500 x  Viewfield: 554pm | || || ||| VEGA3 TESCAN
WD: 15.00 mm Det: BSE 100 pm -
SEM HV: 10.0 kV Date(m/dly): 03/20/25 n

Fig. 5b. SEM image of the regular concrete block sample: magnification 50 pm (a), 100 pm (b).

SEM MAG: 1.00 kx

View field: 277 ym J |
WD: 15.00 mm Det: BSE 50 ym n

VEGA3 TESCAN
' 4

SEM HV: 10.0 kV | Date(m/dly): 03/20/25

(a)

SEM MAG: 500 x
WD: 15.00 mm Det: BSE 100 pm
SEM HV: 10.0kV | Date(m/dly): 03/20/25 I

(b)

View field: $54pm | | ||
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Fig. 5¢c. SEM image of the ceramic block sample: magnification 50 pm (a), 100 pm (b).

different depths (approx. 1 cm for MD, 4 cm for Gann, and up to 30 cm
for T610). In the authors’ opinion, indirect measurements are suitable
for preliminary assessments, mapping moisture distribution, and
monitoring changes over time. However, they should be considered
indicative only, as they may significantly differ from destructive method
results, which themselves may also be affected by measurement error.

3.2. Results of moisture content variation simulations

The simulation results estimating changes in moisture content over
time are presented for areas relevant to both structural integrity and
operational performance. For each wall configuration (Fig. 1), a
simplified model was created to identify key locations for evaluating
moisture variation over the observation period of three years (Fig. 7).

The simulation results are presented as follows.

1. Moisture content variation over a 3-year period for selected areas: 1
(block), 2 (mortar), 3 (adhesive), 4 (gypsum board); additionally, in
the gypsum board layer at the interfaces with the adhesive and with
the air layer (for the saturated moisture condition), see Fig. 8.

2. Distribution of isopleths on the external surface, internal surface, the
surface of the gypsum board in contact with the air gap (installation
void), and the block-air interface, shown only for the fully saturated
case, see Fig. 9.

The figures present representative graphical results for the wall made
of autoclaved aerated concrete (Fig. 8a-d). Additional results obtained
through numerical simulations in WUFI 2D [15] are summarized in
Tables 4-7.

Fig. 8a-d shows profiles of changes in moisture content in individual
layers of autoclaved concrete wall.

Fig. 9a-d shows how the moisture content of the wall components
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Fig. 5d. SEM images of autoclaved aerated concrete (AAC) sample: magnification 50 pm (a), 100 pm (b).

(b)

Fig. 6. Indirect moisture measurement using handheld moisture meters: (a) MD, (b) T610, (c) Gann.

Table 2 Table 3
Moisture measurement results for masonry walls. Moisture classification system based on five criteria indicating the degree of
ceramic silicate regular autoclaved aerated masonry moisture [45-47].
block block concrete block  concrete block (AAC) Degree/ Moisture Relative humidity of The degree of
T610 27.6-37.6 95.9.38.5 34.6.39.3 18-23.9 criteria (absolute) mass masc?nry interpretation of moisture in the
[9%] of masonry requirements (acc. 34,47) masonry
MD 18.5-19.5 17-20.4 15-19.8 23.5-24 1 0,0 % - 3,0 % <20 % with acceptable
[%] moisture
Gann 110-118 130-133 98-119 130-136 I 3,0%-5,0% 20 %-40 % with increased
[jtk] moisture
MN 2.30-2.72 1.51-3.98 1.19-2.01 22.56-23.71 il 5,0 % - 8,0 % 41 %-60 % moderately
[%] humid
v 8,0% -12,0% 61 %-75 % heavily humid
\% >12,0 % >75 % wet walls

changes over time and how long it takes for the wall to reach moisture
equilibrium, i.e., the moisture content in the material at a relative air
humidity of 80 % (these values for individual materials are summarized wall models, it is found.
in Table 1). The results in Fig. 9a-d are presented for the full water
saturation variant V4.

Analyzing the changes in moisture content over time for different

e The qualitative profile of changes in the structural material and
mortar shows a clear downward trend (Fig. 8),
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Block/ hollow block (1)

: Mortar (2)
e
2 Glue (3)
% Drywall (4)
I~ Measurement across the full thickness of the

board and in area 1 (in contact with the air
void) and 2 (contact with adhesive layer)

Sites for estimating the risk of mold growth:
Exterior surface
Internal surface
2 Surface of hollow block/block
Surface of the plasterboard

*

Fig. 7. Section of the wall model with marked measurement points.
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Fig. 8d. Moisture content variation over time for gypsum board.
Fig. 8b. Moisture content variation over time for mortar.
e Regardless of the preset level of moisture content of the wall’s
e Regardless of the initial moisture level of the structural materials and structural material (5 % to the saturated state), most of the water
mortar (5 % to saturation), the moisture change profile shows the dries out in the first year of operation (Tables 4-7),
same qualitative trend, with quantitative differences up to year 3 e The maximum moisture content of construction materials is deter-
(Fig. 8),

mined by their structure (porosity) and water transport capacity
(sorption and other hygrothermal functions). The lowest initial
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Table 4 Table 6
Moisture content changes for the wall system made of autoclaved aerated Moisture content changes for the wall system made of silicate block.
concrete. Components Initial Moisture content during the measurement period
Components of  Initial Moisture content during the measurement period of the wall moisture [%]
the wall moisture [%] system content October October January October
system content October October January October 01, 2025 01, 2026 01, 2027 01, 2028
01,2025 01,2026 01,2027 01,2028 silicate block  Air-dry 1.50 1.31 1.29 1.28
autoclaved Air-dry 2.31 2.11 2.06 2.07 condition
aerated condition 5% 4.97 1.57 1.32 1.29
concrete 5% 4.93 2.82 2.29 211 8% 7.98 1.73 1.33 1.28
block 8 % 8.03 3.52 2.52 2.19 12% 11.97 1.92 1.35 1.29
12 % 12.06 4.00 2.68 2.24 Saturation 19.13 3.34 1.45 1.28
Saturation 113.85 6.58 3.39 2.47 state
state mortar Air-dry 1.37 1.22 1.20 1.20
mortar Air-dry 1.37 1.29 1.28 1.28 condition
condition 5% 1.37 1.37 1.22 1.20
5% 1.37 1.48 1.34 1.29 8 % 1.37 1.46 1.23 1.20
8 % 1.37 1.62 1.41 1.32 12% 1,37 1.56 1.24 1.20
12 % 1,37 1.72 1.45 1.33 Saturation 1,37 2.21 1.32 1.21
Saturation 1,37 2.21 1.59 1.39 state
state adhesive Air-dry 0.60 0.53 0.52 0.52
adhesive Air-dry 0.60 0.42 0.42 0.42 condition
condition 5% 0.60 0.54 0.53 0.52
5% 0.60 0.43 0.42 0.42 8 % 0.60 0.55 0.53 0.52
8 % 0.60 0.44 0.43 0.42 12% 0.60 0.56 0.53 0.52
12 % 0.60 0.45 0.43 0.42 Saturation 0,60 0.69 0.54 0.53
Saturation 0,60 0.52 0.44 0.43 state
state gypsum board Air-dry 0.74 0.52 0.52 0.52
gypsum board  Air-dry 0.74 0.42 0.42 0.42 condition
condition 5% 0.74 0.53 0.52 0.52
5% 0.74 0.42 0.42 0.42 8 % 0.74 0.54 0.52 0.52
8% 0.74 0.43 0.42 0.42 12 % 0.74 0.55 0.52 0.52
12% 0.74 0.43 0.42 0.42 Saturation 0.74 0.61 0.53 0.52
Saturation 0.74 0.48 0.43 0.42 state
state
Table 7
Table 5 Moisture content changes for the wall system made of concrete block.
Moisture content changes for the wall system made of ceramic block. Components Initial Moisture content during the measurement period
Components Initial Moisture content during the measurement period of the wall moisture [%]
of the wall moisture [l system content October October January October
system content October October January October 01, 2025 01, 2026 01, 2027 01, 2028
01,2025 01,2026 01,2027 01,2028 concrete block  Air-dry 2.41 2.50 2.54 2.56
ceramic block  Air-dry 1.83 1.86 1.86 1.86 condition
condition 5% 5.00 3.41 2.96 2.74
5% 5.02 2.34 1.95 1.88 8 % 8.00 3.92 3.16 2.84
8% 8.05 2.70 2.02 1.89 Saturation 8.18 3.93 3.16 2.84
12 % 12.19 2.93 2.06 1.90 state
Saturation 128.33 5.50 2.49 1.97 mortar Air-dry 1.37 1.44 1.47 1.49
state condition
mortar Air-dry 1.37 1.35 1.34 1.34 5% 1.37 1.95 1.70 1.61
condition 8% 1,37 217 1.79 1.65
5% 1.37 1.50 1.37 1.35 Saturation 1,37 2.18 1.79 1.65
8 % 1.37 1.59 1.40 1.35 state
12 % 1,37 1.64 1.41 1.36 adhesive Air-dry 0.60 0.53 0.53 0.53
Saturation 1,37 1.98 1.49 1.37 condition
state 5% 0.60 0.56 0.54 0.53
adhesive Air-dry 0.60 0.42 0.42 0.42 12% 0,60 0.62 0.55 0.54
condition Saturation 0,60 0.62 0.55 0.54
5% 0.60 0.43 0.42 0.42 state
8 % 0.60 0.44 0.42 0.42 gypsum board Air-dry 0.74 0.52 0.52 0.52
12% 0.60 0.44 0.42 0.42 condition
Saturation 0,60 0.48 0.43 0.42 5% 0.74 0.57 0.53 0.53
state 12 % 0.74 0.59 0.54 0.53
gypsum board  Air-dry 0.74 0.42 0.42 0.41 Saturation 0.74 0.59 0.54 0.53
condition state
5% 0.74 0.42 0.42 0.41
8 % 0.74 0.42 0.42 0.41
12% 0.74 0.43 0.42 0.41 moisture content is observed for the saturation state for concrete and
Saturation  0.74 0.45 0.42 0.42 silicates. This is due to their significantly lower porosity compared to

state other materials. After three years, the moisture content of the

structural material does not reach the air-dry state; the exception is
the silicate block wall (Figs. 8 and 9, Tables 4-7),

10
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Fig. 9a. Moisture level in the mortar layer in subsequent calculation periods (variant V4).
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Fig. 9c. Moisture level in the gypsum board layer in subsequent calculation periods (variant V4).

e In the case of other layers of the system, i.e. mortar, adhesive, gyp-
sum board, their moisture level is determined by the moisture con-
tent of the structural element (hollow block, block), i.e., despite the
preset initial conditions for the air-dry state - in the initial phase
there is an intensive increase in the moisture of these layers (visible
especially for variants of the initial moisture of the structural mate-
rial in the range of 8 % to state of saturation); nevertheless, already
after 2 years, some of them dry down to the initial state, (e.g.

adhesive, gypsum board), while for the rest, the drying period is at
least 3 years (Figs. 8 and 9),

e Moisture in the

internal layers of the wall, ie, the adhesive and

gypsum board, is determined by the moisture content of the struc-
tural part only in the first calculation year. In the remaining period,
sinusoidal changes in moisture content are observed, related to cli-
matic conditions. This means that the moisture content decreases in

11
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Fig. 9d. Moisture level in the structural layer in subsequent calculation periods (variant V4).

the winter season due to a decrease in relative humidity in the heated
room (Figs. 8 and 9),
e A varied qualitative trend in moisture content is observed for the
adhesive and gypsum board layers in the first year. However, in the
second calculation year, regardless of the initial moisture level, the
same qualitative and quantitative profile of changes in the moisture
content is visible (Figs. 8 and 9),
Calculations were conducted for the partition orientation toward the
north (N), which is characterized by significantly less sunlight and is
considered the least favorable for the partition’s drying process.

The inner surface of a building component may be susceptible to
mold growth if sufficiently high humidity and temperature conditions
are provided. DIN 4108 specifies a critical value of 80 % RH on the
surface. This value refers to the risk of mold growth on thermal bridges
in winter, i.e., 12.6 °C (this is the surface temperature at which the
assumed indoor air conditions of 20 °C and 50 % RH result in a critical
surface humidity of 80 %). At higher temperatures, especially in sum-
mer, a surface humidity of around 75 % will be sufficient to allow mold
to grow.

WUFIGraph include temperature-moisture diagrams, showing the
computed relative humidity plotted against the corresponding temper-
ature for each calculational time step. Different regions in such a dia-
gram also represent different growth conditions for mold fungi, as far as
these growth conditions are determined by the moisture and tempera-
ture conditions [15].

The temperature-humidity graph (Fig. 9) shows boundary curves
indicating the minimum growth conditions characteristic of nutrient
supply, typically found in building materials (boundary curves LIM B I
and LIM B II). Designations of the curves: LIM I: biologically useable/
organic substrate; LIM II: substrates with porous structure.

If temperature and humidity remain below these curves, mold
growth is usually not expected. However, if the limit curves are excee-
ded for an extended period of time - the risk of mold growth depends on
the duration and degree of mold-favorable conditions.

For the initial moisture conditions of the construction material
(ranging from 5 % to the saturated state), based on the course of the
isopleths (on the surface of the hollow block and gypsum board in
contact with the air void — no mold growth is observed on the inner
surface of the wall), it is observed that they exceed the limit curves
indicating the minimum conditions for mold growth (Fig. 10 — limit
curves LIM B I and LIM B II). Temperature and relative humidity remain
above these curves during the initial period of operation, signaling a risk
of mold growth. As the moisture content decreases over time, this risk
becomes negligible. Nevertheless, due to the nature and initiating fac-
tors of mold development, the initial moisture state of the construction
materials creates conditions conducive to microbial growth. It should be

noted that the orientation of the partition, i.e. the north direction, also
had an impact on the process of drying out the wall and the risk of mold
development.

Fig. 11 shows the distributions of moisture content and temperature
throughout the analyzed wall system on the final day of the calculation
period (the x and y axes represent the model geometry — width and
height, and the colored isolines represent the moisture level — the
drawing is not to scale). The highest moisture levels are observed in the
outer masonry layers, which is attributed to the influence of external
climatic factors. These areas also exhibit the lowest temperatures at that
time. In the partition model, significant quantitative differences are
observed in the distribution of water across the thickness of the masonry
and its individual layers. This finding provides justification for the
recommendation that diagnostic studies of masonry—whether numeri-
cal or in situ—should assess moisture content across sections spanning
the full transverse dimension.

3.3. Prediction using GPR and accuracy of result approximation

The training data were produced using WUFI 2D for four basic wall
configurations (ceramic block, silicate block, autoclaved aerated con-
crete, and regular concrete), at six different initial moisture levels, using
hourly climate data for Warsaw over a 3-year period (totaling 26,280
time steps). The simulations included external weather conditions
(temperature, humidity, rainfall, solar radiation) and internal climate
per PN-EN 15026 [42]. Although not directly prescribed, convective
heat and moisture transfer coefficients used in the WUFI model
implicitly account for local wind and pressure effects through calibrated
surface resistances based on standard climatic datasets for Central
Europe.

Each simulation produced a large spatio-temporal dataset, necessi-
tating dimensionality reduction via PCA. Fig. 12 shows how much of the
total variance is captured by a limited number of principal components.
In most cases, 10 components retained over 95 % of the information,
greatly simplifying further modeling.

The input to the Gaussian Process Regression model included.

material properties (e.g., vapor resistance, porosity, thermal
conductivity),

initial moisture content [kg/ms],

geometric features (e.g., wall layer thicknesses),

e and compressed climate data (first principal amplitudes from PCA).

The GPR model was trained to estimate the drying time, defined as
the duration required to reach a near-equilibrium moisture level. A
radial basis function (RBF) kernel with automatic hyperparameter tun-
ing was used, allowing fast and accurate predictions with confidence
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Fig. 11. Changes in water content (a) and temperature (b) distribution across the entire analyzed wall system made of autoclaved aerated concrete blocks (results for

the fully saturated moisture condition).
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intervals—critical for risk-aware engineering assessment.

Fig. 12 illustrates the percentage of cumulative variance explained
by successive principal components for different wall configurations.

The results of the simulations clearly demonstrated the significant
influence of material type, initial moisture content, and the layered
structure of the wall on drying time. For the analyzed cases, the time
required to reach a quasi-equilibrium moisture state ranged from several
hundred to over 2000 days, depending on the configuration.

The shortest drying times were observed in walls made of silicate and
autoclaved aerated concrete (AAC) blocks, which can be attributed to
their high porosity and effective moisture redistribution capacity. In
contrast, walls built with ceramic blocks and regular concrete dried
much more slowly, particularly at higher initial moisture levels.

In non-structural layers (mortar, adhesive, and gypsum board), sig-
nificant moisture accumulation was observed during the early stages of
the simulation, even though air-dry conditions were assumed for those
layers. This phenomenon resulted from moisture migration from the
saturated structural components. After approximately 1.5-2
years—depending on the material and boundary conditions—some of

14

these layers, particularly the adhesive and gypsum board, returned to
their initial moisture states.

The surrogate model based on Principal Component Analysis (PCA)
and Gaussian Process Regression (GPR) was able to accurately repro-
duce the results of full-scale simulations using only a limited number of
principal components. As shown in the PCA analysis figure, as few as 10
principal components retained over 95 % of the system’s variability in
most cases, significantly reducing computational demands and making
the approach practical for engineering use.

Moreover, the GPR model provides not only the expected drying time
but also its confidence interval, which is essential for risk analysis and
renovation planning. This enables fast comparison of material options
and selection of moisture-optimized design solutions without the need
for repeated full-scale numerical simulations.

To assess the quality of the GPR-based surrogate model, its pre-
dictions were compared with reference results obtained from detailed
hygrothermal simulations conducted using WUFI 2D. The GPR model
proved highly effective, achieving a coefficient of determination R? =
0.988, meaning it explained 96 % of the variability in the reference
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data. The mean absolute error (MAE) was 38,76 days, and the root mean
square error (RMSE) was 47,57 days (see Fig. 13).

Fig. 14 presents a comparison of the GPR-predicted values with those
from WUFI simulations. Most data points lie close to the ideal agreement
line, confirming the high accuracy of the predictions. The residuals
histogram shows a symmetric distribution around zero, indicating no
significant systematic bias.

The feature importance analysis (see Fig. 15) revealed that initial
moisture content and porosity were the most influential factors in drying
time prediction, followed by vapor resistance and dominant PCA climate
components.

Table 8 shows 25 selected configurations, presenting reference
values (from WUFI), GPR-predicted values, and absolute errors for each
case. In long-term drying time prediction tasks, an absolute error of
5-10 % is generally considered acceptable depending on the material
type and standard applied. In our case, most predictions fall within this
range, with MAE = 47.1 days and RMSE = 51.3 days.

4. Conclusions

To build a reliable knowledge base for modeling and forecasting the
drying behavior of water-damaged walls and for use in numerical sim-
ulations, extensive data collection is required to define the actual
operational parameters of moisture-exposed building materials.

The study demonstrated that the drying process of multilayer wall
assemblies depends significantly on the type of material, initial moisture
content, and wall structure. Studies have confirmed scientific hypothe-
ses that porous materials containing large pores as well as fine ones
transport moisture well. Unprotected masonry (without a protective
layer such as plaster) with prolonged (at least 24 h) exposure to water
can reach a saturated state. As the research showed, the zone near the
surface of the walls was the most damp. The highest rate of moisture loss
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Table 8
Comparison of drying time predictions from the GPR surrogate model with
reference values obtained from WUFI simulations.

WUFI Drying GPR Prediction Absolute Error
Time [days] [days] [days]

aerated concrete (air-dry 347 371.8 24.8
condition)

aerated concrete 1118 1111.1 6.9
(saturation state)

aerated concrete 1027 1059.4 32.4
(measurement)

aerated concrete (3 %) 898.1 +47.6

aerated concrete (5 %) 837 913.2 76.2

aerated concrete (8 %) 983 971.3 11.7

aerated concrete (12 %) 1009 997.3 11.7

ceramic hollow blocks 116 195 79
(air-dry condition)

ceramic hollow blocks 911 949.4 38.4
(saturation state)

ceramic hollow blocks 722 698.5 23.5
(measurement)

ceramic hollow blocks (3 379 406.1 27.1
%)

ceramic hollow blocks (5 542 518.8 23.2
%)

ceramic hollow blocks (8 677 653.7 23.3
%)

ceramic hollow blocks (12 694 706.1 12.1
%)

concrete blocks (air-dry 1250 1154.3 95.7
condition)

concrete blocks 1450 1363.8 86.2
(saturation state)

concrete blocks 722 693.9 28.1
(measurement)

concrete blocks (3 %) 1193.5 +60.8

concrete blocks (5 %) 1325 1274.4 50.6

concrete blocks (8 %) 1380 1395.7 15.7

concrete blocks (12 %) 1557.4 +23.7

calcium silicate bricks (air- 0 45.4 45.4
dry condition)

calcium silicate bricks 521 450.4 70.6
(saturation state)

calcium silicate bricks 545 618.3 73.3
(measurement)

calcium silicate bricks (3 108 96.7 11.3
%)

calcium silicate bricks (5 223 226.4 3.4
%)

calcium silicate bricks (8 260 188.8 71.2
%)

calcium silicate bricks (12 298 270.8 27.2
%)

*the red-colored values - these correspond to extrapolated predictions based on
the GPR surrogate model in cases where the air-dry condition was not reached
within the 3-year simulation period.

15



B. Ksit et al.

occurred during the first year, regardless of the initial saturation level.
Tests conducted after a period of 6 months using the destructive method
in the case of AAC showed moisture levels close to the near-surface zone,
which may indicate the most uniform distribution of moisture in the
horizontal section of the masonry. For other materials, moisture at a
depth of about % the thickness of the masonry was less than in the near-
surface layer. The wall models made of AAC, which underwent flooding
and dried naturally after a period of 6mc, can be described according to
the moisture criteria given as wet, while for the rest of the materials the
degree of moisture in the masonry can be classified as acceptable
moisture or increased moisture. However, after three years, most
structural materials had not returned to air-dry conditions, with the
exception of the silicate block wall. Non-structural layers such as mortar,
adhesive, and gypsum board exhibited early moisture accumulation due
to capillary transport from saturated cores, even though they were
initially assumed to be dry. While some layers—like adhesive and gyp-
sum board—returned to near-initial conditions after two years, others
required a longer period to stabilize.

The results also showed that, under high initial moisture conditions,
temperature and relative humidity levels on internal and external sur-
faces of the wall often exceeded critical thresholds for mold growth.
Although this risk diminished over time due to drying, the early-stage
conditions favored microbial development and should be considered
during renovation planning.

To address the computational cost of simulating these phenomena in
detail, a surrogate model was developed using Principal Component
Analysis (PCA) and Gaussian Process Regression (GPR). This approach
proved capable of accurately predicting drying time while significantly
reducing computational demand. With just ten PCA components, over
95 % of the original moisture dynamics could be retained. The GPR
model achieved a coefficient of determination of R> = 0.988, with a
mean absolute error under 39 days, and offered valuable uncertainty
estimates alongside each prediction.

The combination of material, climatic, and geometric data within a
single surrogate model enables efficient evaluation of drying behavior
under various conditions. This makes the approach highly applicable in
engineering practice—particularly for design, diagnostics, and post-
flood risk assessment. The model can generate predictions in a frac-
tion of a second, whereas full numerical simulations in WUFI may take
several hours per case. As such, the surrogate model provides an effec-
tive, practical alternative for large-scale or time-sensitive analyses. The
surrogate model, trained on WUFI simulations for Warsaw’s climate, is
applicable to materials and configurations within the studied parameter
space. Extension to other climatic zones or highly hygroscopic or hy-
drophobic materials would require re-training or additional calibration
using local weather data and validated input parameters.

The key strength of the proposed approach lies in its ability to deliver
accurate drying time predictions within a fraction of a second, without
sacrificing detail or realism. This represents a major advancement over
traditional tools such as the Glaser method or empirical lookup tables,
which offer only rough, often non-conservative estimates. Furthermore,
by integrating climate variability through PCA and providing predictive
uncertainty via GPR, the model enhances usability in design and reno-
vation scenarios, especially under limited data or time constraints.
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