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Preliminary experimental scheme
for two-dimensional heat and moisture
transfer in porous building materials

To investigate the two-dimensional heat and moisture transfer behaviour in building porous materials and ana-
lyze the influence of edge sealing conditions on their thermophysical and hygric properties, this study propos-
es a new experimental scheme. Three typical construction materials — rock wool board, extruded polystyrene
(XPS) board, and foam concrete — were selected as test specimens. By monitoring real-time temperature and
humidity variations inside and outside the experimental setup, the coupled heat and moisture transfer charac-
teristics of different materials were examined. The results demonstrate that materials with high water vapour re-
sistance and effective air tightness significantly enhance thermal and hygric stability. Furthermore, for loosely
structured porous materials, moisture loss through lateral edges leads to non-uniform humidity distribution with-
in the material. Based on experimental data, this study quantitatively determined the water vapour permeability
coefficients of the three materials and elucidated the underlying mechanisms. The proposed experimental meth-
od establishes a new approach for measuring 2D coupled heat and moisture transfer in building materials, pro-
viding a scientific framework for studying heat and moisture transport mechanisms in architectural applications.
Keywords: porous materials, heat and moisture transfer, experimental protocol
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INTRODUCTION

gainst the backdrop of increasingly promi-
Anent climate change and environmental pol-

lution, building energy efficiency has be-
come a critical issue for governments worldwide. As
the largest energy consumer, China faces significant
challenges in improving building energy perfor-
mance. Porous building materials, characterized by
their unique solid-gas two-phase structure, are wide-
ly used in building envelopes, insulation systems,
and decorative materials. The pore characteristics
and physical properties of these materials play a de-
cisive role in heat and moisture transfer, impacting not
only the durability of buildings but also indoor thermal
and hygric environments and human comfort [1].
Consequently, extensive research has been con-
ducted on the heat and moisture transfer properties
of porous building materials, aiming to optimize ma-
terial performance for reduced energy consumption
and improved indoor environmental quality. In this
context, developing convenient and reliable experi-
mental methods for heat and moisture transfer is of
great theoretical and practical value for revealing
the underlying mechanisms of heat and moisture mi-
gration in porous building materials [2].

Domestic and international standards for testing
the heat and moisture transfer performance of po-
rous building materials have formed a relatively
comprehensive system, gradually evolving toward
dynamic, intelligent, and micro-scale characteriza-
tion. In China, the cup method (GB/T 17146-2019)
serves as the core testing technique, supplemented
by the desiccant and wet-dish methods for measur-
ing water vapour transmission rates. Recently,
the China Academy of Building Research devel-
oped a dynamic climate chamber method to simu-
late temperature and humidity cycles for compre-

hensive performance evaluation [3, 4] Internation-
ally, ISO 12572 employs the dry-wet cup method
to determine moisture permeability coefficients!,
ASTM E96 is suitable for grading tests of thin-film
materials?, and the Nordic NT BUILD 428 quantifies
liquid water transport coefficients in cement-based
materials through capillary absorption tests.
Technological innovations in this field include
the use of scanning electron microscopy (ESEM) by
Academician Liu Jiaping to reveal the hydration ki-
netics and microstructural evolution of ultra-high-
performance cement-based composites under low
to moderate curing temperatures [5]. Professor
Meng Qinglin developed a thermal-hygric climate
wind tunnel test bench combined with infrared ther-
mography and optical fiber sensing for dynamic
monitoring of moisture resistance in building enve-
lopes [6]. The Fraunhofer Institute for Building Phys-
ics (IBP) employs high-precision climate chambers
with multi-field coupling control and dynamic cli-
mate simulation to address gaps in traditional test-
ing methods for complex environmental conditions.
Current cutting-edge research integrates multi-
disciplinary technologies, such as CT scanning and
numerical simulation for analyzing the influence of
pore structures on heat and moisture transfer in
aerogels [7], infrared thermography and spectral
analysis (e.g., FTIR) for real-time monitoring of sur-
face temperature and humidity distributions in smart
materials, Al image recognition and infrared ther-
mography for non-destructive testing and real-time
monitoring of material defects [8], and digital twins
combined with reinforcement learning (e.g., LSTM

1 1SO 12571:2013. Hygrothermal performance of building mate-
rials and products — Determination of hygroscopic sorption proper-
ties [S]. 2013.

2 ASTM C1498-04a. Standard Test Method for Hygroscopic
Sorption Isotherms of Building Materials [S]. 2016.
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neural networks) for machine learning-assisted op-
timization of long-term hygrothermal performance
predictions [9, 10].

Despite these advancements, existing testing
methods often require high-end instruments and
platforms, resulting in elevated costs that hinder
large-scale daily experimentation. Therefore, this
study improves upon the traditional cup method by
systematically testing three typical building materi-
als — rock wool board, XPS board, and foam con-
crete — under controlled variables. The results
demonstrate that the new scheme not only qualita-
tively and quantitatively measures water vapour
transmission but also enables real-time monitoring
of 2D heat and moisture transfer dynamics via em-
bedded sensors, offering a cost-effective and prac-
tical solution for fundamental research.

EXPERIMENTAL DESIGN
Materials

1. Rock wool board.

Thermal conductivity of 0.035-0.045 W/m-K,
a thermal insulation material formed by high-tem-
perature melting and spinning of natural rocks. It
exhibits strong water absorption but maintains long-
term weather resistance and stability with proper
waterproofing.

2. Foam concrete.

Thermal conductivity of 0.12-0.18 W/m-K,
a lightweight insulation material made from cement,
quartz sand, and foaming agents. Its porous struc-
ture reduces thermal conductivity while allowing
vapour transmission to prevent moisture accumula-
tion.

3. Extruded polystyrene (XPS) board.

Thermal conductivity of 0.028-0.035 W/m'K,
a rigid foam plastic board with excellent insulation,
moisture resistance, and compressive properties.

Methods

1. Experimental Apparatus.

The main components of our experimental set-
up include a Z-shaped white plastic container, EBS
temperature and humidity sensors, an electronic bal-
ance accurate to 0.001 g, a black enclosure, a cam-
era recorder, a wax-based sealing compound, and
syringes.

The Z-shaped white polyurethane container
functions as the primary testing device. It's de-
signed to maintain stable liquid flow and ensure ac-
curate water vapour permeability measurements. At
the front, there's a precisely measured 100 x 100 x
x 40 mm slot for inserting building material speci-
mens. At the back of the device, there are three
evenly spaced circular openings, each 15 mm wide,
aligned vertically. This setup divides the interior into
four equal parts, making it easier to study how va-
pour passes through at different heights. The con-
tainer’s bottom holds the liquid that evaporates,
while a small 2 mm injection port on the side allows

us to carefully add or remove liquid with a syringe.
This feature helps control the evaporation process
precisely. Overall, this design gives us better man-
agement of liquid input and makes the device more
reusable.

To keep everything stable during tests, the Z-
shaped component is made from lightweight, water-
proof, and corrosion-resistant materials, produced
through 3D printing. It seals tightly to prevent va-
pour leaks and remains effective even after long
periods of use, helping shield the setup from exter-
nal environmental factors. Both the top opening and
the liquid reservoir feature an equal surface area of
10,000 mml, providing a sufficient evaporation sur-
face and helping to minimize measurement errors
caused by inadequate evaporation areas. The struc-
tural layout of the apparatus is depicted in Fig. 1.

During the process of installing specimens, to
ensure the data are accurate and reliable, all speci-
mens must be fully embedded into the standardized
front opening of the apparatus following the speci-
fied procedure strictly, and the dimensional devia-
tion of the specimen edges must be controlled
within £3 mm. This is because warping, shrinking,
or protrusions could alter the water vapour transmis-
sion pathway and lead to measurement inaccura-
cies.

Before testing, all building material specimens
must undergo a drying process to remove free water
from their surfaces and interiors, ensuring the validity
of subsequent vapour transmission measurements.
Once the specimens are dry, gently place them into
the front slot of the apparatus. Make sure to seal any
gaps completely using a wax-based sealing com-
pound. It's important that the sealing material is wa-
terproof and remains stable over time, without af-
fecting how moisture moves inside the material or
disrupting the vapour pressure balance nearby.

Choosing and applying the right sealing agent
carefully is essential because using the wrong
method could lead to errors in the experiment and
result in inaccurate findings. The installation con-
figuration of the specimen is shown in Fig. 2.

2. Assembly and Procedure.

During the experiment, the BES temperature
and humidity sensors are first connected to a com-
puter, with the appropriate measurement intervals
and sampling frequencies configured to ensure ac-
curate and continuous data acquisition. To ensure
the reliability of the measurements, three identical
BES sensors are inserted into the three circular
probe ports located on the rear of the apparatus.
During installation, the front end of each sensor
must make full contact with the inner surface of
the building material to accurately monitor the dy-
namic changes in temperature and humidity at
the moisture-exposed side. The diameter of each
probe hole is matched to the sensor dimensions to
ensure a secure fit and minimize measurement er-
rors caused by poor contact.
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Fig. 3. Schematic diagram of specimen setup and environmental control system

After the building materials are installed, a syringe is used to
extract a fixed volume of saturated salt solution, which is slowly in-
jected through the side injection port of the apparatus. The injection
process should be carefully controlled in terms of flow rate, and
the syringe should be held at a 45° angle to prevent splashing
and contamination of the specimen surface. Once the solution is
injected, the port is sealed with waterproof adhesive to ensure
a stable and airtight test environment inside the apparatus. At this
point, the assembly of the core measurement device is complete,
providing a reliable foundation for subsequent testing.

For the external testing system, an analytical balance with
1000-g capacity and 0.001-g accuracy is calibrated and zeroed
using standard weights. The fully assembled apparatus is then
placed centrally and steadily on the weighing platform. Once stabi-
lized, the power is turned on to enable real-time monitoring of mass
changes in the Z-shaped apparatus, allowing for precise tracking of
transient mass variations.

After assembling the entire system, the setup, which includes
the primary testing unit and BES monitoring components, is placed
inside an environmental control black box, as shown in the figure.
The black box provides a stable ambient environment, where both
temperature and relative humidity variations are precisely moni-
tored, providing a comprehensive basis for subsequent data analy-
sis. The principle of specimen setup and system configuration is
illustrated in Fig. 3.

This test method is applicable to various types of multi-layer
porous building materials and composite wall specimens. When
the specimen mass exceeds the standard capacity, counterbalanc-
ing weights should be added to the apparatus and an electronic
balance with appropriate weighing range must be selected. For

specimens exceeding 40 mm in thickness, the front-end structure
of the Z-type apparatus should be extended to accommodate di-
mensional variations. The testing procedure controls humidity con-
ditions on both sides of the specimen to establish water vapour
transmission along the path from the high-humidity side to the low-
humidity side, thereby obtaining measurements of the material's
water vapour permeability characteristics.

ROCK WOOL MATERIAL OBSERVATION TEST

The experiment involved continuous monitoring of water evapo-
ration from rock wool materials. Over a period of 400 hours, peri-
odic measurements were conducted to capture the complete evap-
oration cycle. In the initial phase, the internal humidity increased
rapidly from approximately 10 to 45 %, followed by fluctuations, in-
dicating an unstable equilibrium. During this stage, a dynamic bal-
ance was observed between water evaporation from the solution
and moisture diffusion from the material surface, suggesting
a steady evaporation process.

After approximately 200 hours, as the majority of the water had
evaporated, the surface humidity exhibited more pronounced fluc-
tuations, reflecting the transition to a drying-dominated phase. Fol-
lowing about 15 hours of high-amplitude oscillations, the relative
humidity decreased rapidly and gradually converged with the ambi-
ent humidity level, marking the completion of the first full evapora-
tion cycle in the rock wool material. The data acquisition and moni-
toring process are illustrated in Fig. 4.

1. Experimental results analysis.

Based on the dynamic characteristics of relative humidity
changes on the moisture-exposed surface during water vapour
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Fig. 4. Schematic diagram of the experimental setup for rock
wool evaporation monitoring
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evaporation, the evaporation cycle was divided into six typical stag-
es: rapid rising phase, accelerated escape phase, stable phase,
yield phase, rapid decline phase, and dry phase. This staging
method helps systematically analyze the water vapour penetration
mechanism in building porous materials. In addition, comparative
analysis of relative humidity changes at three monitoring points (up-
per, middle, and lower) on the moisture-exposed surface of porous
materials revealed that the upper point maintained the highest rela-
tive humidity, averaging about 5 % higher than the middle and
lower points during the stable phase. In the initial test stage,
the lower point showed slightly higher relative humidity than
the middle point, but as the test progressed, the middle point grad-
ually surpassed the lower point, with both exhibiting an alternating
upward trend.

Notably, when the solution was nearly evaporated, all monitor-
ing points experienced significant high-amplitude fluctuations be-
fore eventually converging to similar humidity levels, as shown in
Fig. 5.
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Fig. 6. Detailed view of the accelerated escape phase in rock
wool testing

During the monitoring of the accelerated escape phase at
the moisture-exposed surface of rock wool, the relative humidity
(RH) rapidly decreased by approximately 2 % within 60 min from
a previously stable state. Notably, this transient characteristic was
also observed in tests involving foam concrete and extruded poly-
styrene (XPS) boards. However, due to differences in material per-
meability, the duration of the accelerated escape phase varied
among these materials, as illustrated in Fig. 6.

Through continuous 15-hour observation of the yield phase in
rock wool's moisture-exposed surface humidity variation, experi-
mental data revealed significant periodic fluctuations in relative hu-
midity (RH), with peak-to-trough differences of 5-10 %. Throughout
the monitoring period, the RH curve exhibited an overall decreasing
trend. The three detection points (upper, middle, and lower) on
the moisture-exposed surface showed highly consistent RH varia-
tions while maintaining distinct vertical gradients: the upper point
consistently recorded the highest RH, followed by the middle and
then the lower point. Quantitative analysis demonstrated that
the absolute RH difference between the upper and middle points
persistently exceeded that between the middle and lower points.

Toward the end of the yield phase, the RH curves from all three
points gradually converged. Correlated with electronic balance
measurements and solution replenishment mass analysis, the yield
phase was identified as corresponding to the final stage of solution
evaporation. During this phase, decreased evaporation rates
caused reduced water vapour partial pressure within the appara-
tus, triggering the observed periodic RH fluctuations at rock wool's
moisture-exposed surface, as detailed in Fig. 7.

2. Supplementary test analysis.

This study systematically analyzed the water vapour permeabil-
ity characteristics of rock wool by comparing its performance
changes after experiencing a complete evaporation cycle. After
refilling the evaporated apparatus with saturated salt solution, per-
formance comparison tests were conducted under identical envi-
ronmental conditions. Comparative analysis of temperature and
humidity change curves at the moisture-exposed surface of rock
wool in both dry and wet states revealed that the entire humidity
variation process could still be divided into six typical stages,
although significant data fluctuations were observed during
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Fig. 7. Detailed view of the yield phase in rock wool testing

the stable phase. Experimental data showed that due to the in-
creased mass of saturated solution, the duration of stable evapora-
tion phase was significantly prolonged.

Specifically, during the rapid rising phase of relative humidity,
the internal surface humidity of wet-state rock wool panels was
higher than that of dry-state specimens, with more pronounced
fluctuation amplitudes during the accelerated escape phase. After
undergoing a yield phase similar to the dry state, the wet-state
specimens entered a comparable drying phase with minimal hu-
midity value differences, as shown in Fig. 8.

Analysis indicates that after undergoing a complete evapora-
tion cycle, the rock wool material exhibits significantly different dry-
ing characteristics compared to its initial state. The reduced mois-
ture gradient within the material slows down water vapour diffusion
to some extent, decreasing vapour permeability. Consequently,
during the rapid rising phase, the relative humidity near the interior
surface reaches higher values than previously observed. This phe-
nomenon creates an enhanced vapour pressure differential be-
tween the apparatus's inner and outer surfaces, leading to more
vigorous vapour dissipation during the accelerated escape phase.
Following this intensified dissipation, the system enters a stabiliza-
tion period with fluctuations similar in magnitude to the dry-state
condition, albeit within a narrower range.

Experimental results demonstrate that after completing a full
evaporation cycle, the primary effect observed in rock wool pan-
els — whether in dried or re-wetted conditions — is altered vapour
accumulation characteristics during the initial phase, with no sig-
nificant material performance degradation detected. Regarding the
pronounced curve fluctuations during the stabilization phase, these
anomalies may potentially stem from instrumentation measurement
errors, though current evidence remains insufficient to establish de-
finitive theoretical explanations.

Due to the relatively low overall evaporation rate of the materi-
als — particularly the significantly prolonged evaporation cycles
observed in materials with higher vapour permeation resistance —
this study was unable to conduct complete evaporation cycle ob-
servations for foam concrete and extruded polystyrene (XPS)
boards within the experimental timeframe. The investigation was
limited to recording the relative humidity variation process from
the rapid rising phase through the stabilization phase. Experimental
results are presented in Fig. 9-12.

Time, h

Fig. 8. Detailed view of the yield phase in rock wool testing

Under identical saturated solution mass injection conditions,
foam concrete and extruded polystyrene (XPS) boards exhibited
significantly prolonged evaporation cycles compared to rock wool.
The moisture-exposed surfaces of these materials maintained high-
er relative humidity levels: foam concrete showed a gradual decline
from an initial 85 % high, while XPS boards sustained persistent
high-level fluctuations without observable decreasing trends. In
contrast, rock wool completed its entire evaporation cycle within
300 hours, demonstrating approximately 35 % lower relative humid-
ity during the stable evaporation phase than the other two building
materials. These observations align with the anticipated water va-
pour permeability characteristics of the three materials, as illustrat-
ed in Fig. 13.

Experimental results of water vapour permeation rates gener-
ally corresponded with theoretical predictions. Rock wool displayed
superior vapour permeability, whereas XPS boards — due to their
lower evaporation rates — produced data with greater fluctuations
that somewhat compromised measurement reliability. Neverthe-
less, the obtained water vapour transmission rates effectively
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Fig. 9. Humidity variation curve at the moisture-exposed surface
of foam concrete
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represent each material's intrinsic properties. Quantitative perme-
ability results are presented in Fig. 14-16.

CONCLUSION

This study investigated rock wool boards, extruded polystyrene
(XPS) panels, and foam concrete through an improved two-dimen-
sional heat-moisture transfer experimental protocol, revealing dy-
namic hygrothermal migration patterns in porous building materials.
The experiments demonstrated that material vapour permeability
significantly influences evaporation cycles and humidity distribu-
tion: foam concrete and XPS panels exhibited prolonged evapora-
tion cycles with moisture-exposed surface relative humidity main-
tained at 85 % due to their high vapour resistance, while rock
wool>s loose structure resulted in a shorter 300-hour evaporation
cycle with 35 % lower humidity during stabilization, confirming the-
oretical vapour permeability predictions.

The research further identified an accelerated escape phenom-
enon occurring when vapour breached the material-environment
interface barrier, causing abrupt vapour pressure differential reduc-
tion. Distinct humidity distribution patterns were observed: rock
wool showed highest humidity at upper monitoring points due to
unsealed bottom edges, whereas foam concrete and XPS panels
exhibited mid-point and upper-mid-point dominance respectively,
reflecting their dense structures> impact on vapour pathways.

MpepBapuTenbHas akcnepuMeHTanbHas
cxeMa ABYMEpPHOro TenJo-

W BnarornepeHoca B CTPOUTEJNIbHbIX
nopucTbIX MaTepuanax

[ns nccnepoBaHWs ABYMEPHOro npolecca Tenno- U Bnaro-
nepeHoca B CTPOMTENbHBLIX NOPUCTbIX MaTepuanax u aHanu-
3a BIMSHUSA YCNOBWUIA YNIIOTHEHUSA KPOMOK Ha Ux Tennoduanye-
CKWe 1 rMrpocKonuyeckne CBONCTBa B AaHHOM MCCIe[0BaHUN
npepnaraeTcs HoBas aKcnepuMMeHTanbHas cxema. B kayecTse
06pasLoB ANs UCMbITaHUA ObiNn BbIOpaHbl TPU TUMUYHBIX CTPO-
UTeNbHbIX MaTepuana — nauMTa U3 MMHepanbHOW BaTbl, IKCTPY-
avpoBaHHbI nonuctupon (AMNMC) n neHo6eToH. C nomoLLblo
MOHWUTOPUHIa N3MEHEHUIA TeMnepaTtypbl U BNAXKHOCTN B PEXU-
Me peasibHOro BPEMEHN BHYTPU U CHAPY XM SKCNepUMEHTalIbHOW
YCTaHOBKM OblIM U3YYeHbl B3aUMOCBA3aHHbIE XapaKTepUCTUKN

These findings provide empirical evidence for building envelope
sealing design.

The experimental protocol achieved dynamic 2D monitoring
through embedded sensors, balancing cost-efficiency with opera-
bility. However, time constraints limited complete evaporation
mechanism analysis for high-resistance materials, warranting long-
er-term observation. Future studies could integrate numerical mod-
eling or micro-imaging to examine pore structure and interface ef-
fects on coupled heat-moisture transfer. These results establish
both theoretical and practical foundations for optimizing energy-
efficient materials and hygrothermal environment control.
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TEnno- 1 Bnaronepefayy pasnmyHbix MatepuanoB. Pesynstathl
NMoKasbIBatoT, YTO MaTepuarbl C BbICOKON NapOnpOHULIAEMOCTbIO
1 3pPeKTUBHON BO3AYXOHEMPOHMNLIAEMOCTbBIO 3HAYUTENBHO MO-
BbILLAT TEPMUYECKYIO U TUIPOCKOMUYECKYD CTaBUNbHOCTb.
Kpome Toro, B NOPUCTbIX Marepuanax co cnabomn CTpyKTypown
rnoTeps Bnaru Yepes 60KoBbIE KPOMKM MPUBOAUT K HEpaBHOMEP-
HOMY pacrpefeneHuto BlaXXHOCTU BHYTpy MaTtepuana. OCHOBbI-
BasiCb Ha 3KCMepMMeHTasIbHbIX AaHHbIX, B 9TOM MUCCNenoBaHun
6bIIN KONMYECTBEHHO OMnpefeneHbl KoahULMEHTbI Naponpo-
HULLAEMOCTU TPEX MaTepuanoB U BbIACHEHbI iexallme B UX oc-
HOBe MexaHu3Mbl. [peanaraembliii 3KCNepUMeHTanbHbIA METOL
yCTaHaBMMBaET HOBbIA NOAXOA K M3MEPEHUIO ABYMEPHOro Co-
NPsXEHHOrO TEMNJI0- U BiaronepeHoca B CTPOUTENbHbIX MaTepu-
anax, o6ecrne4ymBas Hay4Hyto OCHOBY A1 U3yHeHNs MEXaHU3MOB
repeHoca Tenna u Bnarv B apxXMTeKTYPHbIX NPUIOXEHUSIX.

Knro4eBble crioBa: riopucTble Matepuarsibl, Tersio-BarornepeHoc,
POTOKOJ1 3KCriepUMeHTa
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