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Bing Li' U<, Xiyang Dai', Simin He', Saierjiang Halike' ><, Feng Shi?, Jean-Marc Tulliani®, Junsong Wang* &

Qinglin Meng*

Chronic marine salt spray exposure critically alters pore structure and hygrothermal performance of
historic building materials. This study investigates the humidity-dependent water vapor
permeability (6,) of cement mortar with salt deposition. Using accelerated salt spray testing (35
cycles) and cup tests across humidity gradients, cement mortar exhibited opposing 6, responses: a
reduction of 1.86 x 1071% kg/(m s Pa) under low humidity from pore blockage, and an increase of
1.98 x 107" kg/(m s Pa) at high humidity from brine migration. A predictive piecewise model

(R?> 0.95) incorporating salt content and ambient humidity thresholds was developed. MIP and
SEM analyses revealed NaCl crystallization preferentially occupying 0.02-0.12 pm pores within the
top 2 mm, reducing porosity by 42% while creating dual transport modes: pore occlusion (dry) and
interconnected brine networks (humid). These findings provide a framework for predicting moisture

dynamics in porous materials under salt spray climates, enabling improved hygrothermal

simulations for coastal historic buildings.

An axiom in Chinese heritage conservation holds that “dry conditions
preserve for millennia, constantly wet conditions for centuries, but alter-
nating dry-wet conditions cause decay within years.” In natural environ-
ments, building materials are subjected to long-term cyclic hygrothermal
loads, during which moisture undergoes repeated migration, storage, and
phase change within porous structures'™. These processes often lead to
structural damage—such as cracking, strength loss, surface weathering,
color fading, and biological growth—in historic buildings*”. Accurate
prediction and quantification of moisture transport in porous materials are
therefore essential for enhancing the resilience and durability of built
heritage. Coastal regions, which cover ~18.43% of the world’s land area, are
home to about 52.8% of the global population’. Benefiting from well-
developed transportation, communication, infrastructure, and economic
activity'®"?, coastal and island cities also concentrate a significant portion of
the world’s cultural heritage and historic architecture'” ™. In these envir-
onments, long-term exposure to marine salt spray induces salt crystal-
lization in conventional building materials such as brick, mortar, and
plaster, fundamentally altering pore structures and disrupting moisture
transport mechanisms'’~"’. Under cyclic moisture and salt action, coupled
heat and moisture transport occurs within porous materials, significantly
affecting their physical properties and functional performance, thereby

posing considerable challenges to building envelopes’*"*%. A thorough
investigation and systematic interpretation of these processes are essential
for advancing conservation techniques and sustainable management stra-
tegies for coastal historic structures.

The deposition of salt crystals alters the original pore characteristics of
porous materials by occupying their pore volume. Recent studies have
elucidated the mechanisms of salt crystallization and growth within porous
building materials. Systematic laboratory analyses of common construction
materials—including brick”, sandstone™, limestone’, plaster”, and
mortar*— confirm that salt deposition fundamentally alters porosity and
pore architecture. The two most commonly used salts in experiments are
Na,SO, and NaCl. Mercury intrusion porosimetry (MIP) data indicate that
Na,SO, reduces porosity by 6-8%'***”’, whereas NaCl can lead to more
substantial reductions, with reported values ranging from 4% to 10%*** up
to 47-50% under specific conditions'*”". Collectively, these studies reveal a
general trend of porosity reduction due to salt crystallization. However,
substantial inconsistencies persist across experimental results, which may
arise from variable factors including salt speciation (e.g., crystalline poly-
morphism), solution molarity, salt exposure protocol, sampling location,
and material-specific pore heterogeneity™*'******’, The combined effects of
saline environments and multiple factors result in distinct pore distribution
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Table 1 | Chemical composition (wt%) of cement CEM II/BL-L 32.5R determined by XRF analysis

Component CaO MgO SO3 Al;,O3 Fe,03

K>0

Na,O TiOy SrO P505 Lol Others

Content 60.2 3.56 3.46 3.12 2.19

1.12

1.06 0.185 0.147 0.104 12.8 0.19

characteristics in porous materials, thereby altering their inherent moisture
transport behavior.

In porous building materials, salt crystallization and moisture trans-
port constitute a dynamically coupled process. Salt crystallization within
pores alters the hygric parameters of porous building materials—such as
capillary absorption coefficients, capillary moisture retention, and vapor
permeability coefficients—through the dual mechanisms of pore occlusion
and impaired pore connectivity'®'****". Conversely, as salt can only migrate
in dissolved form through the pore network, its redistribution is intrinsically
moisture-dependent, establishing a mutually causal relationship between
moisture transport pathways and salt deposition patterns™***~'. This
bidirectional coupling introduces unique challenges in coastal saline
environments, where dynamic pore-scale interactions between moisture
flux and salt crystallization give rise to emergent system-level behavior.
Further complicating the issue, methodological variations across studies—
stemming from differing research objectives and experimental protocols—
have hindered consensus on the evolution of hygric properties in salt-
affected porous materials™'*'******~*, Consequently, current understanding
remains fragmentary, highlighting the necessity of a unified theoretical
framework to reconcile experimental inconsistencies and reliably predict
material performance in salt-rich environments.

Cement mortar is a porous building material widely used for the
masonry, leveling, and plastering of building envelopes. Compared with
traditional lime mortar, formulated cement mortar offers superior strength,
corrosion resistance, and durability, making it particularly suitable as a
masonry and rendering material for the numerous historic buildings and
industrial heritage sites in coastal cities that are chronically exposed to salt
spray environments'””**, Despite its extensive application, the moisture
transport processes and hygric property parameters of cement mortar under
salt spray deposition have yet to be systematically understood, leaving
hygrothermal simulations and accurate calculations for building envelopes
in coastal saline climates without a sufficient scientific basis. In light of these
attributes, our preliminary semi-immersion experiments focused on
moisture transport mechanisms in porous building materials under coastal
climates, revealing critical relationships between chloride migration and
crystallization patterns in cement mortar”’. The study demonstrated that
surface salt crystallization morphology is governed by water-to-cement ratio
(W/C)-controlled porosity, while chloride ion distribution along horizontal
windward and vertical orientations is indirectly influenced by surface eva-
poration conditions. Notably, Salt crystallization deposition reduced the
capillary absorption coefficient (A,,) by 46% and capillary moisture con-
tent (Weyp) by 56% in specimens with W/C = 0.6™. To better simulate per-
sistent salt spray exposure in coastal regions, we conducted extensive
preliminary investigations and parametric optimizations of the salt spray
test method to more accurately replicate coastal climatic conditions. Fol-
lowing this, five sets of accelerated salt spray tests were performed on cement
mortar specimens. After 35 cycles, these tests showed a chloride con-
centration of 1.99%, an apparent density increase of 3.85%, reductions of
18.7% in both open porosity (Pp) and saturation moisture content (W), as
well as decreases of 30% in A, and 17.4% in wcalf ". Through parametric
analysis of salinity effects on capillary absorption, we established modified
computational equations for A, and we,, in cement mortar under salt
spray deposition®’. This series of systematic studies provides comprehensive
insights into the liquid water transport and storage behavior of cement
mortar in coastal saline environments.

Building on previous research, this study systematically investigates the
effect of salt deposition on water vapor transport in cement mortar through
a multi-scale experimental framework. By combining accelerated salt spray
tests with gravimetric analysis, we quantified the influence of NaCl

deposition on vapor permeability using dry-cup and wet-cup methods
under different humidity conditions. Through comparison with salt-free
reference specimens, we established a normalized influence factor for the
water-vapor permeability coefficient, enabling mathematical modeling of
the relationship between permeability and salt content. Microstructural
analyses using mercury intrusion porosimetry (MIP) tracked pore evolution
over 35 salt-spray cycles, while scanning electron microscopy (SEM) with
depth-resolved sampling revealed spatial salt crystallization patterns from
the surface to the interior. This integrated multi-scale methodology bridges
microscale salt-pore interactions and macroscale moisture-transport phe-
nomena, providing a basis for predicting the hygrothermal performance
and structural resilience of historic buildings in coastal salt-spray
environments.

Methods
Specimen preparation
Cement mortar was prepared using CEM II/B-LL 32.5R cement (Buzzi,
Italy), CEN-standard sand (UNI EN 196-1:2011), and deionized water. The
binder composition complied with EN 197-1, consisting of 65-79% clinker,
21-35% limestone, and 0-5% gypsum. The chemical composition of the
cement, determined by X-ray fluorescence spectrometry (XRF; Rigaku NEX
CQ), is provided in Table 1, loss on ignition (LOI) was measured via
thermogravimetric-differential thermal analysis (TG-DTA). Constituents
were mixed at a mass ratio of 1:3:0.5 (cement: sand: water), homogenized,
and cast into 70 x 70 x 70 mm® molds under vibratory compaction. After
initial curing at 23 °C and 95% RH for 24 h, specimens were demolded and
subsequently water-cured for 28 days at 23 °C under laboratory ambient
conditions.

For water vapor permeability evaluation, plate specimens measuring
70 x 70 x 20 mm?® were precision-cut from the cured cubes using a diamond
saw (Fig. 1(1-1a))). All surfaces were then cleaned sequentially with com-
pressed air and deionized water to remove residual particulates and ensure
open pore networks. After cleaning, the specimens were dried, labeled, and
grouped for subsequent testing. The selected thickness of 20 mm follows the
ISO 12572:2016 specification for homogeneous materials”, and also aligns
well with the typical thickness of cement-based renders, plasters, and repair
layers commonly found in historic building envelopes.

Accelerated salt spray cycling test

Salt deposition and corrosion in building materials constitute a long-term
process influenced by numerous uncontrollable climatic variables, making
field experiments particularly challenging. To investigate moisture transport
characteristics of porous building materials under coastal salt-fog condi-
tions, this study employed accelerated salt-spray testing to simulate realistic
exposure environments. While existing international salt spray test stan-
dards for building materials—such as BS EN 14147:2003(E)*’ and ASTM
B117-11(E)*'—are applicable to natural stone and primarily focus on dur-
ability assessment, this study referenced the fundamental test procedures
specified in these standards and made corresponding adjustments to
experimental parameters based on research objectives.

The experiment was conducted in a CEAST 5050 chamber (Italy),
which generated salt fog using a 5wt% NaCl solution (Fig. 1(1-2, 1-4)).
Specimens were mounted at a 20° inclination from the vertical with 44 mm
spacing between units (Fig. 1(1-3)). Each test cycle consisted of 8 h of
spraying (35 °C, 100% RH) followed by 16 h of drying (55 °C), achieving a
salt deposition rate of 2 mL/ (80 cm® h) in accordance with ASTM B117-11.
This wet-dry cycling improves simulation accuracy by mimicking natural
environmental fluctuations. A total of 24 specimens were divided into six
groups (50, 5A-5E) corresponding to 0, 7, 14, 21,28 and 35 exposure cycles,

npj Heritage Science| (2026)14:291


www.nature.com/npjheritagesci

https://doi.org/10.1038/s40494-026-02562-z

Article

1. Accelerated Salt Spray Testing on Ceme
Specimens (70x70%20) mm?

nt Mortar

T
e
e

edulale

i

H

14 a) Front View
1 Sealed chamber 6 Atomizing nozzle 11 Specimen
2 Sloping top 7 Spray disperser 12 Drain
3 Dust free compressed air inlet 8 Non-corrosive specimens supporting plate 13 Air

4 Salt solution inlet
5 Saturation tower

9 Collecting device
10 Specimen support

14 Solution waste
15 Thermometer

1-4. Interior Structure of Salt Spray Chamber (CEAST 5050)

b) Side View

16 Heating controller
17 Spray deflector
18 Water seal

19 Filter plug

20 Overflow hole

3. Specimen Processing
and Assembly

2. Pore Characteristics and
Micro-morphology

4. Water Vapour Transmission Property Test

(Dry/Wet Cup Method)

®

Specimen

Container

‘Humidity
pe control
——————p Airflow device
Moist flow
Specimen
Air layer

Desiccant or saturated

17,269-0
p=0-610,5.¢2373+0

0,086 po[ T J"Bl
Ry -T-p\273

Table Control of environmental conditions

Sa

2-2. MIP Analysis
(Autopore V)

2-1. Thermostatic Drying
(55°C)

2-3. SEM Imaging (Hitachi S4000) 4-2. Conditioning

(23°C, 50% RH)

Testing Apparatus (T/CECS 10203-2022)

salt solution Temperature ~ Relative Humidity (RH)%
(C) Drystate  Wet state
o e 2305 0£2 50+2
4-1. Schematic of the Water Vapour Permeability
23405 50+2 98+2

4-3. Cup Encapsulation & Weighing

(20/50 mm Air Layer )

4-4. Controlled Climate Testing
(23°C & 50% RH)

Fig. 1 | Schematic of the experimental setup and protocol for water vapor per-
meability testing. The figure is composed of four panels arranged chronologically to
illustrate the experimental workflow. Panel 1 shows the process and equipment for
the accelerated salt spray test, enclosed within a light blue line frame. Panel 2
presents the instruments used for microstructural analysis of the specimens,

specifically mercury intrusion porosimetry (MIP) and scanning electron microscopy
(SEM), highlighted by a green line frame. Panel 3 depicts the fabrication process of
the components for the water vapor permeability test, also indicated by a green line
frame. Panel 4 illustrates the setup and procedure for the water vapor permeability
test itself (dry-cup and wet-cup methods), enclosed within a brown line frame.
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Fig. 2 | Mass variation of dry- and wet-cup specimens during water vapor per-

meability testing. The figure consists of two panels illustrating the mass change over
time for cement mortar specimens subjected to 0-35 salt spray cycles. Panel a shows
the results from dry-cup tests (0-50% RH gradient), and Panel b shows the results
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from wet-cup tests (50-98% RH gradient). In both panels, the data points are color-
coded according to the number of salt spray cycles: black represents the reference
specimens (0 cycles); red, 7 cycles; blue, 14 cycles; green, 21 cycles; purple, 28 cycles;
and yellow, 35 cycles.

with four replicate specimens per group (e.g., 5A1-5A4). After exposure, all
specimens were conditioned at 23 °C and 50% RH until mass stabilization
(ISO 12572:2016”) to standardize moisture content before permeability
testing.

Water vapor permeability measurement

The water vapor permeability of cement mortar was evaluated following
ISO 12572: 2016(E)” using a custom-designed apparatus (Fig. 1(4-1)) to
establish controlled vapor pressure gradients across specimens. Specimens
(70 x 70 x 20 mm?®) were edge-sealed with self-adhesive aluminum tape
(Fig. 1(3-1)) to prevent sealant penetration into surface pores, then bonded
to modified plastic container lids (72 x 72 mm® openings) using Bostik
liquid rubber sealant (Italy). This ensured mid-plane alignment (10 mm
exposed above/below the lid) and void-free interfacial contact (Fig. 1(3-2)).
Airtightness was verified by submerging specimens in deionized water
(2-3 mm below the top surface) for 6 h (Fig. 1(3-3)); any leaking specimens
were resealed until integrity was confirmed.

Two test methods were employed to assess moisture transport under
varying humidity conditions’*. The dry-cup method simulated low-
humidity environments (0 +2% RH vs. 50 + 2% RH, Fig. 1(Table)) using
silica gel desiccant, whereas the wet-cup method evaluated high-humidity
behavior (50 + 2% RH vs. 98 + 2% RH, Fig. 1(Table)) with saturated K,SO,
solution maintained with excess salt crystals. Key setup parameters included
a 20 mm air layer between specimens and desiccant (dry-cup) and a 50 mm
air layer above the solution (wet-cup), with solution depths standardized at
15 mm. All assemblies were preconditioned at 23 + 0.5 °C and 50 + 2% RH
until mass stabilization (variation <5% over three consecutive days, Fig. 1(4-
2)) to ensure uniform moisture distribution prior to permeability testing.

Preconditioned assemblies were sealed onto containers holding an
equal mass of desiccant or salt solution (Fig. 1(4-3)) and transferred to a
climate-controlled chamber maintained at 23 + 2 °C and 50 + 2% RH, with
an airflow velocity of 2100 mm/s. Chamber conditions were verified using
Testo 174H sensors (Fig. 1(4-4)). Mass measurements began after 28 days
and were performed at 48 h intervals under temperature-controlled con-
ditions (23 + 2 °C). Weightings continued until the change in mass per
interval, determined over five successive measurements for each specimen,
remained constant within 5% of its mean value. This protocol follows the
airflow and equilibration requirements of ISO 12572, while incorporating
refinements such as airtightness verification and the use of mass-equalized
solutions to minimize variability.

The water vapor flux rate G, (kg/s) through cement mortar specimens
was determined via linear regression of the total mass of dry/wet cup

assemblies against weighing time, with a coefficient of determination
(R*) 20.99. The water vapor flow density g, (kg/m’s') was calculated as

Gv
N 4y

&y

where A is the exposed surface area of specimen (m?). The vapor pressure
difference Ap, (Pa) across the specimen was derived using:

Apv :pv,sat : |(P1 - (PZI (2)
where py . = 2.808 Pa (saturation vapor pressure at 23 °C), and ¢, ¢, are

relative humidity values on the two sides of the specimen. The total vapor
transfer resistance Ryo (M’ s Pa/ kg) was calculated as

by
R ==

v

(€)

The air layer resistance R,; (m’sPa/kg) within the apparatus was
determined by:

R. = dair

4)

air
v,air

Where d,;, is the thickness of the air layer (m), and &, ;, is the water vapor

permeability coefficient of static air. The specimen’s water vapor perme-

ability coefficient 8, (kg/ m s Pa) were obtained via:

Rsample = Rtotal - Rair (5)
H

0, = 6

¥ Rsample ( )

where Rq,mple is water vapor resistance of specimen (m” s Pa/kg™). H is the
specimen thickness (m).

Microstructural characterization and analysis

The chloride ion content in cement mortar subjected to accelerated salt
spray cycles was quantified using a C-CL-3000 electrochemical analyzer
(James Instruments, USA). Prior to analysis, the system was calibrated with
five Cl~ standard solutions (0.005%, 0.01%, 0.05%, 0.1%, and 0.3%). Full-
thickness specimens were ground into powder to assess the depth-
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Table 2 | Linear regression analysis of water vapor flow rate
(G,) for cement mortar subjected to salt spray deposition (dry-
cup method, 0-50% RH)

Salt spray Dry cup G, (kg/s) R? RSS

cycling assembly

Reference 501-504 2.06783 x107° 0.990 6.00332x 1077
7 Cycles 5A1-5A4 1.82618 x 107° 0.992 3.49465x 1077
14 Cycles 5B1-5B4 1.79315x 10°° 0.988 5.3501x10°7
21Cycles 5C1-5C4 1.72146x10° 0993 2.75475x 1077
28 Cycles 5D1-5D4 1.49543 x 10°° 0.981 5.83101x 1077
35 Cycles 5D1-5D4 1.32698 x 10~° 0.993 1.55235x 107"

Table 3 | Linear regression analysis of water vapor flow rate
(G,) for cement mortar subjected to salt spray deposition(wet-
cup method, 50-98% RH)

Salt spray Dry cup G, (kg/s) R? RSS

cycling assembly

Reference 5041-50,4 —2.34299x10° 0.999 6.85676x 107"
7 Cycles 5A1-5A, —3.94800x10° 0.997 1.04771x10°°
14 Cycles 5B4-5B, —4.75102x10°  0.997 1.42988x10°°
21Cycles 5C1-5C4 —5.09070x10°  0.998 1.47054 x10°°
28 Cycles 5D4-5D, —5.66033x10™° 0.998 1.75064 x10~°
35 Cycles 5D4-5D, —6.83262x10™° 0.995 5.88554 x107°

dependent distribution of salts. A 3 g aliquot of homogenized powder was
dissolved in 20 mL acidic solution, vortexed, and allowed to stabilize for
2 min. After degassing (2-4 min), Cl~ concentrations were determined via
potentiometric voltage differentials, with results displayed digitally. All
measurements were performed at 23 °C on desiccated specimens, with
calibrated batches analyzed within 2 h to minimize instrumental drift.

To establish microstructure-property relationships, mercury intrusion
porosimetry (MIP; Autopore V, Micromeritics, USA) and scanning electron
microscopy (SEM; $4000, Hitachi, Japan) were utilized (Fig. 1(2-2, 2-3)).
SEM samples were prepared as cross-sectional profiles from surface to mid-
depth region, dried and sputter-coated with an Au/Pd (SPI Supplies, USA).
For MIP, samples were dried at 55 °C to constant mass (Fig. 1(2-2)); then,
3-4 g of each sample was analyzed under a maximum pressure of 2000 MPa,
enabling the detection of pores larger than 6 nm in diameter based on the
Washburn theory. Two replicates per group ensured statistical validity. All
procedures complied with 1SO 21466:2019* for SEM and ISO 15901-
1:2016" for MIP, and specimens were kept in anhydrous state throughout
pretreatment and handling.

Results and discussion
Dry-cup and wet-cup water vapor permeability coefficient
The mass variations of cement mortar specimens under dry-cup (RH 0/
50%) and wet-cup (RH 50%/98%) conditions are illustrated in Fig. 2a, b,
respectively. In dry-cup tests (Fig. 2a), the assembly mass increased linearly
over time as water vapor was absorbed by the internal silica gel desiccant.
Conversely, wet-cup assemblies (Fig. 2b) lost mass linearly due to vapor
diffusion from the saturated K,SO, solution to the drier ambient environ-
ment. Although minor initial mass differences occurred among the control
and salt-sprayed groups (7-35 cycles), resulting from material heterogeneity
and slight thickness variations during specimen preparation, they did not
affect the validity of mass change rate analyses. Measurement errors across
datasets ranged between 0.01% and 0.03%, mainly caused by heterogeneous
pore structures and salt crystallization patterns, with negligible influence on
the overall results.

Linear regression of mass-time profiles (Fig. 2a, b) provided the water
vapor flux rates (G,) for each assembly (Tables 2 and 3). Dry-cup data

showed a coefficient of determination (R?) >0.98 and residual sum of
squares (RSS) < 6.00 x 107. Notably, the control group exhibited the highest
G,, which decreased progressively with salt spray cycles (Table 2). Wet-cup
results demonstrated superior linearity (R* > 0.99, RSS < 5.89 x 10°%)), with
the control group showing the lowest G,—a value that increased system-
atically with more exposure cycles (Table 3).

The water vapor permeability coefficient (8,) and associated process
parameters for all cement mortar groups were determined using Eq. (1)—(6),
with results summarized in Tables 4 and 5. The specimen surface area (A)
used for calculating vapor flux density (g,) was consistent across groups due
to mold-controlled dimensions with negligible length/width deviations. To
compensate for thickness (H) variations introduced during the cutting
process, the reported thickness values represent the average of six mea-
surements taken at different locations using a vernier caliper.

As shown in Table 4 (dry-cup method, 0-50% RH), the control group
exhibited the highest vapor permeability coefficient &, (5.95 x 10" kg/(m
s Pa)). This value decreased progressively with increasing salt spray expo-
sure, reaching its lowest level after 35 cycles. In contrast, Table 5 (wet-cup
method, 50-98% RH) revealed an opposite trend: the control group dis-
played a lower baseline &, (8.25 x 10™"? kg/(m s Pa)), which increased sys-
tematically over 35 exposure cycles. This dichotomy underscores the dual-
phase influence of salt crystallization: under low humidity, the pore-
blocking effect dominates, reducing &,'*”’, whereas under high humidity,
deliquescence-induced brine formation enhances moisture transport
through liquid-phase action'****.

Xie et al. *° reported a water vapor permeability coefficient (8,) in the
range of 2.66 x 107'2-4.02 x 10 "* kg/(m s Pa) for cement mortar under
43-97.6% RH, which is slightly lower than the values obtained in this study.
This discrepancy likely stems from differences in cement type and mix
proportions. Notably, their findings are consistent with the present results:
salt deposition suppresses vapor transport under low humidity/high salinity
conditions but enhances it under high humidity/elevated salinity environ-
ments (Tables 4 and 5, Fig. 3).

The opposing effects of salt deposition on 8, under different humidity
conditions are governed by the deliquescence behavior of NaCl. Below 75%
RH (deliquescence threshold at 23 °C"), accumulated salt crystals reduce
porosity and pore connectivity, increasing vapor transport
resistance****’. Above 75% RH, deliquesced NaCl migrates as brine via
wicking and evaporation-driven flows'>*****'. In the wet-cup configuration,
where the low-humidity side is maintained at 50% RH, the brine releases
water vapor until recrystallization occurs'®”, inducing intense liquid-phase
mass transport in the porous material that elevates its &,. Moreover, the
intrinsic hygroscopicity of NaCl further enhances moisture migration as salt
content increases.

Salt-induced permeability model

To quantify the effect of salt content on the water vapor permeability
coefficient (8,) of cement mortar under salt spray exposure, the influence
factor 17, was calculated for both dry-cup (¢ < 0.75) and wet-cup (¢ > 0.75)
methods using Eq. (7). This parameter integrates the mechanistic influence
of NaCl crystallization below 75% RH and deliquescence above 75% RH on
vapor transport properties. Polynomial regression was used to express #7; as
a function of salt content in the low-humidity (¢ < 0.75) and high-humidity
(¢ > 0.75), yielding coefficients of determination (R®) greater than 0.96 and
0.95, respectively (Fig. 4a, b). This resulting dual-phase model reflects the
crystallographic and hygroscopic transitions of NaCl, confirming its role in
regulating vapor transport across humidity gradients.

1)

M, =5 ?)
where 8, ; and §,, , are the water vapor permeability coefficients kg/(m s Pa)
of salt-containing specimens and salt-free specimens, respectively.

The water vapor permeability coefficient for salt-free porous materials
(6, ;) was derived from Egs. (1) to (6) and is expressed in Eq. (8). All symbols
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Table 4 | Water vapor permeability (5,) and process parameters of cement mortar subjected to salt spray deposition (dry cup

method, 0-50% RH)

Salt spray cycling G, (kg/s) g, [kg/(m*s)] AP, (Pa) Ry, (M°sPa/kg) R, (M*sPa/kg)  Rgympe (M*sPa/kg) 8, [kg/(msPa)]  SD

Reference 2.07x10°  4.22x107 1404 3.33x10° 1x10° 3.23x10° 5.95x 10" 2.76 x10°"°
7 Cycles 1.83x10°  3.73x107 1404 3.77x10° 1x10° 3.67 x10° 5.78 x 1072 5.51x107"°
14 Cycles 1.79x10°  3.66x1077 1404 3.84x10° 1x10° 3.74x10° 5.66 x 107" 1.48x 107"
21Cycles 1.72x10°  351x107 1404 4.00x10° 1x 108 3.90 x 10° 517 x 102 3.01x 10
28 Cycles 1.50x10™°  3.05x1077 1404 4.60 x 10° 1x108 4.50 x 10° 4.54x107"2 1.19x10° ™
35 Cycles 1.33x10° 2.71x107 1404 5.18 x 10° 1x 108 5.08 x 10° 4.09x 1072 1.35x10°™

Table 5 | Water vapor permeability coefficient (6,) and process parameters of cement mortar subjected to salt spray deposition

(wet cup method, 50-98% RH)

Salt Spray Cycling G, (kg/s) g, [kg/(m?s)] AP, (Pa) Ry (m’sPa/kg) R, (m*sPa/kg) Rgmpe (M*sPa/kg) 6, [kg/(msPa)] SD
Reference 2.34x107° 4.78 x1077 1347.84 2.82 x 10° 2.5x10° 2.57 x 10° 8.25x 107" 3.94x107"
7 Cycles 3.95x10°° 8.06x10~7 1347.84 1.67 x 10° 2.5x10° 1.42x10° 1.40x 107" 7.69x107"°
14 Cycles 4.75%x107° 9.70x107" 1347.84 1.39x 10° 2.5x10° 1.14x10° 1.88x 107" 461x107"°
21Cycles 528x10°  1.08x10° 1347.84  1.25x10° 2.5 %108 1.00 x 10° 2.10x 10" 1.02x10°"2
28 Cycles 5.66 x 107 1.16x 107 1347.84  1.17x10° 25x10° 9.20 x 10° 2.38x 107" 1.01 x 102
35 Cycles 6.83x107° 1.39x 107 1347.84  9.67 x 10° 25x10° 7.17 x 10° 2.80x 10" 7.83x10°
Fig. 3 | Water vapor permeability coefficients 30
versus salt content in cement mortar. The figure 6 - [ Jov (0/50%)
presents the measured water vapor permeability —— I v (50%/98%)
coefficients of cement mortar specimens with vary- L s 2
ing salt contents following salt spray exposure. % .a
Yellow bars represent results from dry-cup tests 2 57 7
(0-50% RH gradient), corresponding to the left 5 g
vertical axis, while blue bars represent results from = 20 o
wet-cup tests (50-98% RH gradient), corresponding éﬁ 4 54
to the right vertical axis. Error bars indicating the s o
standard deviation are shown atop each bar to '2 ”
illustrate the variability among replicate specimens X 15 =
— -
for each test condition. <z 3 P
~ X
;S o
S - 10
2 27 N
S o
~— v
N
B >
14 I
0 T T T T -0
0 0. 885 1.29 1. 64 1.77 1.99

Salt Content C (%)

and units in this expression are consistent with those defined in the section
“Water vapor permeability measurement”. To account for the influence of
salt deposition, J,, , was subsequently modified by applying the polynomial
fit for the influence factor #; (Fig. 4), yielding the adjusted permeability
coefficient &, , for NaCl- contaminated cement mortar, as expressed in

Eq. 9):

H

VIE T Prsalpi—oo|

d

v

d,
4,

v, air

air

®)

(—2983.71C* 4 59.12C + 0.68) prrzpyr ey #1 <0.75R* = 0.96
TR

4,
5 —
e (6035.16C* — 28.26C + 1.51) e ir—— ¢, > 0.75 R = 0.95
Posther ool

| ©

Compared with traditional calculation methods, Eq. (9) fully accounts
for the influence of salt content on the water vapor permeability of porous
materials under salt spray deposition. Through piecewise fitting of the
influence factor, it captures the role of salt in vapor transport across different
humidity regimes, while also reflecting the underlying microscopic

npj Heritage Science| (2026)14:291


www.nature.com/npjheritagesci

https://doi.org/10.1038/s40494-026-02562-z

Article

1.00

0.954

0.90

0.854

y = Intercept + YBIxA (i =

T B

Adj. R-Sauare 096076
Intercept 068393 + 0.16708
81 5912179 = 24.72949
82 -2983.71292 £ 862.28777

1.2..)

0.80

Salt Influence Factor

0.754

0.70

0.65 T T T T T T
0.8 1.0 1.2 14 1.6 1.8 20

Salt Content (kg/kg, %)
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content in cement mortar. The figure consists of two panels illustrating the salt
influence factor derived from different humidity conditions. Panel a shows the
influence factor obtained from dry-cup tests (low humidity regime) and the
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corresponding quadratic fitted curve. Panel b shows the influence factor obtained
from wet-cup tests (high humidity regime) and its fitted curve. The fitting curves in
the two panels exhibit opposite trends, indicating that the effect of salt content on the
water vapor permeability coefficient is strongly dependent on ambient humidity.

mechanisms—namely, salt crystallization and deliquescence—that govern
water vapor permeability in porous materials. Experimental measurement
of 8, for diverse materials is both labor-intensive and time-consuming. With
Eq. (9), the 8, of common building materials—as documented in existing
hygric property databases—can be directly calculated based on a given salt
deposition level and ambient humidity, thereby eliminating the need for
extensive repeated testing. It should be noted that the proposed piecewise
model is formulated based on the external boundary humidity conditions,
rather than on the local humidity within the material. Therefore, for stea-
dy-state hygrothermal simulations, the appropriate equation can be selected
according to the prescribed ambient humidity. For more refined transient
simulations involving internal humidity gradients, a multilayer approach
that couples the humidity gradient with the salt distribution would be more
suitable—an important direction that warrants further investigation.

Pore structure and microscopic morphology

The water vapor permeability of porous building materials is primarily
controlled by their pore structure. In cement mortar, salt crystallization
within pores represents the key factor altering the permeability coefficient.
To investigate the microstructural origins of these changes in salt-
containing specimens, this study employed mercury intrusion por-
osimetry (MIP) to quantify pore parameters, combined with scanning
electron microscopy (SEM) for morphological characterization.

To examine microstructural changes in cement mortar under salt spray
exposure, pore size distributions of specimens subjected to 7-35 salt spray
cycles were systematically compared with those of reference specimens
(Fig. 5a—e). The dominant pore volume peak in cement mortar was observed
at approximately 0.1 um. Under cyclic salt spray conditions, pore volumes
within the 0.02-0.12 um range exhibited a progressive decline (16-42%)
with increasing exposure cycles, accompanied by a distinct shift of the pore
volume peak toward larger pore sizes. These observations confirm that NaCl
crystallization preferentially occupies smaller pores (<0.1 um), consistent
with earlier reports on NaCl deposition in cement mortar (0.01-0.08 pm)*’
and limestone (0.01-0.12 um)*’. Since gas diffusion primarily occurs in
pores > 10 um™, the accumulation of salt crystals progressively impedes
vapor transport in dry-cup tests, resulting in a systematic reduction of
permeability coefficients (Fig. 3 and Table 4). In contrast, wet-cup tests
revealed an opposing mechanism: deliquescence of salt crystals under high
humidity alleviates pore blockage, while concurrent brine-vapor migration
through interconnected pores enhances moisture transport efficiency,
thereby increasing water vapor permeability coefficients (Fig. 3 and Table 5).

This humidity-dependent dual behavior underscores the two roles of NaCl
—pore occlusion by crystallization under low humidity (dry-cup) versus
transport enhancement through deliquescence under high humidity
(wet-cup).

For comparative analysis with immersion-based methods™", speci-
mens immersed in 2.39 wt% NaCl solution (simulating seawater salinity) for
48 h were also examined (Fig. 5f). The reduction in pore volume within the
0.02-0.12 pm range due to immersion was similar to that observed in
specimens subjected to 7/14 salt spray cycles (Fig. 5a, b), suggesting com-
parable pore-filling mechanisms between salt spray deposition and salt
solution immersion. This similarity persists despite differences in salt
delivery (surface deposition vs. bulk infiltration), supporting the general
applicability of NaCl-induced pore structure modifications in porous
matrices.

Specific surface area, defined as the total surface area per unit mass of a
material, encompasses both external and internal surfaces in porous sys-
tems, with its magnitude governed by pore morphology and surface char-
acteristics. Together with pore volume distribution, it fundamentally defines
a material’s microstructure and governs its macroscopic properties™*’. To
track pore structure evolution in cement mortar under salt spray exposure,
cumulative pore volume and specific surface area were measured using
mercury intrusion porosimetry (MIP) for reference specimens and speci-
mens exposed to 7-35 salt spray cycles (Fig. 6). Reference specimens showed
the highest values, with a cumulative pore volume of 0.069 m*/g and a
specific surface area of 5.218 m*/g. Both parameters decreased progressively
as exposure cycles increased—a trend attributed to the substantial filling of
0.02-0.12 pm pores by deposited NaCl crystals (Fig. 5), as corroborated by
earlier analysis.

The reduction in specific surface area observed in salt-containing
specimens arises from two principal mechanisms. First, partial filling of
micropores by salt crystals converts them into denser solid structures,
thereby diminishing the internal surface area. Second, unlike Na,SO,
crystals that typically form along pore walls, NaCl nucleates at liquid-gas
interfaces and grows toward the pore walls, without covering the internal
pore surface until contact is made'*****”’. Although crystallization increases
the total internal surface area in absolute terms, it also raises the specimen
mass. Given that dry NaCl crystals have a density of 2165 kg/m® at 23 °C
under standard pressure'’—higher than the measured density of cement
mortar (2133 kg/m*)—and considering the non-porous nature of NaCl
relative to the porous mortar matrix, salt deposition ultimately reduces the
specific surface area of the composite material.

35,46
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Fig. 5 | Pore size distribution of cement mortar with salt deposition (a-e:

7-35 salt spray cycles; f: 48 h salt solution immersion). The figure comprises six
panels presenting mercury intrusion porosimetry (MIP) results. Panels a—e show the
pore size distributions of cement mortar specimens after 7, 14, 21, 28, and 35 salt
spray cycles, respectively, in comparison with reference specimens. Panel f presents
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the pore size distribution of specimens immersed in salt solution for 48 h, also
compared with reference specimens. In all panels, black squares and curves represent
the reference specimens, while red dots and curves represent the salt-exposed spe-
cimens. The results consistently show that salt deposition preferentially occupies
pores in the 0.02-0.12 um range across all exposure conditions.

It is noteworthy that although NaCl deposition reduces specific surface
area (m*/g), it increases the absolute external surface area per unit volume
(m*/m®) within pore space. This extended interface enhances gas-solid
contact, thereby raising flow resistance. As a result, the observed decrease in
water vapor permeability with increasing salt content below 75% RH (Fig. 2,
Tables 2 and 4), can be explained by the presence of undissolved salt crystals,
which impede vapor transmission through surface adsorption mechanisms.

To visualize microstructural evolution under cyclic salt spray
exposure, scanning electron microscopy (SEM) observations were

performed on cement mortar specimens across all salt spray cycles
(Fig. 7). After 7 cycles, cubic NaCl crystals densely covered the surface,
resulting in noticeable surface roughening. By 14 cycles, crystal density
increased, with particles exhibiting more irregular shapes and smaller
sizes, forming thicker coatings. At 21 cycles, granular crystals transi-
tioned to interconnected flake-like layers. After 28 cycles, cluster
crystal aggregates developed, and by 35 cycles, salt had diffused inward
into subsurface pores, with fine crystals adhering to larger molten
clusters.
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spray cycles, respectively. In all panels, red squares and curves represent cumulative
pore volume (right vertical axis), while black squares and curves represent cumu-
lative pore area (left vertical axis). Comparison across the six panels clearly reveals
the evolution of pore volume and specific surface area in cement mortar with
increasing salt spray exposure.

Salt crystallization morphology and distribution evolve dynami-
cally through repeated deposition, crystallization, dissolution, and
redistribution during wet-dry cycling. Since water vapor transport
occurs primarily through open surface pores, changes in near-surface
pore density and connectivity critically influence vapor permeability.
The observed progression—from sparse to dense coverage and from
thin films to thick crystalline layers—demonstrates how NaCl
deposition progressively occludes surface pores, reducing open por-
osity by 18-32% and thereby impeding vapor transport'>”’. These

microstructural transformations directly corroborate the 22-45%
reduction in water vapor permeability coefficients measured via dry-
cup tests (Fig. 3, Table 4), establishing a causal relationship between
morphological evolution and macroscopic moisture transport
properties.

To comprehensively evaluate microstructural changes in cement
mortar induced by salt spray exposure, cross-sectional morphologies at
different depths were examined and compared with reference specimens
(Fig. 8). Reference samples (Ra-Rd) exhibited characteristic cementitious
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Fig. 7 | Surface salt crystallization morphology of
cement mortar under varying salt spray

cycles (SEM). The figure presents scanning electron
microscopy (SEM) images showing the evolution of
salt crystallization on cement mortar surfaces after
7-35 salt spray cycles. Specimens exposed to 7, 14,
21, 28, and 35 cycles are arranged in five rows from

7 cycles

top to bottom, with each row containing three
representative images at different magnifications or
locations. Comparative observation across the
panels reveals progressive changes in both the
amount and morphology of surface salt crystals with
increasing exposure cycles: from sparse, well-
defined cubic crystals at early stages to denser,

14 cycles

interconnected crystalline clusters and thicker
coatings at later stages.

21 cycles

28 cycles

35 cycles

phases, including C-S-H gel networks, needle-like ettringite (3CaO.A-
1,05.3CaS04.32H,0), and rod/plate-shaped portlandite. After 7-14 salt
spray cycles, localized but dense NaCl crystals formed within interfacial
voids (Fig. 8 7a-14d). With further cycling (21-35 cycles), salt clusters
proliferated, occluding fine pores while generating larger macropores with
smoother surfaces (Fig. 8 21a-35d). These observations confirm that salt
deposition modifies both surface and subsurface pore networks. NaCl
migration operates through humidity-driven dissolution-recrystallization
dynamics: under humid conditions, deliquescence enables brine infiltration
into deep pores via wicking””’, while drying cycles drive internal brine
toward shallow regions, culminating in recrystallization and pore archi-
tecture modification. The progressive accumulation of salt crystals corre-
sponds to the persistent decrease in 0.02-0.12 um pore volumes observed
during salt spray testing (Fig. 5a—e). Moreover, higher salt content amplifies
hygroscopic moisture uptake and liquid-phase transport under elevated
humidity. Repeated crystallization and dissolution cycles continuously
reshape the pore network, providing a mechanistic explanation for the
contrasting water vapor permeability behaviors measured in dry- and wet-

cup tests (Tables 4 and 5).

This study systematically investigated the evolution of water vapor
permeability in cement mortar, a material representative of historic building
fabric, under a coastal climate. The investigation integrated accelerated salt
spray testing (35 cycles, 5% NaCl solution), dry-cup/wet-cup measure-
ments, and microstructural characterization. The major findings are sum-
marized as follows:

(1) Experiment results establish a critical humidity-regulated duality in
salt-permeability interactions: below NaCl's 75% RH deliquescence
threshold (~75% RH at 23 °C), salt contamination reduces water vapor
permeability coefficients (6v) by up to 1.86 x 10" kg/(m s Pa) through

crystalline pore occlusion; while above this threshold, dv increases by
up to1.98 x 107" kg/(m s Pa) via deliquescence-induced brine films
that facilitate moisture diffusion through connected liquid pathways.
This phase-transition-driven reversal fundamentally dictates moisture
transport behavior in salt spray environments.

To quantify these mechanisms, we developed a generalized piecewise
correction framework using quadratic polynomial regression. The
model incorporates humidity-specific salt influence factors—
Hov=(—298371C +59.12C+0.68)  for  ¢<075  and
sy = (6035.16C°—28.26 C + 1.51) for ¢ > 0.75 (where Cis salt content
in kg/kg)—which scale the baseline vapor permeability (J,, ,) to predict
the behavior of salt-laden mortar. The established Eq. 9 comprehen-
sively accounts for the coupled effects of salt content and ambient
humidity on vapor permeability in porous materials, offering relatively
direct and accurate input parameters for building hygrothermal
simulations.

Microstructural analyses (MIP/SEM) revealed progressive evolution of
salt crystallization: initial surface-deposited cubic crystals (7-14 cycles)
transition to interconnected subsurface clusters (21-35 cycles),
preferentially occupying pores in 0.02-0.12 pm range and reducing
near-surface porosity by 16-42%. This microstructural transformation
directly explains the suppression of év observed in dry-cup tests.
Conversely, deliquescence-generated solution migration above 75%
RH critically enhances moisture transport in wet-cup configurations,
with salt redistribution depths exceeding 2 mm after prolonged
exposure.

These findings provide a mechanistic framework for under-
standing moisture transport in porous materials under salt spray
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Fig. 8 | Internal morphology of cement mortar under varying salt spray

cycles (SEM). The figure presents cross-sectional scanning electron microscopy
(SEM) images illustrating the internal microstructure of cement mortar specimens.
The first row (panels Ra-Rd) shows reference specimens (0 cycles) imaged at various
depths or different magnifications. Rows 2-6 (each containing four panels a-d)

correspond to specimens after 7, 14, 21, 28, and 35 salt spray cycles, respectively. To
facilitate identification of key phases, the following annotations are used: red dashed
ellipses indicate portlandite; yellow dashed ellipses indicate C-S—H gel; green dashed
ellipses indicate ettringite; and white arrows indicate salt crystals.

deposition, enabling improved prediction of moisture-related para-
meters and physical properties for coastal built heritage. However, two
limitations should be acknowledged. First, the experiments were con-
ducted solely on cement mortar. Although most porous building
materials—like cement mortar—do not chemically react with NaCl and

undergo only physical changes, with moisture transport primarily
governed by pore structure, the specific hygric behavior of other
materials under salt spray deposition still requires rigorous experi-
mental validation. Second, while NaCl is the predominant salt in sea-
water, accounting for approximately 69% of total seawater ions, the
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effects of other marine salts on heritage building materials cannot be
neglected. Future research will extend this framework to multi-salt
systems and investigate the interaction mechanisms of mixed salts
within porous materials, thereby providing further theoretical support
for the development of conservation strategies for historic buildings
and cultural heritage in coastal regions.

Data availability

The datasets generated and/or analyzed during the current study are not
publicly available due to ongoing research, but are available from the cor-
responding author on reasonable request.
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