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Preface 

Welcome to Japan and SWBSS ASIA 2023!  
 
SWBSS is the conference series “Salt Weathering of Buildings and Stone 
Sculptures,” started in 2008. The past series were held in Copenhagen 
(2008), Limassol (2011), Brussel (2014), Potsdam (2017), and Delft (2021). 
The conference aims at bringing together conservators, restorers, engineers, 
architects, academics, students and experienced researchers to contribute 
thereby to the promotion of research and development within the field of 
salt weathering of porous materials. So far this conference series has been 
held only in European countries. However, research of salt weathering of 
porous materials is becoming more and more important worldwide. This is 
because this complex weathering phenomenon is seen in various locations 
and this research field specifically requires interdisciplinary research. I 
believe that these aspects of salt weathering will certainly lead to advancing 
the new frontier for different research fields, which will finally result in a 
better solution to weathering of porous materials. For such reasons, an idea 
of SWBSS ASIA as a conference series to be held in Asian countries was 
proposed in Potsdam, Germany, in 2017. The first meeting in Asia, SWBSS 
ASIA 2023, was announced in Delft, the Netherlands, in 2021. I am very 
glad that we received around 30 contributions, consisting of full papers and 
extended abstracts, from 10 countries. This clearly confirms the relevance 
of the conference. 
 
This event would have never been possible without the collaboration of 
many experts. I would like to thank the international scientific committee 
members for the time to review submitted manuscripts, which ensured the 
scientific quality of the proceedings. A special thanks should also go to the 
local organizing committee members who largely contributed to 
preparation of the conference. 
 
Last but not least, I would like to express my deepest gratitude to The 
Kajima Foundation, The Kyoto University Foundation, Mitsuwa Frontech 
Corp., and Research Center of Computational Mechanics, Inc. for the 
financial support, and Kindai University, Kyoto University, Mukogawa 
Women’s University, Nara National Research Institute for Cultural 
Properties, and Nara Visitors Bureau for the support. 
 
I sincerely hope you will enjoy the conference! 
 
Masaru Abuku 
Conference Chair, SWBSS ASIA 2023 
Faculty of Architecture, Kindai University 
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SOLUBLE SALTS IN BUILDING 
MATERIALS: FROM SAMPLING TO 
INTERPRETATION

Michael Steiger1 

KEYWORDS 
Sources of salts, salt mobility, salt mixtures, modeling 

1 INTRODUCTION 

Soluble salts are commonly present in natural rocks and soils but also in building 
materials, e.g. natural stone, brick or concrete. Most of these salts are highly soluble 
and hygroscopic. Depending on the environmental conditions they may be present 
in a porous material in dissolved form as pore solution and are then subject to 
transport. Under dry conditions, as water evaporates from the pore solution, salts 
may crystallize out and form efflorescences (on the surface) or subflorescences 
(within the pore space). Other relevant phase changes apart from evaporation–con-
densation at the air–solution interface and crystallization–dissolution at the crystal–
solution interface are changes of the state of hydration of salts and the crystalliza-
tion of ice, i.e. the freeze–thaw equilibrium (Figure 1). 

The pressure generated by crystal growth of salts in confined spaces of porous 
building materials such as stone, brick and concrete is generally recognized as a 
major cause of damage in ancient monuments and modern buildings [1]. Crystal 
growth in porous materials is the result of phase changes that are induced by vari-
ation of ambient temperature and relative humidity, RH. Unfavorable conditions 
of temperature and RH may result in repeated cycles of crystallization–deliques-
cence, hydration–dehydration and freezing–thawing, respectively. Under such con-
ditions, building materials and natural rocks are subject to rapid decay. 

The relevant phases involving single salts are well characterized and it is easy to 
predict unfavorable climatic conditions that might accelerate salt damage pro-
cessses. However, contamination of buildings or sculptures with just one salt is 
very uncommon. Usually, objects are contaminated with complex salt mixtures that 
are also subject to complex transport processes and permanent interaction with the 
environment. In this contribution we try to discuss briefly appropriate analytical 

1 University of Hamburg, Department of Chemistry 
 Michael.Steiger@uni-hamburg,de 
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and data evaluation approaches in order to predict the behavior of complex salt 
mixtures and the dynamics of the damage process. 

 
Figure 1: Phase Equilibria in porous materials (reference [1] modified). 

2 SOURCES OF SALTS 

Deposition of acidic air pollutants is an important source of salt enrichment in 
building materials. The major anions associated with atmospheric acid-forming 
species are sulfate and nitrate. Therefore, the processes described in the previous 
section lead to the enrichment of sulfates and nitrates of calcium in the case of 
mortars and calcitic stones, as well as those of sodium, potassium, and magnesium 
in the case of other stone materials. In addition to these salts formed through chem-
ical reactions, there is also a direct input of salts from the atmosphere. For example, 
in a marine environment, sea salt is present in the atmosphere. On a global scale, 
emissions of sea salt droplets ejected from the oceans are considered as one of the 
most important primary sources of the atmospheric aerosol particles. Sea salt par-
ticles will undergo both wet and dry deposition, the major processes leading to their 
enrichment in building materials. 

Another very important source of salts in buildings is ground moisture carried into 
masonry by rising damp in the absence of damp-proof coursing. Considering a 
structure in hydraulic contact with the saturated ground, water is absorbed and 
slowly moves upwards in the wall. Above ground level, the wall is subject to evap-
oration, and rising damp is a result of the competition between the rate of capillary 
absorption and the evaporation rate [2]. While water can leave the structure by 
evaporation, the salts dissolved in the water infiltrating a wall remain there and 
accumulate. The major constituents of natural ground and surface waters that can 
penetrate building materials are sodium, potassium, magnesium, calcium, chloride, 
sulfate, and bicarbonate. Additional constituents may be leached from surface soils. 
For example, nitrate is an important contaminant in surface soils, originating from 
the use of fertilizers, animal waste, and the oxidation of organic nitrogen. 

Other important sources include deicing salts (mainly NaCl, sometimes MgCl2 and 
CaCl2) and alkaline construction and restoration materials (mainly alkali hydrox-
ides and carbonates). Finally, the former use of a building may lead to specific 
contaminations like in the case stables (nitrates) or storage houses, e.g. for rock salt 
(NaCl) or gun powder (KNO3). 

2
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3 MOBILITY AND DISTRIBUTION IN MASONRY 

Depending on the nature of the sources, the salt mixtures that are found in building 
materials are formed by several different ions. Typically, chlorides, nitrates, sul-
fates, carbonates, and bicarbonates of sodium, potassium, magnesium, and calcium 
are the most common ones. These salts are commonly referred to as “soluble salts”. 
However, their solubilities differ by orders of magnitude and, consequently, the 
components of such complex salt mixtures may be either present in dissolved form, 
i.e. in pore solutions, or as crystalline salts within the pore system. Salts dissolved 
in a pore solution are subject to capillary transport, for instance, with rising ground 
moisture or rainwater penetrating the stone. In contrast, crystallized salts are less 
mobile and may accumulate. 

Mobility may be conveniently defined here as the maximum amount of a salt pre-
sent in a porous material that can just be dissolved if the pore space is completely 
filled with water. Salt mobilities can be calculated from the concentration and den-
sity of the saturated salt solution, and the porosity and density of the porous mate-
rial. As an example, Figure 2 depicts smoothed values of the mobilities of halite 
(NaCl) and gypsum (CaSO4·2H2O) as a function of the water accessible pore space 
of natural building stones. Comparing the mobilities with typical concentrations in 
buildings, it can be concluded that NaCl in the pore space will be completely dis-
solved and mobilized in all but the most extreme situations if water penetrates the 
material, e.g. after a rain shower. In contrast, typical gypsum concentrations in 
building materials are far exceeding the mobilities shown in Figure 2, frequently 
by several orders of magnitude. Thus, even if the pore space is completely filled 
with water only a very small fraction of gypsum can be mobilized. In effect, gyp-
sum tends to be accumulated in crystalline form which is typically resulting in the 
formation of strong gradients as gypsum remains where it is formed. More soluble 
salts like NaCl are usually mobile and can be transported with rain water resulting 
in more even distributions in masonry.  

 
Figure 2: Maximum content of NaCl (halite) and CaSO4·2H2O (gypsum) that can 
just be dissolved if the pore space is completely filled with water. 

In general, the various sources and pathways of salt infiltration, the mobility of the 
individual salts, the availability of liquid water for transport (e.g. rain water, surface 

3



Soluble salts in building materials: From sampling to interpretation 

 SWBSS ASIA 2023 – Nara, Japan. September 20-22, 2023. 

or roof run-off waters, rising damp etc.) and the drying behaviour of the materials 
lead to distinct distributions patterns of salt in masonry with pronounced horizontal 
and vertical gradients. Some examples are shown in Figure 3. 

 
Figure 3: (a) Distribution of sulfate and nitrate in masonry affected by both rising 
damp and deposition from the atmosphere (Birkenfeld Convent). (b) Depth profile 
of salts in sandstone masonry with distinct maximum of salt load below the stone 
surface (Weissenstein Castle, Pommersfelden, modified from reference [1]). 

4 ANALYSIS OF SALTS 

The dynamics of salt damage in porous materials is largely determined by the in-
teraction of the salt mixture present in the pore space and the surrounding atmos-
phere, i.e. temperature and relative humidity. Therefore, an analytical approach to 
characterize the salt contamination of an object has to take into consideration the 
dynamics of these interactions which requires an analytical strategy. For example, 
a correctly devised sampling strategy is needed to ensure that the right samples are 
taken in an appropriate manner. Considering the profiles shown in Figure 3, it is 
hardly possible to understand the full complexity of the salt systems in these two 
buildings by just analysing a single surface sample. Therefore, a sampling strategy 
has to take into account the likely spatial and temporal variability of the object’s 
salt distribution, the construction and condition of the object, and the prevailing 
environmental conditions. 

There are two main strategies that consider the dynamics of salt systems in building 
materials. The first one is known as the long-term monitoring approach [3,4]. This 
approach mainly focuses on mapping, monitoring of climatic conditions and ob-
servation and non-destructive analysis of salt efflorescences which may then allow 
to derive appropriate climatic conditions to minimize damage processes. A second 
approach is based on quantitative analysis of all relevant ions comprising the salt 
system and the application of chemical equilibrium models (e.g. such as ECOS–
RUNSALT) which allow to predict the crystallization pathways even for complex 
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salt mixtures, and also the environmental conditions for salt phase transitions (e.g. 
[5]). It is then possible to define for an object the safe ranges of climatic conditions, 
i.e. temperature and relative humidities, under which salt damage can be avoided 
or at least minimized. 

An example of such a calculation is shown in Figure 4. It is obvious that such a 
modelling approach is particularly useful as a predictive tool. In instances where 
other measures to prevent salt damage, e.g. desalination, are not applicable, pre-
ventive conservation through environmental control might be the only option to 
reduce the incidence of salt damage. Following appropriate measurements of the 
salt contamination of an object, it is possible through careful application of a ther-
modynamic model to predict the temperature and relative humidity conditions that 
would minimize the frequency of undesired phase changes inducing crystal growth, 
and hence damage. In the example shown in Figure 3, typical fluctuations in ambi-
ent RH in an outdoor environment (i.e. 50–80 % RH) cause cyclic dissolution and 
crystallization of KNO3 and damage has to be expected. Additional crystallization 
of the other salts only occurs at very low RH. However, although such events are 
less frequent they may cause severe damage as a large amount of salt crystallizes 
in a pore space that is already partially filled with niter and gypsum. 

 
Figure 4: Crystallization pathway at 25 °C of a salt mixture found at Birkenfeld 
Convent (cf. Figure 3, stone surface at 3 m height) as calculated with an equilibrium 
model; ccryst is the amount of crystalline solids present in the sample at the respect-
tive RH (CaSO4·2H2O is permanently crystalline). 

The successful application of an equilibrium model depends largely on the quality 
of the input data, which in turn are grossly affected by how the samples are col-
lected, and how they are analyzed. Furthermore, a thermodynamic model requires 
quantitative analytical measurements, and assumes that from these the composition 
of the salt mixture is known exactly. The latter assumption is usually not fulfilled 
as the mixture composition data is based on measurements and is therefore limited 
by what can be measured, and the accuracy of those measurements. Therefore, the 
first step in a careful study always has to be a quality check of the input data [6,7]. 

5
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Though equilibrium models can be extremely useful, there are also limitations that 
have to be considered. First of all, such models need to be validated. For example, 
some issues of ECOS–RUNSALT are well known [5]. Second, thermodynamic 
models assume that the salt–water system is at equilibrium, and as such, the models 
only predict equilibrium pathways. However, in reality this is not necessarily the 
case. Kinetic influences can result in the formation of metastable phases (which are 
less stable than the equilibrium ones, but quicker to form), plus the effects of su-
persaturation (as crystallisation does not occur precisely at saturation but at some 
unspecified point beyond) are not accounted for by ECOS–RUNSALT. This how-
ever, may be easily overcome in future model generations. For example, thermo-
dynamic models turned out be very useful to calculate metastable crystallization 
pathways [8,9] or to calculate thermodynamic supersaturations from concentra-
tions in supersaturated solutions [10–12]. 

Apart from the damage processes triggered by salt crystallization, dissolved salts 
also strongly influence the water uptake and moisture transport properties of build-
ing materials. For instance, due to their hygroscopicity salts strongly affect the 
sorption isotherm of a material and dissolved salts alter the capillary transport prop-
erties, e.g. solution density and viscosity, of the pore liquid. Finally, salts present 
in crystalline form change the pore structure, i.e. the pore size distribution and the 
permeability of materials. Therefore, in moisture transport models an accurate rep-
resentation of the behavior of salts and salt mixtures is required. This includes (1) 
an appropriate model for the representation of the thermodynamic properties of 
aqueous pore solutions and (2) the ability to treat the relevant solid–liquid phase 
equilibria. In principle, the same thermodynamic models used to determine the 
crystallization sequence can be also used to predict the hygroscopic moisture up-
take and moisture saturation. However, such calculations are not provided by 
ECOS–RUNSALT. Future developments should therefore focus on more flexible 
programs than currently available. It might also be possible to combine chemical 
models with humidity and moisture transport models. 
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THE MIGRATION AND CRYSTALLIZATION 
BEHAVIOR OF SALT SOLUTION IN 
TRADITIONAL INORGANIC POROUS 
MATERIALS 

Luo Hongjie1, Zhao Jing2, Li Qiang1,2, and Huang 
Xiao1 

KEYWORDS 

Salt Damage, Nature Porous Inorganic Materials, Synchrotron & Micro-CT, Visi-
ble Research Method, Whisker, Salt Safe Removal 

ABSTRACT 

Salt damage is one of the biggest problems not only to inorganic cultural heritages 
such as earthen ruins, ancient masonries and potteries, etc. but also to modern ma-
sonries, highways, saline-alkali soils, etc. The behavior of salt solution migration 
and crystallization in nature inorganic porous materials under different salt solu-
tions and environments is the fundamental and key problem for people to develop 
appropriate plans to prevent and eliminate salt damages correctly. For this reason, 
we applied -CT, visible research method, etc. to simulate and study salt damage 
in the past few years, in order to make clearer the rule of salt solution migration, 
crystallization, and damage to the simulated samples, reveal the formation mecha-
nism of salt whiskers, and validate several techniques for safe removal of salt so-
lution and crystal in the body of inorganic porous materials. 
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ABSTRACT  

The accepted conceptual model for the formation of cavernous rock weathering 
involves the presence of permeable rocks subjected to atmospheric conditions. 
However, despite the common underlying lithology, field observations reveal var-
ious morphologies of cavities. In this study, we focus on the origin and role 
of moisture in cavernous weathering of exposed carbonate rocks of comparable 
features throughout the various climatic zones with precipitation ranging between 
50 to 600 mm/y. Preliminary results show that in all climate zones, the mechanical 
properties are constantly weaker within the cavity compared to the caprock and 
base, or the exposed rocks where no cavity exists. However, the depth of the capil-
lary water is negatively correlated with annual precipitation: at 600 mm/y EF 
(Evaporation Front) is at rock surface, while at 20 mm/y EF is completely missing 
and the rocks are dry. These preliminary measurements indicate that rock moisture 
necessary for chemical and salt weathering comes from rain precipitation in wetter 
regions, whereas in more arid regions, dew plays a significant role. Salt weathering 
dominates the erosional processes in the arid and hyper-arid zone, forming irregular 
sizes and shapes of the cavities, while dissolution and flaking is the main process 
responsible for the smooth and relatively regular morphology of the Mediterranean 
Inland notches.  
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  nshtober@research.haifa.ac.il 
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1 INTRODUCTION 

Cavernous weathering is one of the most frequently occurring weathering patterns 
observed in various regions across the globe, including humid, arid, cold, hot, 
coastal, and inland sites [1]. The accepted conceptual model for the formation of 
inland cavernous rock weathering in carbonate rocks involves the presence of per-
meable rocks that are subjected to soluble salts and repeated episodes of drying–
rewetting cycles [2, 3]. The proposed mechanisms assume that cavernous weather-
ing results from physico-chemical processes including salt crystallization [4], in-
cipient fractures [5], exfoliation [6], or stress erosion [7]. 

In Israel, the prevalence of cavernous features is accented and includes all three 
climate types characteristic of the country. However, the morphology of the cavi-
ties differs between the various sites, despite the common underlying lithology. 
The formation process suggested in the Mediterranean climate (400-850 mm an-
nual precipitation) combines chemical, mechanical, and biogenic weathering cy-
cles [8], mechanical decay in semi-arid climates (~200 mm annual precipitation) 
[6], and salt weathering in arid and hyper-arid regions (20-100 mm annual precip-
itation) [9] (Fig.1). Yet, no study dealt with the role of moisture in the cavernous 
weathering of exposed limestone and dolomite rocks of comparable features in a 
range of climates from Mediterranean to hyper-arid. 

The rainfall regime across Israel presents a very steep rainfall gradient both from 
north to south and from west the mountain ridge to the Jordan Rift Valley in the 
east, making the region a natural laboratory for the study of spatial variability of 
various geomorphic phenomena along a climate gradient. Thus, in this study, we 
focus on the origin and role of moisture in cavernous weathering of exposed car-
bonate rocks of comparable features throughout the various climatic zones with 
precipitation ranging between 50 to 600 mm/y.  

2 METHODOLOGY 

To test our hypotheses, we applied a holistic approach combining field observa-
tions, and geological, geotechnical, and environmental characterization to elucidate 
the origin, and role of moisture, temperature and salts in carbonate cavernous 
weathering along a climatic gradient. Using a 10 mm wide drill bit, we drilled at 
various depths (2, 4, 8, 16, 32 cm) of the rock, following this procedure: 1) drilling 
to the respective depth (0-1 cm) collecting dust for salt analysis; 2) measuring T 
and RH in the respective depths of the hole until semi-steady state was reached; 3) 
measuring the depth of the capillary water by the uranine-probe (Fig 2) [10]. Me-
chanical properties were measured by the drilling resistance and the tensile strength 
(by pulling epoxy-glued T-profiles to the rock’s surface). 
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Figure 1. Typical cavernous weathering along a climatic gradient in Israe: A- Hot 
summer Mediterranean climate; B- Hot semi-arid climate; C- Hot desert climate. 
(Modified after [6]). 

 

3 STUDY AREA 

Most of the exposed sequence forming the mountainous backbone of Israel was 
deposited during the Cretaceous period through the Eocene epoch, when a huge 
carbonate platform extended between the open Tethys Sea in the northwest and the 
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Arabo-Nubian Massif in the southeast. Deposition on the platform was controlled 
by two main factors: barrier-reefs that partly isolated the platform from the open 
sea, and local shelf basins that developed within the platform. As a result, different 
lithostratigraphic sequences evolved in geographically close regions. The Tethyan 
sedimentary succession is composed therefore of a thick (900–1000 m) sequence 
of hard, karstic, and permeable limestone and dolomite interbedded with argilla-
ceous impermeable beds, representing a variety of carbonate shallow marine sedi-
ments. 

Figure 2. Uranine probe used to measure the depth of the capillary water. Probe is 
wet from 2.5 cm inwards, proving the location of the Evaporation front. 

 

4 PRELIMINARY RESULTS 

Preliminary results show that in all cases and all climate zones, the mechanical 
properties are constantly weaker in the cavity compared to the caprock and base, 
or the exposed rocks where no cavity exists. However, the depth of the capillary 
water is negatively correlated with annual precipitation: at 600 mm/y and also at 
350 mm/y EF (Evaporation Front) is at the rock surface, while at 100 mm/y and 
also 20 mm/y EF is completely missing and the rocks are dry. Relative humidity 
indicates daily variability in hyper-arid environments, due to dew daily variability, 
while in the Mediterranean zone rock humidity is attributed to the annual rainfall. 
Our preliminary measurements indicate that rock moisture necessary for chemical 
and salt weathering comes from rain precipitation in wetter regions, whereas in 
more arid regions, dew (or just higher relative humidity) also plays a significant 
role. This leads to the likely situation that salt weathering dominates the erosional 
processes in the arid and hyper-arid zone, forming irregular sizes and shapes of the 
cavities, while dissolution and flaking is the main process responsible for the 
smooth and relatively regular morphology of the Mediterranean inland notches.  
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ABSTRACT  

Characterisation and mapping of salt distribution and damage within a traditional 
Chinese style shophouse built in early 1900s in Singapore are often fraught with 
difficulties. This is due to a great extent to the construction of such buildings which 
comprised of a mixture of a large variety of materials and finishes, architecture and 
layout. Such buildings typically contain a blend of clay brick masonry with cement 
or lime mortar, ornamented ceramic tiled dado, encaustic cement floor tiles, granite 
flooring and terracotta tiles. The layout of the buildings often comprises of air well 
that allows ingress of rain and party walls that share with adjacent units. A combi-
nation of these factors had led to non-uniform or untypical pattern and distribution 
of crystallization of salt on walls in contrast with those commonly found in other 
historic buildings locally. The salt could have originated from the ground via up-
rising damp, inherent within the historic masonry wall leached out from penetrating 
damp or from environmental pollution. The different finishes of varying pore char-
acteristics could also have resulted in unknown redistribution of the salt.  

In order to study the pattern and distribution of the recrystallized salts in one of the 
shophouses in Singapore, a variety of non-destructive methods were employed. 
These methods were used to map the relative moisture trapped within the walls at 
different heights and depths and identify zones with concentrated salts by analysing 
the electric conductance and dielectric property of the walls. The diverse tech-
niques applied include 3-dimensional surface penetrating radar, active thermogra-
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phy and microwave tomography. In addition, minor samples were extracted to de-
termine the level of moisture and salts in the wall. Petrographic examination was 
also conducted on small fragments of plaster and glazed ceramic tiles extracted to 
identify the nature of salt, examine the extent of salt attack and condition of the 
material. 

This paper discusses the findings of the different approaches undertaken in the 
study to evaluate the efficacy of the techniques.  

1 INTRODUCTION 

Pre-war shophouses are unique form of con-
struction in town and cities of Southeast Asia. 
These are vernacular buildings with narrow 
frontage of 20 feet or less and depth of 60-70 
feet built in terrace without ventilation at the 
side. [1]. Some have air well within the 
houses that open directly to the sky to provide 
natural ventilation and lighting to the interior. 
(See Figure 1). These shophouses abut each 
other and hence have specific structural sen-
sitivity. [2]. A number of these buildings 
were originally meant solely for residential 
purposes whilst others consist of spaces of 
business on the lower floor and accommoda-
tion on the upper levels. [3]. In Singapore 
many of these shophouses are protected and 
conserved and in recent years, many of them have been converted for reuse as ho-
tels, restaurants and other businesses. Many of the conversion in the past involved 
removal of some of the wall finishes internally, sealing up of the air wells, addition 
of usable spaces, installation of air conditioner, installation of secondary windows 
etc. As some of the units are individually owned, the different extents of alterations 
are commonly encountered in different units, which may alter the micro-climate of 
the units. In addition the works done in one unit can affect the response of shared 
elements, namely the party wall and thus the finishes of the neighbouring unit. For 
example, some of the works had invariably redirected water discharge path, caused 
condensation or altered the direction of moisture or vapour migration. These had 
in numerous instances led to unusual and random pattern of damages to the finishes 
of the party wall, many of which with highly ornamental finishes and historic mu-
rals. Key deterioration amongst them is salt crystallization damage. 

Whilst salt crystallization attack induced by uprising damp in stand-alone struc-
tures commonly follows a certain pattern due to fractionation of the soluble salt 
brought up from the ground [4] [5] [6], it can be an arduous task trying to trace the 
zones where salts accumulate in shophouses due to events that had taken place 
above. Many of these historic shophouses are finished with highly glazed dado tiles 
which could influenced the hygrothermal balance of the moisture in the wall due 
to uprising damp. In certain cases when there are no areas where the salt can further 
migrate, damages to the historic tiles result. Otherwise, the salts get redistributed. 
Due to the fractionation phenomenon, sulphate salts will result in physical damages 

Figure 1 Typology of Shophouses 

18



 C.W. Wong , Ryanne H.S. Tang, C.P. Foo, Y.H. Ng, and Y.M. Yeh 

SWBSS ASIA 2023 – Nara, Japan. September 20-22, 2023. 

to the wall finishes such as friable plaster and peeling of paintworks. Depending 
on the environmental condition and hence the drying flux of the wall substrate, the 
other salts, namely chloride and nitrate may cause physical damages and persistent 
dampness on the surface of the wall of substrate. [7] In trying to treat the wall, the 
common approaches taken are to extract powders of the masonry substrate, in this 
case clay bricks, for total and hygroscopic moisture content and salt content meas-
urement. [8] However, there is a limit as to how many of such sample can be ex-
tracted to minimize the extent of damages to the wall. Furthermore, due to the un-
known re-distribution of the salts and atypical salt crystallization pattern arising 
from the various factors described above, it is difficult to determine where the sam-
ples should be taken. Indeed, any attempt to damage murals and dado finishes is to 
be avoided. A trial was thus made using various non-destructive means on one of 
the typical shophouse that was made available briefly. Three primary methods were 
used here, namely the infrared thermography, microwave tomography and the 
ground penetrating radar. Other strategies using poultices to map the salt distribu-
tion were looked into but not eventually used here. [9] 

 

Figure 2: a- example of redistributed salt damage on a mural above an internal 
window; b- concentrated salt crystallization damage on dado tile below an inter-
nal window; c- close up view of damaged glazed tile 

 
Figure 3: Left photo – prismatic salt crystals found behind the dado tiles; right 
photo – efflorescence exuding out from crazes 

2 INFRARED THERMOGRAPHY (IRT) 

Infrared thermography (IRT) is an established non-destructive technique widely 
utilized across various engineering disciplines. It involves the measurement of sur-
face temperature differences or changes using an infrared sensor. An infrared cam-
era captures infrared radiation and generates thermal images that contain tempera-
ture data for each pixel.  

c 
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Thermography has the capability to identify the presence of moisture or delamina-
tion of plaster up to a depth of 100mm, depending on the rate at which the sur-
rounding environment is heated. It can be performed actively or passively. Active 
thermography involves the application of controlled external heat excitation to in-
duce surface temperature differences on the object being inspected. Active ther-
mography offers greater flexibility compared to passive thermography due to the 
availability of various heating techniques that can be employed [10]. It involves 
controlled heat excitation, allows for internal assessments, and is not constrained 
by the environmental heating rate. However, the application of IRT in this project 
is limited to the upper portion of the wall that is not covered by reflective glazed 
ceramic tiles, as the reflectivity of the Dado tiles significantly impacts the perfor-
mance of IRT. 

Active infrared thermography was conducted on the wall to assess the heat con-
duction rate across its surface. Discontinuities within an object have an impact on 
the cooling rate observed on the surface. For instance, in a heating cycle, a delam-
inated plaster would appear as a hot thermal anomaly since the surface temperature 
of the delaminated area would be relatively higher compared to other regions. 

  
Figure 4 Illustration of thermography principle on delaminated plaster (left), ex-
tracted from [11] and set up of the active IRT (right) 

3 MICROWAVE MOISTURE TOMOGRAPHY (MT) 
Microwave moisture tomography was carried out using the hf-microwave method 
from GmbH in Leipzig. This is a non-destructive testing method used to determine 
the real permittivity of the tested material.  [12] [13] [14] The apparent permittiv-
ity of water (εwater = 81) is much higher than other common building materials (εbrick 

– 4-7), thus the moisture content leads to significantly higher measurement values. 
Due to high frequency of microwave, a small loss in permittivity will be detected. 
As the electric frequency increases, the impact of ohmic loss decreases. In the case 
where salt is presence in the wall, at high-frequency microwave levels, the contri-
bution of ohmic loss is significantly lower compared to the loss of permittivity. [15] 

Infrared Camera 

Heating coil  
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Areas with high permittivity values will have 
higher moisture content assuming that a tested 
wall exhibits relative homogeneity. By creating a 
moisture profile, it becomes possible to assess the 
moisture path, aiding in the identification of the 
moisture source and facilitating the recommen-
dation of appropriate rectification methods. 

Microwave measurements were employed to cre-
ate a moisture distribution map within the wall, 
aiming to confirm the presence and extent of ris-
ing dampness and, when feasible, determine the 
path of moisture movement. The measurements 
were conducted using probes at grid spacing in-
tervals of 300 mm, with varying depths probe. 
See Figure 5. 

The presence of various types of dampness, 
including rising damp, hygroscopic moisture, and penetrating damp, can be identi-
fied using a high-frequency microwave detector by detecting changes in the per-
mittivity value within the wall.  

4 GROUND PENETRATING RADAR 

Ground Penetrating Radar (GPR) is a non-de-
structive technique that utilizes wide-band 
electromagnetic (EM) pulses to assess subsur-
face conditions. GPR emits a brief burst of 
electromagnetic energy, which penetrates into 
the subsurface. When the energy encounters 
interfaces between different layers or objects 
where there are variations in chemical and 
electrical properties, reflection occurs. This re-
flection happens due to changes in the speed of 
the energy. At an interface with a velocity 
change, a portion of the available energy is re-
flected back to the antenna, while the remaining energy continues to travel deeper 
until it encounters another interface. This process repeats until all the available en-
ergy is depleted. See Figure 6. 

In general, the behavior of electromagnetic (EM) waves is governed by three phys-
ical properties: conductivity, permittivity, and permeability. These properties are 
commonly referred to as the dielectric properties of materials. [16]. Among these 
properties, conductivity and permittivity have a more significant impact on GPR 
compared to permeability, which can be influenced by magnetic interference. 

Permittivity has major effects on the EM waves speed. The permittivity of an elec-
tromagnetic wave is a measure of the ability of a material to store electrical energy 
in an electric field. This means that the oscillating electric fields of the wave for 
high permittivity material are faster and store more energy. As a result of higher 
frequency, the wavelength of an electromagnetic wave decreases. The permittivity 

Moist Layer 1 
30mm 

Moist Layer 2 
70mm 

Moist Layer 3 
110mm 

Moist Layer 4 
300mm 

Layer 1 
Layer 2 
Layer 3 
Layer 4 

Figure 5 Principle of Microwave 
Measurement, Extracted from [33] 
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Figure 6 Principle of GPR 
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of a material is determined by the properties of the atoms and molecules that make 
up the material. The speed of an electromagnetic wave in a material medium is 
given by equation below 

v = c/√ε     (1) 
c = the speed of light in vacuum, 
ε = permittivity. 

Values of relative dielectric permittivity for several materials encountered in geo-
logical surveys are given in Table 1. [17] 

Table 1 Relative dielectric permittivity of geologic materials measured at 100 
MHz 

Material Relative Dielectric 
permittivity  (εr) 

Material  Relative Dielectric 
permittivity  (εr) 

Air  1 Water  81 
Dry Brick  2-5 Dry Mortar 5-10 
Saturated 
Brick 

20-80 Saturated Mortar 20-80 

Conductivity of materials refers to the ability of free electric charges to transfer 
when an electric field is applied. This property leads to the dissipation of wave 
energy. Electrical conductivity is the material property that governs the attenuation 
of electromagnetic waves, as described by Stratton's theory. [18] [19]. Therefore, 
when signal attenuation is observed in GPR radargrams, it is likely due to the pres-
ence of materials with high conductivity such as when there is presence of electro-
lytic liquid containing salt. As a result, the electromagnetic wave is absorbed by 
the conductive material and returns with a weakened signal. Thus, such signal at-
tenuation in electromagnetic (EM) waves can be more pronounced when soluble 
salt is present in the pores of a material. This tool assists in identifying the presence 
of electrolytic salt within the wall, even if it is not visible from the surface.  

In this study GPR was utilized for 2D and 3D scanning using Proceq GP8800 and 
GSSI Structural Scan Mini XT. The GPR data was processed using GPR Slice and 
RADAN 7 software. 

5 TEST PROGRAM 

The typical layout of the shophouse tested is shown in Figure 7. A number of loca-
tions were scanned and tested. For this presentation, two locations are discussed; 
one without any visual sign of salt damage (L1) whilst another with evidences of 
salt attack as seen from the badly peeled paintworks, friable plasters and presence 
of efflorescence (L2). The bottom section of the wall of about 800mm height is 
finished with glazed tiles whilst the upper section of the wall is finished with lime 
plaster and paint. The wall substrate is of masonry clay brick construction. The 
shophouse was constructed in the 1880s. 
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Figure 7 Test Locations 

The three different NDT methods were used only at L1 whereas only the micro-
wave and GPR were carried out at L2. In addition, powder samples were extracted 
for determination of the total and hygroscopic moisture content at L2. The test 
moisture measurement was made based on BRE Digest 245 [20]. Some powder 
samples were also subjected to ion chromatography test to determine the nature of 
the salt. Samples of plaster were also extracted for petrographic examination  [21] 
[22] [23] to identify the damage phenomenon and salt. 

6 RESULTS 

6.1 LOCATION 1 

a. Infrared thermography 

Infrared thermography is utilized to capture infrared radiation emitted by materials, 
which can then be translated into apparent surface temperatures using known emis-
sivity values. For the purpose of infrared thermography inspection, an emissivity 
value of 0.95 is commonly assigned to opaque materials with low reflectivity. This 
parameter is employed during the inspection process. 

In the specific case of the inspection, the presence of different materials necessi-
tated a focused approach. The reflective dado ceramic tiles and the opaque plaster 
wall have distinct characteristics. As a result, active thermography technique was 
specifically applied to the plastered wall, both before and after the heating process. 
This approach allows for accurate and targeted analysis of the thermal behavior 
and anomalies within the plastered wall. 

The IRT results revealed a notable temperature increase, with a heat band observed 
on the lower section of the plastered wall. This increase in temperature is likely 
attributed to the debonding or deterioration of the plaster, potentially caused by salt 
crystallization. See Figure 4 for the fundamental of infrared thermography. Con-
versely, the upper part of the wall exhibited relatively lower temperatures following 
the heating cycle. See Figure 8.  
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These hot band findings from infrared thermography suggest that the plastered wall, 
particularly in the region above the ceramic tiles, has  delaminated or deteriorated 
potentially caused by presence of salt within.  In contrast, other areas of the wall 
show a relatively uniform temperature increase without significant anomalies. 

 

Figure 8 Results of Active Infrared Thermography 

b. Microwave moisture  

From the microwave moisture mapping, relatively higher moisture content was de-
tected above the “hot” band as observed from the IRT. This probably indicates the 
presence of trapped moisture, either due to uprising damp or hygroscopic moisture 
attributed to the presence of salt. The relatively lower moisture content just above 
the dado tiles where ‘hot’ band from the IRT (highlighted in black) was noted could 
have been caused by the presence of deteriorated plaster with larger amount of void 
thus giving a lower moisture content. See Figure 9. The findings show that the use 
of microwave can locate trapped moisture deep within a wall which IRT is not able 
to. 

 

Figure 9 Results of Microwave Moisture Tomography and Infrared  

c. Ground penetrating radar 

Both radargrams of GPRSW-2-1 and GPRSW-2-2 show signal attenuation at about 
1.4 m height and above. It can be seen that the zone with attenuated electromagnetic 
energy is at a higher height than the area with lower apparent temperature picked 
up from the active thermography. Based on signal floor output highlighted in green 
lines, the effective depth detection was generally observed to be consistent but 
greatly reduce at the height of 1.40 m. This signal floor output indicates the noise 

Thermography Before Heating

Infrared 
thermography 
captured 

Thermography After Heating Temperature difference Top of Dado Tiles 

Hot Band in infrared 
result 

Infrared result

Microwave moisture Tomography result
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and signal loss from scan to scan and provides an estimate of effective depth pen-
etration of the electromagnetic energy. See Figure 10. 
The area with attenuated signal in this case coincided with the area with high rela-
tive moisture content from the microwave. This could infer that this area contains 
salt as well as moisture, possibly hygroscopic moisture as well as moisture from 
uprising damp. The high moisture level above the dado tiles is thus likely ascribed 
to the impermeable glazed tiles at the bottom of the wall which had resulted in the 
moisture being carried up the wall. In addition, the warm and humid condition of 
the internal environment and thick layers of paintworks would have also led to the 
moisture migrating up the wall. 

 

Figure 10 Results of Ground Penetrating Radar 

The radargrams obtained from GPRSW-2-1 present valuable insights into the qual-
ity of the reflected signals, which can be further evaluated through processing tech-
niques. Within Radan 7 processing tools, the green line observed, known as the 
signal floor indicator, serves as a reference for estimating the depth at which noise 
surpasses the signal. This indicator is a common tool in GPR analysis, enabling the 
determination of effective penetration depth. As electromagnetic waves propagate 
deeper, they experience absorption and interference from conductive materials, 
leading to signal attenuation. 

In addition to the signal floor indicator, A-scan analysis using an oscilloscope al-
lows for the assessment of polarity shifts. A well-reflected signal exhibits smooth 
oscillations between positive and negative polarities with a relatively high ampli-
tude. Conversely, attenuated signals display jagged fluctuations between the two 
polarities, accompanied by minimal amplitudes. See Figure 11. 
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Figure 11: A-Scan analysis  

6.2 LOCATION 2 

a. Microwave moisture 

Higher moisture content was generally observed at the bottom of the moisture 
tomographs. Up till a height of about 900 mm – 1200 mm for Side Wall, SW, and 
300 mm – 600 mm for Back Wall, BW, moisture content was noted to be higher 
compared to the top part of the wall, indicating sign of rising dampness. The pattern 
of moisture distribution appeared consistent throughout the different depths of 
measurement showing elevated moisture towards the base of the wall. However, 
steeper in-plane moisture gradient could be noted at deeper measurement depth. 
This could be because the moisture had evened out around the surface due to evap-
oration, uniformity of the porosity of the surface layers like the plaster and paint-
works or caused by the presence of salt that had accumulated close to the surface 
zone. 

The presence of localized higher moisture content marked in red dotted box are 
areas subjected to water retention. Higher moisture content was generally observed 
towards the left side of the moisture tomographs. This suggests water seepage/in-
gress from the top left of the wall, most likely penetrating damp from the exposed 
air-well or the neighbouring unit. See Figure 12 and Figure 13 
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Figure 12: Moisture tomographs at different measurement depths 

 

Figure 13: Superimposed moisture tomography at 110mm depth 

b. Ground penetrating radar 

Signal attenuation was observed higher up the wall, above the wetter zone as seen 
from the microwave moisture results. In both scans 1 and 2, the radargrams show 
signal attenuation at about 1.20 m height and above, suggesting presence of elec-
trolyte within the zone See Figure 14. This signal attenuation is likely caused by 
the presence of high electrolytic conductivity within the wall in that specific area, 
typically identifying where larger amount of hygroscopic salts are trapped. This 
indicates that the salts present in the signal attenuated area are more soluble and 
remain in a liquid form despite the lower relative moisture content as picked up 
from the microwave.  

 

Figure 14 Result of Ground Penetrating Radar at Side Wall, SW 

SW BW

Scan-1

Electrolytic 
salt area
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c. Total and Hygroscopic Moisture Test (TMC and HMC) 

Powders of the clay brick substrate were extracted from different heights and 2 
depths (20-50mm and 100-150mm) for determination of total and hygroscopic 
moisture content as shown in Figure 15. Above the dado tiled area, the TMC read-
ings are higher than the HMC at both depths. Both the TMC readings deeper in the 
wall are higher than those near the surface. The highest TMC and HMC readings 
are found at about 1.3m height which concurred with the microwave moisture re-
sults. See Figure 16. 

At BW, relatively higher TMC values were encountered at the foot of the wall, as 
similarly reflected from the microwave moisture findings. The highest TMC and 
HMC results were however found around 1.3 to 1.6m height. The high TMC values 
could in fact be the hygroscopic moisture as the humidity of the pores within the 
wall would likely exceed 75%, the condition which the powders were tested. The 
presence of thick layers of paint and latter applied cement skim coat could have 
inhibited drying of the wall. See right photo in Figure 15. This could elucidate the 
even in-plane moisture distribution from the microwave. It is postulated that there 
is likely to be greater amount of hygroscopic salt at BW or close to the corner of 
the wall. This can also be observed from the GPR scan showing attenuated signal 
higher up the wall at BW.  

 

Figure 15: Sampling for TMC and HMC test (left) and presence of cement skim 
coat (right) 

  

Figure 16: Results of TMC and HMC measurements (left -SW and right- BW) 

0.2 m

0.5 m

1.0 m

1.3 m

1.6 m
SW BW Cement skim coat
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d. Salt content analysis 

The powder samples from BW at 1.6m height and 20-50mm depth were tested to 
determine the anion salt content using ion chromatography. The results indicate the 
presence of high chloride and nitrate salt of 0.7 % and 0.8% respectively with me-
dium amount of sulphate salt (0.9%) based on guidelines given WTA. [24]. These 
could have well been the cause of the high HMC values.  

e. Petrographic examination 

Samples of deteriorated plasterwork extracted that were subjected to petrographic 
examination revealed the presence of coarse-grained recrystallized salt crystals. 
They were detected in numerous locations, namely at the interface between the 
cement skim coat and the lime plaster as well as within the porous matrix of the 
plaster. The salts display low birefringe properties, often with a mixture of pris-
matic crystals and whiskers and have been identified as gypsum and halite. See 
example in Figure 17. Their discovery at various locations and point to the inho-
mogeneity of the substrate with regards to the pore characteristics and likely effect 
of environmental factors, presence of different construction materials and layers 
and variability in the sources of salt and moisture.  

  

Figure 17: Microscopic images of salt under plane polarized light (left) and cross 
polarized light (right) 

7 CONCLUSION 

From the brief trial, it can be seen that by employing a combination of various 
techniques, it becomes possible to enhance the identification of salt attack, assess 
its severity, determine the distribution of salt, and evaluate the likelihood and pos-
sibly even differentiate the sources moisture ingress, such as rising damp, penetrat-
ing damp or others. This multi-technique approach offers a more comprehensive 
understanding of the condition under investigation. Experiences of the author on 
other projects had also shown the possibility of using non-destructive means to 
identify zones with trapped moisture or accumulated hygroscopic salt, and differ-
entiate the zones for different methods of intervention [25]. This approach was 
found to be particularly useful for shophouses with unique construction and fea-
tures as discussed. Though the some of the methods have been attempted in some 
other projects, this is the first time that such a combination of different techniques 
have been trialed. This is because of time and cost constrained in actual restoration 
works. Further studies with more live cases will need to be carried out to uncover 
challenges that can affect the use and effectiveness of the different methods. It 
should also include their applications in assessing the efficacy of any intervention 
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with the eventual target to minimize destructive testing like drilling of brick pow-
ders, which often need to be repeated several times in tenacious cases.  
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ABSTRACT  

Salt recrystallization causes deterioration of many materials such as stone, plaster, 
soil and the like, which is one of the major problems in conservation of cultural 
heritage. In case of wall paintings on stone, plaster and clay wall, this is a big   
problem. The extremely valuable wall paintings in underground burial chambers 
of ancient Egypt, some of which are more than 4000 years old, suffer from this 
problem to high extent.  

Considering the conservation of these wall paintings, the fact that these have been 
preserved for very long time (more than 4000 years) should be respected. The 
environment conditions inside the underground burial chambers, especially the 
temperature and humidity, should be kept as much as before discovery. Otherwise, 
the wall paintings are threatened from new and rapid salts-recrystallization dam-
ages. Some case studies are discussed. 
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1 INTRODUCTION 

Since 2003, Kansai University team has been conducting international projects 
for the conservation of ancient wall paintings in underground burial chambers, in 
Saqqara, which is one of the most important archaeological sites in Egypt. Here, a 
report is made on the damage characteristics, and conservation measures for the 
ancient wall paintings in Idout underground burial chamber and the Memi under-
ground burial chamber. In case of Idout, the deposition of recrystallized salts on 
the paintings is limited. However, recrystallization of salts seems to have oc-
curred between the bedrock and the gypsum plaster layer on which wall paintings 
were drawn. As a result, more than half of the plaster layer had fallen off, and the 
other was about to fall off. On the other hand, in case of Memi, numerous long, 
thin needle-like crystals have formed on the wall surface. This difference is due to 
the humidity environment inside the underground burial chambers, which is relat-
ed to the difference in the water content of their bedrock. 

Considering the conservation of these wall paintings, the fact that these wall 
paintings have been preserved for very long time (more than 4000 years) should 
be respected. The environment conditions inside the underground burial chambers, 
especially the temperature and humidity, should be kept as much as before dis-
covery. Otherwise, the paintings are threatened from new and rapid salt-
recrystallization damages. Since the conditions are different between Idout and 
Memi, both cases are discussed. 

2 IDOUT UNDERGROUND BURIAL CHAMBER  

In the underground burial chamber of mastaba of Idout (Saqqara archaeological 
area, Cairo suburbs, Egypt), very precious vividly colored wall paintings remain 
from the Old Kingdom period (around BC 2360).  
The authors of this paper have been engaging in an international cooperative 
project to conserve them. Judging present-state conservation to be difficult due to 
the considerable bedrock and setting bed collapse that has accompanied wall 
decay, we are engaging in restoration work that involves taking off the wall paint-
ings, strengthening their colored layers and setting bed, and returning the wall 
paintings to their original places. These wall paintings are unique and precious 
because their colors are still vibrant even after 4400 years. 
We measured and analyzed 
the air temperature and 
humidity of the under-
ground burial chamber, and 
found that it is ideal and 
very stable. While there are 
many underground burial 
chambers with wall paint-
ings in Egypt, it is rare to 
find ones that have an envi-
ronment that is as close to 
ideal as this one.  
                           Figure 1: Idout underground burial chamber. 
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In order to check the temperature and humidity environment, measuring instru-
ments were placed and automatic measurement has continued every hour. Fig. 2 
and Fig. 3 show the results for the outside (outside air) and the inside of the un-
derground burial chamber (inside air). 

Figure 2: Outside air (black: temperature, green: humidity). 

Figure 3: Inside of the chamber (black: temperature, green: humidity). 
 
The Saqqara region is a desert area with extremely large daily temperature and 
humidity ranges. Outdoors, the difference between the highest and lowest tem-
peratures is close to 20°C. Humidity rises to around 90% in the early morning 
when the temperature is low, and drops to around 10% during the day when the 
temperature is high due to strong sunlight (Fig. 2). At night, radiation cooling 
causes the surface temperature of rocks to fall below the ambient temperature, 
causing dew condensation to occur early in the morning. 
In general, both the diurnal and annual temperature and humidity ranges are small 
in underground burial chambers, but in the case of Idout, this is extremely re-
markable, with a temperature of 23±1°C and a humidity of 55±7% throughout the 
year. This is the ideal environment (Fig. 3). This environment is due factor that 
has kept the colors of the walls fresh for 4,400 years. 
Although the temperature is stable in many underground burial chambers in 
Egypt, it is common for the humidity to be relatively high, and it is known that 
there is a mold problem in the tomb of Queen Neferitari (Luxor). Even in desert 
areas, there is a lot of water in the ground and it is normal to be affected by it, but 
in the case of the underground burial chamber of Idout, fortunately, the influence 
of underground water is extremely less. 
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3 MEMI UNDERGROUND BURIAL CHAMBER 

The tomb of Memi dates back to around 24 century BC. The underground burial 
chamber has three beautiful decollated wall covered with awesome paintings. 
Most of the decollated plaster layers, however, have fallen down off from the bed 
rock walls. Even at the survived parts, the wall paintings are damaged to high 
extent. 

High humidity in the underground burial chamber and soluble salts in the bed 
rock are the most important factors for the degradation. Recrystallized salts inside 
and at the surface of the painted plaster layer, cause the detaching the plaster 
layers and the painted layers. 

Figure 4: Wall Paintings of Memi underground burial chamber. 

The conditions (temperature and humidity) inside the underground burial cham-
ber were measured as shown in Table 1. The temperature is high and stable, and 
the humidity is high. This seems to be due to the high water content in the sur-
rounding ground. 

In such a condition, if the humidity got down, rapid and massive precipitation of 
salt crystals would occur. Actually, it is known that the rapid and obvious deterio-
ration by the salt crystallization was noticed during the excavation work. 

 Table 1: Temperature and humidity inside Memi underground burial chamber. 

. 
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4 WHAT WE SHOULD DO NOW TO CONSERVE 

In the case of Idout, the condition inside the underground burial chamber is very 
good. The temperature (23±1°C) and the humidity (55±7%) are ideal and stable. 
Maintaining this good condition is primal. Therefore, it is fundamentally im-
portant to keep the underground burial chamber as airtight as possible, to prevent 
outside air from entering. When it is necessary to enter the tomb for inspection, 
conservation work, etc., it is required that the temperature and humidity of the 
outside air and the inside air be similar to each other in the season and time period. 
The tomb has been under conservation, and are planned to be opened to the pub-
lic. In this case, it will be necessary to monitor the environment (temperature, 
humidity, CO2 concentration, etc.) and, based on the results, to take measures 
such as limiting the timing, number of people, and time. 

In the case of Memi, the condition in the tomb is so different from the case of 
Idout, especially its humidity. The measured values varies between 90% and 60% 
or lower as shown in Table 1. However, the lower RH value have been meas-
ured for the semi-open state during internal investigations, whereas the RH can be 
considered to be always above 90% when the burial chamber is closed. This 
high humidity is most probably due to the water contained in the bedrock, and the 
water containing a large amount of soluble salts which migrate to the surface 
layer and evaporates, resulting in salt recrystallization. 

If the underground burial chamber is kept at a high relative humidity, the equilib-
rium state is relatively stable. In the case of Memi, it has been reported that rapid 
salt recrystallization occurred during the excavation work. High humidity inside 
is necessary to minimize rapid salt recrystallization. For this purpose, it would be 
ideal to completely seal the tomb chamber. However, the monitoring and the 
conservation measures of the wall paintings are unavoidable. It is necessary, for 
the time being, to implement artificial humidification and air conditioning while 
taking measures against microorganisms. 

5 CONCLUSION  

The greatest cause of deterioration of wall paintings left in the investigated an-
cient Egyptian tombs is due to recrystallization of soluble salts. After discovery 
and excavation, how to conserve and utilize these wall paintings is an urgent issue, 
and many researches are required and are actually being carried out. In this case, 
the most crucial problems are the recrystallization of soluble salts, the environ-
mental conditions inside the tomb. Even among underground burial chambers 
from the same region and of the same period, the state of deterioration and envi-
ronmental conditions are different. Thus, the problems are complex.  

Hereby, the participation of many researchers related to salt crystallization is 
strongly needed. 
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ABSTRACT 

This study aims to clarify the causes of deterioration on the surface of Otsu walls 
due to crystallisation. Otsu walls are a type of lime plaster walls fabricated by ap-
plying a lime paste mixed with sand to the surface of mud walls, where the surface 
is repeatedly polished. Although less strong than lime plaster walls (Shikkui-wall), 
these walls are more durable than normal mud walls. Therefore, they are used for 
indoor and outdoor finishes, similar to lime plaster finishes. However, deteriora-
tions, such as thin flaking and crystallisation, can be observed on the surface layer 
of Otsu walls, which are not typically seen on walls finished with normal lime 
plaster. In particular, deterioration, such as dots with crystallisation, was observed 
on the surfaces of the interior and exterior Otsu walls of a particular surveyed house. 
Thus, to identify the causes of deterioration, we conducted (1) a survey of the lo-
cation and deterioration state of the Otsu wall in the building, (2) a survey of the 
wall material and layer composition, and (3) an analysis of the crystallised material. 
The results indicated that deterioration occurred inside the Otsu-finishing layer of 
the wall due to the crystallisation of gypsum, produced by the reaction of calcium 
carbonate, a component of the Otsu finishing layer, with sulphides adhering to the 
surface. Linear and pockmarked deteriorations corresponded to areas where struc-
tural cracks were easily promoted. Finally, moisture absorption and desorption oc-
curred preferentially in these parts, resulting in the crystallisation of gypsum. 
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1. INTRODUCTION 

Otsu wall is a type of mud wall, finished using the Otsu polished finish (Otsu 
miggaki shiage, ), in which a lime plaster mixed with sand and strings 
(susa) of paper or hemp is applied to the mud wall surface. The Otsu wall is used 
for indoor and outdoor finishes in the same way as a lime-plaster wall, even though 
the polished finish gives a glossy shine to the surface and is not as strong as the 
finish of the lime-plaster walls (shikkui). Depending on the degree of polishing and 
the type of strings (susa) used for the finishing coat, the technique is called Otsu 
polished finish or ordinary Otsu finish (Nami Otsu shiage ). 

The house surveyed in this study is a 120-year-old house with Otsu walls (ordinary 
Otsu finish), with evident deterioration all over the walls. The linear and pock-
marked deteriorations are present, which are quite unique. This deterioration type 
is not observed on the surface of lime-plaster walls (Shikkui). The causes of dete-
rioration might be related to the material and components of the walls and the build-
ing structures. Thus, the purpose of this study is to clarify the causes of this deteri-
oration.  

To the best of our knowledge, no preceding research has focussed on the deterio-
ration mechanism of Otsu walls. To improve the conservation of these type of walls, 
the deterioration mechanism should be clarified by evaluating the material compo-
nents of the wall and building structures. 

This study aims to clarify the mechanism of the Otsu wall deterioration based on 
the evaluation of (1) a survey on the deterioration location and condition of the 
Otsu wall in the house, (2) a material and layer composition survey of the wall, and 
(3) an analysis of surface deterioration. 

2. SURVEYED HOUSE AND OTSU WALL 

2.1 Outline of surveyed house 

The surveyed house was the main building of the former Nishio Family House in 
Suita City, Osaka (Figure 1) [1]. This main building has been undergoing major 
conservation work since 2022. The house had Otsu walls in many of the interior 
and exterior walls, and the deterioration of Otsu walls was evident in most of the 
walls. 

2.2 Outline of the Otsu walls 

Table 1 lists the finishing coat of two types of Otsu walls. The Otsu polished finish 
(Otsu migaki shiage) comprises a ground layer of lime plaster mixed with clay and
hempen fibres [Table 1 (2)] and a finishing coat of lime plaster mixed with col-
oured clay and paper fibres [Table 1 (1)] on the mud wall finished up to the middle 
layer [2]. The finishing coat was polished using a trowel to obtain a glossy surface. 

The degree of the surface gloss depends on the polishing degree. The pressing of 
the surface and finishing with a rougher degree of polishing than the Otsu polished 
finish is called the ordinary Otsu finish (Nami Otsu shiage). The ordinary Otsu 
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finish differs from the Otsu polished finish in that hemp fibre is used as the finish-
ing layer instead of paper fibre. The lime plaster with sand is sometimes used as 
the ground layer for ordinary Otsu finish, blending the ground mud layer and the 
finishing coat. 

  
Figure 1 Nishio house (left: outside view, right: plan of the main building note1; the 
area within the solid line frame indicates where the Otsu walls are used. The hatch-
ing area shows the area illustrated in Figure 2).  

 
Table 1 Finish layer of the Otsu wall 
Finishing coat type  Otsu polished finish 

(Otsu migaki shiage 
) 

Ordinary Otsu finish 
(Nami Otsu shiage 

) 
Material (1) Finishing 

coat (Otsu fin-
ish) 

lime plaster, coloured 
clay, and paper fibres 

lime plaster, coloured 
clay, and hempen fibres  

(2) Ground 
layer (leveling 
lime plaster) 

lime plaster, clay, and 
hempen fibres 

lime plaster, clay, and 
hempen fibres / lime 
plaster, sand, hempen fi-
bres (Shita kosuri 

) 
Surface polishing Bright polishing Not polishing  

3. CONDITION OF THE OTSU WALLS 

3.1 Location and condition of the Otsu walls
Figure 1 shows the outside view and plan of the house, and Figure 2 shows the 
photographs of the walls with typical deterioration. The Otsu walls were used for 
walls in the kitchen, rooms connected to the kitchen, and the veranda corridor. 
Moreover, Otsu walls were used for exterior finishing; however, we focused on 
interior walls. 
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Figure 2 Deterioration conditions of Otsu walls 

3.2 Condition survey  
Macroscopically, the deterioration can be divided into two types: pockmarked 
shape deterioration on relatively large surfaces (e.g. Figures 2a, h) and linear dete-
rioration in the middle of the wall (Figures 2e, f, g), the corners, and the middle of 
the beams (Figures 2d, i). Linear degradation is observed elsewhere also, with lon-
gitudinal lines visible in the precipitates, as shown in Figure 2a. It can be observed 
from Figure 2c that the degradation is concentrated on the right side of the image 
and less on the left side. In addition, a longitudinal stripe is present in the middle. 

Pockmarked deterioration is observed over the entire wide wall (Figures 2a, h) and 
on the flat areas around the linear deterioration (Figures 2e, f, and Figure 3). In 
particular, the pockmarked deterioration is worse in the lower part of the wall than 
in the upper part (Figures 2a and h), where the finishing coat has vanished, and the 
ground layer has been exposed. Figure 4 shows the enlarged photograph of a wall 
with pockmarked deterioration. In the area where sediments are found, the finish 
layer on the surface peels off, as shown in Figure 4 ( and ), and crystallisation 
occurs in the interior of the peeled parts (Figure 4 ). In addition, crystallisation is 
not observed in some areas, but the finishing layer exhibits uneven bulges (Figure 
4 ). 

In parts of the linear deterioration of the walls shown in Figures 2a-g, i, and Figure 
5, the finishing coat cracks, and crystals are deposited along the cracks. In Figure 
2g, deterioration occurs vertically at the centre of the wall, and in Figures 2e and f, 
deterioration occurs horizontally at the centre of the wall. The walls are flabby. In 
Figure 5  (Figure 2i), a radial crystallisation is present on the beam in an upward 
direction. This area is at the centre of the beam and is prone to an upward force 
from the beam towards the wall and cracks. In addition, as shown in Figure 5  and 
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in the upper and lower corners of the lighting box (Figure 5 ), crystallisation oc-
curs diagonally from the external corner of the beam and lighting box. This area is 
prone to cracking because of the stress concentration at the corners. 

 
Figure 3 Linear  Figure 4 Pocketed deterioration 
deterioration   (left Figure 2c, right Figure 2a) 

 

 
Figure 5 Linear deterioration (left Figure 2i, right Figure 2d)  

4. MATERIAL AND LAYER COMPOSITION OF OTSU 
WALL  
The layer composition of the walls at the two locations described in Figures 2a and 
2c is shown in Figure 6. Both walls are composed of (1) an Otsu finishing coat, (2) 
a ground layer, (3) layers of mud plaster, and a rough wall with structural wood. 
The Otsu finishing appearance comprises two layers: one with fewer fibres on the 
surface side and the lower layer with more fibres. The crystallisation produced fine 
crystals. Additionally, the vertical deterioration line of the wall in Figure 2a corre-
sponds to the edges of the wooden support inside the wall. 

 
Figure 6 Layer composition of Otsu wall in the walls shown in Figures 2a and 2c 
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5 ANALYSIS OF CRYSTALLISATION MATERIAL  

5.1 Analysis method 

X-ray diffraction (XRD) and scanning electron microscopy with energy dispersive 
X-ray (SEM/EDX) detector were used to analyse the materials deposited on the 
crystallisation and the constituent materials of each layer of the Otsu wall. note 2 

Samples for the XRD analysis were obtained from each wall layer, shown in Fig-
ures 2a and c, to detect the material on each layer. XRD analysis was performed 
using Aeris (PANalytical, Netherlands); the X-ray output was set to 40 kV and 80 
mA. 

Samples for SEM/EDX analysis were obtained from the bottom of the lighting box 
shown in Figure 2d (Figure 7, left, sample A), where deterioration was significant, 
and from the sidewall of the veranda corridor shown in Figure 2c (Figure 7, right, 
sample B), where no crystallisation occurred. 

 
Figure 7 Sample and the collected part (upper-left: the collected part of sample A; 
bottom left: sample A; upper-right: the collected part of sample B; and bottom right: 
sample B where the deterioration is not evident) 

5.2 Results of analysis 

5.2.1 Results of XRD 

(1) Detected materials in the wall layer 

The analytical results are listed in Table 2. In particular, gypsum (CaSO4 2H2O) 
and quartz (SiO2) were detected in the crystallisation on both samples of the wall 
shown in Figure 6 (middle and right); quartz is the main component of the sand, 
and gypsum was not found in the materials used for the Otsu wall. Gypsum was 
detected in the (1) Otsu finishing coat on both walls but was not detected in the (2) 
ground layer of lime plaster. Quartz (SiO2) and calcium carbonate (CaCO3) were 
the components with major contributions detected in the (2) ground layers. SiO2 

and CaCO3 are major components of lime plaster. In particular, SiO2 was the main 
component detected in (3) fine mud plaster layers 1 and 2 and rough mud plaster. 
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(2) Detected materials in sample B that was not deteriorated. 
In sample B, where no crystallisation was observed, CaCO3, a component of the 
finishing layer, was detected, but gypsum was not detected. 

Table 2 Materials detected using XRD 

 West wall in  
Figure 2a 

Veranda corridor south 
wall in Figure 2c 

Crystals - Gypsum, Quartz 

(1) Otsu finishing coat Quartz, Gypsum Quartz, Gypsum 

(2) Ground layer of lime plaster Calcium car-
bonate, Quartz 

Calcium carbonate, 
Quartz 

(3) Fine mud plaster layer 1 Quartz and others Quartz and others 

(3) Fine mud plaster layer 2 Quartz Quartz and others 

5.2.2 Results of SEM analysis 

Figure 8 shows the SEM images and their elemental mapping. The upper images 
correspond to sample A (Figure 7, left) with deterioration. In contrast, the lower 
images correspond to sample B (Figure 7, right) without deterioration. 

In sample A, the deteriorated areas are evident, and the central area is disrupted. 
Carbon (C) was present in small quantities in the ground layer, oxygen (O) was 
uniformly distributed, and silicon (Si) was abundant in the finishing layer. Calcium 
(Ca) was found in the ground layer and the finishing layer. Sulphur (S) was present 
in a thin layer on the surface of the finishing layer, as well as inside the finishing 
layer in deteriorated areas. 

 
Figure 8 SEM images and elemental mapping (upper: sample A, lower: sample B).  

 

In sample B (Figure 8, bottom left), no crystallisation is observed; the surface is 
smooth, with no disruption in the finishing or ground layers. C was uniformly pre-
sent, whereas O and Si were more abundant in the ground layer than in the finishing 
layer. Ca was more abundant in the surface and ground layers, as well as in the 
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finishing layer. S was present in thin layers on the surface. The layer of S was 
approximately 20 μm thick. 

5.3 Discussion of Analysis 

The results of the XRD analysis indicated that the crystals can be identified as gyp-
sum. 

The main components of gypsum, Ca, C, and O were contained in lime, the material 
of the finishing coat. Because the finishing coat was primarily composed of sand 
and lime, the ground layer was mainly composed of lime; however, S was not pre-
sent in the material composition. The SEM observations of sample B that did not 
show an evident deterioration indicated that the sulphide was deposited on the sur-
face of the finishing coat. Therefore, the results suggested that the sulphide was 
supplied from the outside and not from the inside of the wall. The analysis sug-
gested that the S deposited on the surface of the finishing coat migrated to the inside 
of the finishing coat, and gypsum was subsequently formed inside the finishing 
coat. Because crystallisation occurred inside the finishing layer, it reflected the sit-
uation shown in Figure 4, where crystallisation appears to exhibit an unusual dis-
tortion from inside the finishing coat. 

6. DETERIORATION MECHANISM  
Figure 9 illustrates the deterioration process of the Otsu wall. The crystallisation 
on the Otsu wall was caused by gypsum that might be deposited due to sulphide 
adhering to the surface in the form of SO2 or other substances (Figure 9 ) and 
reacting with calcium hydroxide and/or CaCO3 in the finishing coat (Figure 9 ). 
Because gypsum was not detected as a major contributing component in the sam-
ples without crystallisation, the gypsum crystallisation reaction might be unlikely 
to proceed by S adhering to the surface. 

Sulphide becomes sulphite in the presence of moisture (Figure 9 ), whereas sul-
phite readily reacts with CaCO3 to form gypsum. Moisture condensation may occur 
on the wall surface if the relative humidity of the room is high, and the wall is 
colder than the ambient air temperature. Because the room in which the Otsu wall 
was present was near the kitchen, the presence of high humidity in the room seemed 
possible, and the supply of moisture to the wall side was considered sufficient. This 
implies that the sulphides on the surface received moisture supply and moved with 
the moisture to the inside of the finishing coat, where they reacted with the CaCO3 
and crystallised gypsum. 

Otsu walls were fabricated relatively densely by well-polishing the surface; how-
ever, where cracks developed on the surface, the more porous inside parts were 
exposed, thereby accelerating moisture absorption and desorption. 

The linear deterioration is mainly present in areas where structural stresses are 
prone to concentrate, where material edges are present, or both, and at the border 
inside the wall. In other words, where cracks exist in a linear pattern owing to 
structural factors, moisture absorption and desorption occur preferentially, and sul-
phides adhering to the surface crystallise into the interior with moisture, causing 
reactions in the interior and precipitation in cracked areas. 
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The pockmarked deterioration observed on a particular wide surface can be ex-
plained by the same mechanism. Figure 10 shows the surface of a wet sample note 3 
of a new Otsu wall. Several microcracks are distributed randomly on the surface. 
The Otsu wall on the site also had multiple cracks on the surface (Figure 9 ), 
which could absorb moisture easily (Figure 9 ). Thus, these observations explain 
that the crystallisation can occur on the surface at random due to the microcracks 
in the structure cracks (Figure 9 ). 

  

Figure 9 Deterioration mechanism Figure 10 Surface  
 of a sample 

7. CONCLUSION 

In this study, the deterioration with crystallisation observed in the Otsu wall was 
investigated based on the surveys of the material and layer composition of the wall 
and surface deterioration. The following conclusions were drawn. 

(i) Deterioration observed in the Otsu wall was due to gypsum crystallisation. 

(ii) Of the gypsum components, sulphur (S) could have been supplied from the 
outside (ambient air), not from inside, of the wall materials. 

(iii) S compounds adsorbed on the surface moved inside with the moisture move-
ment and reacted with CaCO3, the main component of the finishing layer, resulting 
in the crystallisation of gypsum inside the finishing layer. 

(iv) Linear and pockmarked degradation were observed. Linear degradation corre-
sponded to wall areas where surface cracks might occur owing to structural stress. 
This observation suggests that moisture absorption and desorption occurred pref-
erentially in these areas, developing gypsum. 

Elucidating the mechanism of the pockmarked deterioration is a future task. 

NOTE 

1 The plan provided by the Architectural Research Association was included. 

2 For the analysis by XRD and SEM/EDX, cooperation was provided by Prof Chie 
Sawatari, Faculty of Life and Environment, Mukogawa Women's University. 

3 The sample made by the way of ordinally Otsu finishing same as the finishing of 
the surveyed house. The sample size is 30 cm square. 
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ABSTRACT  

The Mogao Grottoes, consisting of 45000 m2 of wall paintings and 2415 Buddhist 
sculptures dating from the 4th to the 14th century A.D., are located in arid region 
of northwest China. Severe deterioration caused by salt activity has been observed 
on numerous wall paintings at the Mogao Grottoes. To evaluate the effect of mi-
croenvironmental changes in caves induced by mass tourism on salt damage of wall 
paintings, climatic condition, microenvironment in two test caves, visitors and wall 
paintings showing salt-related deterioration were monitored from 2006 to 2013. 
Soluble salts accumulated in earthen plasters were investigated by the methods of 
IC and CCSEM. Moreover, the phase diagram of potential dominant salt was used 
to link the environmental condition with salt damage of wall paintings. During the 
8-year monitoring period, the visitation strategies for two test caves were designed 
to be opposite. Results showed that plaster disruption of wall paintings worsened 
mainly in tourist rush season, when high relative humidity appeared in visited and 
non-visited caves. Sodium chloride was inferred to be the potential predominant 
salt causing continuous damage to wall paintings. Deliquescence and crystalliza-
tion cycles of salt mixtures driven by microenvironmental fluctuations were con-
sidered to be responsible for the weathering of wall paintings. This research work 
developed a cost-effective methodology for long-term monitoring of salt weather-
ing process of wall paintings, meanwhile, it could guide the visitor management 
and preventive conservation of wall paintings in cultural heritage sites of arid re-
gions.   

 
1  Monitoring Center of Dunhuang Grottoes, Dunhuang Academy, 
Dunhuang, Gansu, China, chenhl_131@163.com 
2  The Getty Conservation Institute, Los Angeles, USA 

49



Long-term monitoring of microenvironment and wall paintings influenced by sol-
uble salts at Mogao Grottoes, China 

 SWBSS ASIA 2023 – Nara, Japan. September 20-22, 2023. 

1 INTRODUCTION 

The Mogao Grottoes, a famous World Heritage Site, is about 25 km to the southeast 
of Dunhuang oasis city along the ancient Silk Road. Situated in a desert landscape, 
the grottoes lie at the eastern foothills of the Mingsha Mountains, southern margin 
of the Gobi Desert. Near the west bank of Daquan River, the caves of varying size 
were excavated into the cliff face (10-40 m in height and 1680 m in length) in four 
or five levels. In the site, 45000 m2 of wall paintings, 2415 painted sculptures,and 
5 wooden-structure eaves dating from the 4th to the 14th century A.D. are pre-
served. Salt damage is one of the most widespread threats to the long-term exist-
ence of wall paintings at the Mogao Grottoes. There are several forms of deterio-
ration induced by salts such as flaking, crater eruption, salt efflorescence and plas-
ter disruption (Figure 1). In all these deterioration phenomena, plaster disruption is 
recognized as the most harmful damage owing to the lack of effective treatment 
measures [1, 2]. Plaster disruption is a weathering phenomenon of wall paintings 
which refers to the loss of cohesion in earthen plaster resulting from salt activities. 
It can lead to continuous powdering of plaster and therefore the resulting paint loss.  

   

Figure 1: Salt damage of wall paintings at Mogao Grottoes; (a) plaster disruption; 
(b) crater eruption; (c) salt efflorescence. 

The degree of salt damage occurring in porous building materials depends on ma-
terial characteristic, salt species, salt concentration and environmental condition. 
The porous networks of materials can influence the location of salt crystals (i.e., 
subflorescence and efflorescence of salts) and crystallization pressure significantly. 
Materials with small pores tend to suffer more severe damage caused by salt crys-
tallization [3, 4, 5, 6]. Sodium sulfate is more destructive for building materials 
than sodium chloride due to its stronger ability to supersaturate, which provides the 
driving force for the generation of stress [3, 7, 8]. Weathering pattern of stone 
caused by sodium sulphate is affected obviously by salt concentration, temperature 
and relative humidity because of the change in evaporation rate [9, 10].  

Wall painting at the Mogao Grottoes is a multi-layered architectural structure. Base 
layer is the conglomerate rock that serve as the substrate for wall paintings. Earthen 
plaster including the lower coarse plaster (5-30 mm in thickness) and the upper fine 
plaster (4-5 mm) is intermediate layer, which is composed of mud plaster, sand and 
straw and act as a preparing layer for painting. On the outermost layer, a white 
ground (20-300 μm) is applied directly on the surface of fine plaster and then min-
eral pigments mixed with bonding media are painted onto the ground [11, 12]. 
Among them, earthen plaster layer is the most key structure because it connects the 
rock body to the paint layer. Earthen plasters with a porosity between 25-33% are 
very porous and sensitive to moist air. They favor the migration of soluble salt 
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originating in the conglomerate rock through themselves under a humidity differ-
ential [1, 13, 14, 15]. Since Mogao Grottoes was officially opened to visitors in 
1979, visitor numbers have showed a significant increase trend, especially in recent 
two decades. For example, visitor numbers increased from 537 thousand in 2006 
to 778 thousand in 2013, which even reached a high of 2.2 million in 2019. This 
paper aims to evaluate the impact of microenvironmental variations in caves in-
duced by visitors on the continuous salt-related deterioration of wall paintings at 
Mogao Grottoes, as well as to develop a cost-effective method for long-term mon-
itoring of salt weathering process of wall paintings.   

2 MATERIALS AND METHODS 

2.1 Description of the Test Caves  

Cave 25 (960-1127 AD) and Cave 26 (705-781 AD) exhibiting severe salt-related 
deterioration phenomena (disruption of plaster) were selected as the test caves. 
These two caves are adjacent and similar in architectural form (Figure 2). Cave 25, 
a medium-sized cave with a main chamber of about 128.6 m3, is fitted with an 
outside aluminum door and an inside wooden door. Distinct from Cave 25, Cave 
26 just with an aluminum door is a quite smaller cave and the volume of its main 
chamber is 43.6 m3. There are shutter-type windows on upper and lower parts of 
aluminum doors of caves, which permit air exchange between the outside and the 
inside of caves. The series of tests were carried out from 2006 to 2013. Cave 26 
was open to routine visitation, while Cave 25 was closed between January 2006 
and April 2008. Due to the heterogenity of wall paintings, the conditions of deteri-
oration induced by salts were different in two test caves, which make the compar-
ison of deterioration rate in Cave 25 and Cave 26 difficult. To understand how the 
deterioration phenomena in same cave respond to microenvironmental changes, 
reversed management strategy therefore was conducted from May 2008 until De-
cember 2013. In other word, Cave 26 was switched to be a non-visited cave and 
Cave 25 became a visited cave.  
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Figure 2: Overview of the study site; (a) partial elevation of Mogao Grottoes; (b) 
interior of main chamber of Cave 25/ 26; (c) monitoring areas of wall paintings 
(red filled squares) and the position of sensors for temperature and humidity (blue 
filled circles) and visitor numbers (green filled squares).   

2.2 Methods 

In order to estimate the rate of deterioration quantitatively, representative areas of 
wall paintings influenced by salts (exhibiting severe plaster disruption combined 
with flaking phenomena) were documented periodically by the methods of taking 
photos and weighing. Between 2006 and 2013, selected areas of wall paintings 
were photographed under same raking light and direct light twice a year (Figure 3). 
One was conducted at the beginning of tourist rush season (the end of April or the 
beginning of May) and the other at the beginning of tourist off-season (the end of 
October or the beginning of November). The photos taken at the same location at 
different times were compared under naked eyes and the changes of wall paintings 
(i.e. paint layer loss) were quantified through an image processing software (Auto-
CAD). At the same time, materials falling from the corresponding monitoring areas 
of wall paintings (mainly powdery plaster, few flakes of paint) were collected by 
papers placed at the base of walls and then weighed.  
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Figure 3: Location of photographic monitoring (red unfilled squares) and sampling 
points for IC analysis (yellow filled circles) and CCSEM analysis (green filled cir-
cles) in detail; (a) north wall of main chamber in Cave25; (b) south wall of main 
chamber in Cave25; (c) north wall of main chamber in Cave26; (d) south wall of 
main chamber in Cave26; monitoring areas of wall paintings and samples for salt 
analysis share the same numbers marked next to the red unfilled squares. 

Eleven samples of fine weathered particles were taken from loose earthen plaster 
layers in corresponding zones of photographic monitoring, where relatively severe 
deterioration phenomena occurred, by using a scalpel and weighing papers. Subse-
quently, they were analyzed by two types of methods at the laboratory. A Dionex 
ion chromatography system (IC) was employed following the procedure reported 
previously to recognize the species and contents of water-soluble ions in samples 
[2]. The images and elemental compositions of sample particles were obtained by 
using a computer-controlled scanning electron microscopy system (CCSEM). The 
detailed information of sampling points for salts analysis were illustrated in Figure 
3. 

The monitoring of climate, microenvironment and visitor numbers were performed 
from 2006 to 2013. The data of temperature, relative humidity, rainfall, wind speed 
and direction outside caves were collected every 15 min by a weather station lo-
cated on the top of the cliff near the famous nine-storied temple. In the main cham-
ber of each test cave, two miniaturized data loggers for acquiring temperature and 
relative humidity data were mounted on wooden supports, which were placed 
against the wall exhibiting salt weathering phenomena, and infrared photosensors 
for gathering data of visitors were positioned at the entrance of caves (Figure 2). 
During the day, the visitors and conservators were allowed to enter the caves and 
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a two-minute interval was therefore chosen to monitor microenvironmental condi-
tions and visitor numbers from 7 am to 7 pm. At night when caves were closed, the 
interval was prolonged to 15 min. 

3 RESULTS AND DISCUSSION 

3.1 Deterioration Processes of Wall Paintings  

The rate of paint layer loss are used to evaluate the deterioration rate of wall paint-
ings in long term. Figure 4 (a-c) displays the proportion of paint loss area to the 
total area of monitoring zones on each wall marked by red unfilled squares in Fig-
ure 3 from 2006 to 2013. Wall paintings presented various deterioration processes 
from one wall to another. Except for monitoring area on the north wall of main 
chamber in Cave 25, different degree of paint layer loss was observed to occur in 
monitored zones of remaining walls. The wall paintings on the north wall of Cave 
26 deteriorated most rapidly with a paint loss of about 9.40% during the 8-year 
monitoring period, followed by that on the south wall of Cave 25 (4.18%). The 
south wall of Cave 26 showed the least paint loss (1.21%).  

 

Figure 4: (a)-(c) The proportion of paint loss area to the total area of monitoring 
zones on each wall from 2006 to 2013; (d) monitoring area 25-S-1 on October 30, 
2006, showing severe deterioration (plaster disruption occurring in the lower 
zone); (e) the same area on November 5, 2013, displaying an increase in loss of 
paint layer. 

Meanwhile, the weathering behaviors of wall paintings exhibited an obvious sea-
sonal characteristics (Figure 4 (a-c)). The phenomena of paint layer loss commonly 
appeared in the tourist rush season (from May to October), while that occasionally 
happened in the tourist off-season (from November to next April). It seems that 
there is a correlation between visitation and paint loss. In April 2008, management 
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strategies for Cave 25 and Cave 26 were reversed, which meant Cave 26 was closed 
to visitation while Cave 25 was open to visitation after that. As shown in Figure 4 
(b), the rate of paint layer loss on the north wall of Cave 26 declined clearly after 
2008. The maximum rate of paint loss on the north wall of Cave 26 before 2008 
was as high as 3.78%, which was reduced to 1.85% after 2008. It indicates that the 
weathering process of wall paintings on the north wall of Cave 26 was slowed down 
after Cave 26 was closed. The deterioration rate of wall paintings showed a positive 
relationship with the visitation. However, the weathering behaviors of wall paint-
ings on the south wall of Cave 26 was not in correspondence with this conclusion. 
No evident decrease in rate of paint loss was found on the south wall of Cave 26 
after 2008 (Figure 4 (c)). This is likely because the rate of paint loss on the south 
wall of Cave 26 was too low to reflect the effect of visitation on it. Over the 8-year 
test period, the maximum deterioration rate of wall paintings on the south wall of 
Cave 26 was only 4.33‰. Similarly, a significant increase in the rate of paint loss 
didn’t happen on the south wall of Cave 25 after 2008 as expected. As shown in 
Figure 4 (a), the phenomenon of paint layer loss on the south wall of Cave 25 only 
occurred discontinuously for three times. Owing to this reason, no trend of deteri-
oration rate of wall paintings could be found. Nevertheless, what is certain is that 
the diseases of wall paintings related to salts in test caves were active and devel-
oped slowly. This can be illustrated by the example shown in Figure 4 (d and e). 
Through comparing the plaster disruption in zone 25-S-1 marked by blue ellipses 
between 2006 and 2013, it can be found that the deterioration slightly spread to 
adjacent zones and as a consequence the extent of paint layer loss expanded.  
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Figure 5: Mass of fallen materials from 2006 to 2013. 

Figure 5 illustrates the mass of materials falling from areas of photographic moni-
toring on four walls. The amount of fallen materials from south wall in Cave 26, 
which consisted mainly of earthen plasters, but also minor paint flakes, was largest 
(Figure 5 (d)). It had a maximum value of 94.27g in October 2007. The north wall 
of Cave 26 had the second largest mass of fallen materials with earthen plasters, 
wheat straw and paint flakes as main component. Its maximum mass was just 5.88 
g, which was far below that of south wall in Cave 26. The south wall of Cave 25 
and the north wall of Cave 25 had comparable mass of fallen materials, which were 
slightly lower than that from north wall of Cave 26 (Figure 5 (a-b)). Unlike Cave 
26, the fallen materials collected in Cave 25 comprised a large proportion of dust 
except for earthen plasters and paint flakes. 

In addition, much more fallen materials were collected in October than in April, 
which was consistent with the variation features of paint loss (Figure 5 (a-d)). In 
tourist off-season from 2006 to 2013, the total mass of fallen materials gathered at 
the base of north wall in Cave 25, south wall in Cave 25, north wall in Cave 26 and 
south wall in Cave 26 was 2.35g, 3.34g, 4.38g and 11.30g respectively. While, the 
corresponding mass of fallen materials in tourist rush season reached 9.64g, 9.37g, 
26.94g and 231.95g. Simultaneously, an obvious mass reduction of fallen materials 
happened on the north wall and south wall of Cave 26 after 2008. But the north 
wall and south wall of Cave 25 didn’t show an evident increase in mass of fallen 
materials with the opening of Cave 25 in 2008. Furthermore, it must be noted that 
not all the materials gathered were from the zones of photographic monitoring. The 
fallen materials might be from the neighboring area which were beyond the moni-
toring area, or even come directly from outdoor. For instance, abundant weathered 
plasters collected at the base of south wall of Cave 26 actually fell from the part 
below monitored zone, where restoration had been performed and the new plasters 
deteriorated severely (Figure 3 (d)). For this reason, the mass of fallen materials 
could merely serve as a reference index for the estimate of damage degree of wall 
paintings. 

According to the above analysis, it can be concluded that the weathering of wall 
paintings mainly happened in tourist rush season regardless of whether the cave 
was open or closed. The deterioration rate of wall paintings varied from wall to 
wall and from year to year. A positive correlation between the deterioration rate of 
wall paintings and visitation is demonstrated by the weathering behavior of moni-
tored wall paintings in Cave 26.  

3.2 Salt in Earthen Plasters 

The soluble ion contents in weathered earthen plasters were determined by means 
of ion chromatographic analysis and were expressed as the weight percent of plas-
ters. The total soluble ion content in the samples varied from 2.71 % to 10.04 % 
(Table 1). Among all four monitored walls, the north wall of Cave 26 has the high-
est salt ion content with an average value of 8.94 %, while a lower salt ion content 
is found in the south wall of Cave 25, with an average value of 4.89 %. The north 
wall of Cave 25 shows the lowest salt ion content, the average value of which is 
2.81%. Overall, the distribution trend of salt ion content matches the deterioration 
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rate of wall paintings observed, which seems to imply that the higher the ion con-
tent is, the greater the paint loss is.  

On the aspect of the types of salt ions, chlorine ion and sodium ion are the most 
abundant ions. It is especially evident in the north wall of Cave 26, where the con-
tents of chlorine ion and sodium ion, with the mean of 4.25% and 2.94% respec-
tively, greatly exceed that of other salt ions. In four kinds of cations, calcium ion 
is the second most ion, followed by magnesium ion and potassium ion. The second 
most anion is nitrate ion and the amount of sulfate ion is least. Moreover, the con-
tent of sulfate ion in south wall of Cave 25 and north wall of Cave 26 is very close 
to that of nitrate ion, while the north wall of Cave 25 and south wall of Cave 26 
have an obviously lower sulfate ion content.  

Table 1: The soluble ion content in samples of earthen plasters. 

Sample 
# 

Soluble ion content (weight %) Total con-
tent of sol-
uble ions 

(weight %) 
Cl- NO3

- SO4
2- Na+ K+ Mg2+ Ca2+ 

25-N-1 
0.7833 0.8726 0.2571 0.4213 0.0300 0.1463 0.3923 2.9029 

0.9255 0.8124 0.1801 0.4323 0.0240 0.0543 0.2827 2.7112 

25-S-1 
1.5292 0.9721 0.7547 0.9003 0.0288 0.1159 0.4104 4.7113 

1.6059 1.0005 0.9069 0.9724 0.0271 0.0617 0.4874 5.0618 

26-N-1 
4.9302 0.6590 0.5738 3.4830 0.0292 0.0857 0.2840 10.0449 
3.5656 0.8302 0.7562 2.4034 0.0321 0.0484 0.2039 7.8398 

26-S-1 
1.4997 0.7053 0.2835 0.9495 0.0344 0.2196 0.2324 3.9244 
1.2932 0.8412 0.2766 0.7009 0.0320 0.1172 0.1565 3.4176 

In order to infer the types of salts accumulated in the weathered earthen plasters, 
CCSEM technology was used to analyze the powdered plasters. Figure 6 displays 
some of the micrographs of salt particles, in which the morphology and size of salt 
particles can be seen clearly. Besides, elemental distribution of salt particles is also 
shown in the far right column of each micrographs, from which potential salts can 
be speculated. For example, in the first micrograph of Figure 6 (a), the distribution 
rang of sodium extremely matches that of chlorine. Meanwhile, they exactly coin-
cide with the profile of salt particle. Based on this and combining with the analysis 
results of soluble ions, sodium chloride (NaCl) is considered to be the potential salt 
present in the plasters of south wall of Cave 25. Similarly, other species of salts 
could be inferred. And sodium chloride (NaCl), magnesium chloride (MgCl2), cal-
cium chloride (CaCl2), potassium chloride (KCl) and calcium sulfate (CaSO4) are 
deduced to be the potential salts existing in all three samples. Moreover, there is 
probably sodium sulfate (Na2SO4) in the north wall of Cave 26 and south wall of 
Cave 25 according to the elemental distribution shown in the middle micrographs 
of Figure 6 (a and b). While, same elemental distribution doesn’t appear in the 
sample from south wall of Cave 26. This corresponds with the analysis results for 
sulfate ion in the plasters of four walls (Table 1).  

It must be pointed out that CCSEM technology can’t be used to speculate about the 
presence or absence of nitrate owing to its technical defects. But according to the 
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good correlation between soluble ion content and elemental distribution, it is pre-
sumed that nitrate is likely to exist in the plasters of four monitored walls. There is 
no doubt that salt mixtures cause damage to the wall paintings and sodium chloride 
(NaCl) is the predominant potential salt. Nitrate is probably another potential salt 
but its species are still unclear. Sodium sulfate (Na2SO4) is a potential hazardous 
salt to the wall paintings of south wall in Cave 25 and north wall of Cave 26. Ad-
ditionally, magnesium chloride (MgCl2), calcium chloride (CaCl2), potassium 
chloride (KCl) and calcium sulfate (CaSO4) are identified to be the potential salts 
existing in weathered plasters as well, but they are not the main potential salts ow-
ing to their low contents. By the comparison of salt analysis results and deteriora-
tion processes on four monitored walls, it can be found that the rate of deterioration 
of wall paintings is positively related to the total content of soluble ions. These 
investigation results basically coincide with the conclusions of previous studies on 
the salt damages of wall paintings at Mogao Grottoes [1, 2, 11, 15, 16], with the 
exception of high content of nitrate ion being found in the samples. And this ex-
ception might be explained by the difference between caves. 

 

Figure 6: Micrographs of salt particles with their EDX mapping of elemental dis-
tribution; (a) from left to right: NaCl, Na2SO4 and MgCl2 in sample 25-S-1; (b) 
from left to right: NaCl, Na2SO4 and MgCl2 in sample 26-N-1; (c) from left to 
right: NaCl, CaSO4 and MgCl2 in sample 26-S-1. 

3.3 Characteristics of Microenvironment in Visited Cave and 
Non-visited Cave  

The microenvironment in test caves and its relationship with external climatic con-
ditions and visitor numbers from July 16, 2006 to July 19, 2006 are shown in Figure 
7 (a and b). Visitation has a remarkable effect on the thermo-hygrometric condi-
tions of the caves. During opening hours of caves (from 8 am to 5 pm), the temper-
ature and relative humidity in visited cave (Cave 26) spiked with the entry of visi-
tors, and decreased sharply with the leaving of visitors. The degree of fluctuations 
in temperature and relative humidity highly depended on the frequency of visitation. 
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In contrast, the temperature and relative humidity in non-visited cave (Cave 25) 
were quite stable, even during rainy days. During closed hours, microenvironmen-
tal parameters in both visited and non-visited caves kept relatively stable. In gen-
eral, the change trend of temperature and relative humidity in visited cave tended 
to be in coincidence with external climate within opening hours, although with a 
delay and smooth variation.  

Figure 7 (c and d) exhibit the long-term changes of monthly maximum relative 
humidity, its corresponding temperature and monthly mean diurnal variation in rel-
ative humidity from 2006 to 2013. Before April of 2008, the monthly maximum 
relative humidity in Cave 26 fluctuated more sharply during annual cycle than that 
in Cave 25, with a maximum range from 16.2 % (January 2007) to 80.6% (July 
2006). Its corresponding temperature behaved similarly, with a maximum range 
between 5.9  (February 2008) and 22.2  (October 2007). After visitation 
strategy for these two caves was switched (from April 2008 to December 2013), 
the monthly maximum relative humidity of Cave 25 during tourist rush season, 
when the precipitation was relatively large, exceeded that in Cave 26 gradually. 
And an increase in its corresponding temperature was also observed, which rose to 
the same level with that of Cave 26. Figure 7 (d) reveals the correlation between 
visitation and the daily fluctuation of humidity clearly. Cave 26 had an obviously 
higher monthly mean diurnal variation in relative humidity ranging from 4 % to 
14% during tourist rush season before 2008 than Cave 25. Thereafter, this pattern 
was reversed. It is important to mention that the relationship between relative hu-
midity in Cave 25 and that in Cave 26 during tourist off-season didn’t change as 
the changing of visitation strategy. Analogous behavior was found in temperature. 
Therefore, we can conclude that the more intense fluctuations of thermos-hygro-
metric parameters in visited cave during tourist rush season should be attributed to 
the increased air exchange between inside and outside cave caused by visitation.  
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Figure 7: Temperature (a) and relative humidity (b) in visited cave and non-vis-
ited cave during rainy days (from 16 July 2006 o 19 July 2006). The changes of 
monthly maximum relative humidity, corresponding temperature (c) and monthly 
mean diurnal variation of relative humidity (d) between 2006 and 2013. 

3.4 Deliquescence and Crystallization Cycles of Potential Salts  

It is well known that the mutual deliquescence relative humidity (MDRH) of salt 
mixtures is usually significantly lower than that of any of its component pure salt 
[17]. We attempt to explain the weathering phenomenon observed in test caves by 
combining the phase diagram of potential dominant salt with the microenviron-
mental parameters. Annual maximum relative humidity and its corresponding tem-
perature of two test caves from 2006 to 2013 were plotted in the phase diagram of 
sodium chloride (NaCl), which dominates quantitatively in salt mixtures. As shown 
in Figure 8, the annual maximum relative humidity in Cave 25 before 2008 never 
crossed the equilibrium curve of sodium chloride. Whereas, after Cave 25 was open, 
the annual maximum relative humidity of the cave reached the DRH in some years 
(2010 and 2012). Similarly, Cave 26 had an annual maximum relative humidity 
obviously higher than DRH of sodium chloride when it was open. After 2008, the 
annual maximum relative humidity in Cave 26 decreased to the level which was 
far below the equilibrium curve. 

It can be speculated that the MDRH of salt mixtures present in wall paintings was 
probably lower than the DRH of sodium chloride (NaCl) [15], which allows the 
occurrence of deliquescence under relatively low humidity. Moreover, the surface 
temperature of wall paintings is lower than that of surrounding air during summer 
[18], as a consequence, the surface of wall paintings would have a higher relative 
humidity. Thus, the relative humidity in open Cave 25 probably surpassed the 
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MDRH of salt mixtures during some days of summer and thereby caused deliques-
cence and crystallization cycles. The fact that there was no dramatic difference in 
the deterioration rate of wall paintings in Cave 25 between before and after 2008 
might be attributed to minor variation in relative humidity and low salt contents in 
plasters of Cave 25. As for Cave 26, a comparatively reliable deduction is that its 
relative humidity in some days of summer months greatly exceeded the MDRH of 
salt mixtures when it was open and harmful deliquescence and crystallization cy-
cles happened frequently. After 2008, the relative humidity in Cave 26 declined 
considerably, which result in the reduction of deliquescence and crystallization cy-
cles occurring within the structure of wall paintings and consequently the slowing 
down of deterioration rate. This is particularly evident in the weathering behavior 
of wall paintings on the north wall of Cave 26 with extremely high level of salts 
(Figure 4 (b) and Figure 5 (c)).  

 
Figure 8: Phase diagram for sodium chloride (after Arnold and Zehnder 
1991[19]); symbols represent annual maximum RH and corresponding tempera-
ture of two test caves during different monitoring periods and have the following 
meanings: (□) data in closed Cave 25 from 2006 to 2007; (■) data in open Cave 
25 from 2008 to 2013; (○) data in open Cave 26 from 2006 to 2007; (●) data in 
closed Cave 26 from 2008 to 2013.  

4 CONCLUSIONS AND RECOMMENDATIONS 

During the 8-year monitoring period, the deterioration of wall paintings caused by 
salt activities mainly happened in tourist rush season when the relative humidity in 
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both visited and non-visited caves was relatively high. Sodium chloride was in-
ferred to be the potential dominant salt. Continuous deterioration of wall paintings 
was attributed to the deliquescence and crystallization cycles of salt mixtures trig-
gered by the variation of thermo-hygrometric conditions, which can be strongly 
influenced by the visitation strategy of caves. The salt weathering of wall paintings 
with high salt content can be accelerated evidently due to the opening of cave. On 
the contrary, when cave was closed, the deterioration tended to slow down. The 
degree of salt damage in porous wall paintings is influenced by the species and 
contents of salts, environmental conditions and consequently the visitation strategy 
of caves. For all these reasons, the conditions of wall paintings and microenviron-
ment in both visited and non-visited caves should be evaluated periodically and 
effective interventions for the preventive conservation of wall paintings such as 
microenvironment control and removal of salts from weathered materials should 
be conducted.  
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ABSTRACT  
In this study, the salt concentration in indoor air was measured in several rooms of 
two aquariums in coastal areas, by trapping salt present in the air into water (im-
pinger method) and detecting the ionic component concentration of the aqueous 
solution using ion chromatography. The results revealed that the salt concentration 
in the indoor air of aquariums located in coastal areas ranged from 1 to 200 ppb. 
The airborne salinity was higher in several rooms than that in the outdoor air, indi-
cating that salt in the indoor air was generated from seawater surface of the aquar-
ium tank. Moreover, the airborne salinity was greater when the seawater surface 
area was larger based on the room size and when less volumes of outdoor air were 
introduced in that room. This suggested that the difference in salt concentration 
between the rooms might be explained by the balance between salt generation from 
the indoor seawater tanks and ventilation. Consequently, salt generation in indoor 
tanks may contribute more to the presence of salt in the indoor air of aquariums in 
coastal areas than to the introduction of outside air. 
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1 INTRODUCTION 

In coastal areas, reinforced concrete on the exterior walls of buildings may crack 
and peel and metal parts may rust [1]. Rust is caused by chloride [2], and this dam-
age is known as salt damage as it is caused by sea salt [3]. Contrastingly, airborne 
salinity of outdoor air in coastal areas has been measured in several studies [4-8], 
but indoor measurements have rarely been conducted; additionally, the presence of 
salt in indoor air is not well-studied. Aquariums, which are often built in coastal 
areas, have seawater tanks installed in viewing areas and keeper’s spaces, which 
are considered possible sources of indoor salt; therefore, if salt is present in indoor 
air, it can originate from both tanks and the sea. 

This study aimed to measure airborne salinity in several rooms of two aquariums 
located in coastal areas, explain the differences in airborne salinity in the different 
rooms, estimate its origin, and gain insights to design countermeasures against salt 
damage, such as rusting of metal parts in rooms. 

2 MEASUREMENT METHOD 

The impinger method [8, 9] (Figure 1) was used to collect ambient air samples and 
trap atmospheric airborne components in water. Ion chromatography was used to 
analyze the aqueous solution. Moreover, an air pump (Shibata Kagaku, MP-
Σ300NII) was used to collect air and impinge it into ultrapure water in a glass bottle 
called “impinger” at a flow rate of 1.0 L/min for 2 h. The instruments were placed 
approximately 1000 mm above the ground. The water in the impinger was used as 
the sample of ion chromatography, and water-soluble cations, namely, Na+, NH4

+, 
K+, Mg2+, and Ca2+, and water-soluble anions, namely, Cl , NO2 , NO3 , PO4

3 , 
and SO4

2 , were detected by ion chromatography. Moreover, air temperature and 
relative humidity were measured simultaneously at each measurement point. 

 
Figure 1: Conceptual diagram of the impinger method. 

The concentration of ionic components in the air was calculated using temperature 
and atomic or molecular weight by dividing the number of ionic components in all 
sample solutions obtained by ion chromatographic by the total suctioned air vol-
ume. The salt concentration in the air was estimated from the concentrations of 
sodium and chloride ions using Equation (1). Concentrations below the detection 
limit were assumed to be 0 ppb. The symbols in Equation (1) were defined as
CNaCl: airborne salinity [ppb], CNa: airborne sodium ion concentration [ppb], CCl: 
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airborne chloride ion concentration [ppb], MNa: molecular mass of sodium (=22.99) 
[-], and MCl: molecular mass of chlorine (=35.45) [-]. 

 
(1) 

Salt concentrations were measured in two aquariums located in the coastal areas of 
Japan. Aquarium X faced the Pacific Ocean and Aquarium Y faced the Seto Inland 
Sea. Table 1 describes the measurement locations in the two aquariums. In Aquar-
ium X, four points (“keeper’s spaces A and B”, “machine room”, and “well water 
receiver tank room”) were measured indoors and one point was measured outdoors 
during the first round, whereas one more point (“viewing room”) was additionally 
measured indoors and one more point (“service entrance”) was additionally meas-
ured outdoors during the second round. In Aquarium Y, four points (“keeper’s 
spaces C and D”, “freshwater tank room”, and “seawater storage room”) were 
measured indoors and two points were measured outdoors during both rounds of 
measurements. In the keeper’s spaces, the viewing room, and the seawater storage 
room, there were seawater tanks and the room air was in contact with the seawater. 
In these rooms, the keeper's spaces and the viewing room, most seawater tanks for 
aquatic organisms had bubbling water surfaces, whereas the seawater storage room 
contained tanks for storing filtered seawater without bubbling water surfaces. 

The values of the contact area between the indoor air and seawater (seawater sur-
face area) and the room area were determined based on the observations of the 
venue, design specifications, drawings, or interviews with the aquarium adminis-
trators. For the fixed tanks, the seawater surface area was calculated using the di-
mensions specified in the drawings and specifications. For the tanks not shown in 
the drawings, it was estimated based on site inspections. The ventilation capacity 
of the fans, operation of each fan, and whether a desalination filter was installed on 
the ventilation fan were determined similarly. These details are summarized in Ta-
ble 1.
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3 RESULTS 

Figure 2 shows the airborne salinity results at each measurement point. In both 
aquariums, airborne salinity was higher in rooms with seawater tanks than in rooms 
without seawater tank. In Aquarium X, the measured airborne salinity of the sec-
ond-round measurements was higher than that of the first-round measurements in 
a room with seawater tanks. High salinity was detected in the first-round measure-
ment in the “outdoors”, but not in the second-round measurement. In Aquarium Y, 
the results of the first-and second-round measurements were similar. 

 

 
Figure 2: Airborne salinity at each measurement point (measured results). 

The measured airborne salinities ranged from 1 to 200 ppb, demonstrating the pres-
ence of salt in the indoor air, since these results were mostly included in the range 
of measured values of airborne salinity in the outdoor air near the coast in previous 
studies [4-7]. The measured values were obtained by subtracting the number of 
ions in the blank sample from the number of ions in the collected sample. Most of 
the sodium and chloride ions were detectable because they exceeded the number 
of ions in the blank sample. 

In both aquariums, the airborne salinity in the room with the seawater tank was 
higher than that in the room without the tank. On the seawater surface in the tanks, 
bubbles were produced along with the aeration for the aquatic organism. Addition-
ally, the seawater tank in Keeper’s space A had an operational wave generator, that 
produced bubbles in the other way. The bursting of bubbles and breaking of waves 
on the surface might have diffused seawater droplets [11, 12] that remain in the air.
Therefore, the seawater surface can be a source of salt in indoor spaces. 

Figure 3 shows the relationship between the ratio of seawater surface area to floor 
area in each room and the airborne salinity. 

69



Measurement of salinity in indoor air and estimation of salt sources in aquariums 
in coastal areas 

 SWBSS ASIA 2023 – Nara, Japan. September 20-22, 2023. 

 

 

 
Figure 3: Relationship between the ratio of seawater surface area to floor area and 
airborne salinity (Top: Aquarium X, Bottom: Aquarium Y). 

For each aquarium, the airborne salinity was higher when the seawater surface area 
in contact with the Keeper’s space was larger. However, the higher airborne salinity 
in Aquarium Y than that in Aquarium X cannot be explained only by the seawater 
surface area. Dilution by the outside air introduced by the ventilation fan could be 
another contributory factor. 

According to the survey, the ventilation rate was higher in Aquarium X than in 
Aquarium Y (Table 1); In Aquarium Y, the ventilation system was operational for 
a shorter period and the net ventilation rate was relatively lower, suggesting that 
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high airborne salinity was measured in Aquarium Y because the salinity generated 
in the room remained in the room air.  

Despite the high airborne salinity in outdoor air in the first-round measurement 
and the large-scale introduction of outdoor air, the indoor airborne salinity was 
lower than the outdoor airborne salinity in Aquarium X. Although the outdoor air 
was introduced directly to “Keeper’s space A”, the opening was on the opposite 
side of the building, that is, from the seaside of the building and on a loading dock 
behind the building’s exterior wall line, and therefore, the airborne salinity could 
have been low. The air supply fan of “Keeper’s space B” had a desalination filter, 
and salt in the air introduced into this room could have been low. The airborne 
salinity in the second-round measurement of “Keeper’s space B” was higher than 
in the first-round measurement because the ventilation fan in this room was inter-
mittently operational and the operating time was shorter when the room air was 
sampled in the second-round measurement.  

4 DISCUSSION 

The airborne salinity in both aquariums was higher than that in rooms without sea-
water tanks and was proportional to the seawater surface area. The outdoor airborne 
salinity in Aquarium Y was low while the airborne salinity in the room with the 
seawater tank was high, suggesting that salt detected in the indoor air was generated 
indoors. Although the airborne salinity of the outdoor air in the first-round meas-
urements in Aquarium X was high, the salinity of the air introduced into the indoor 
space was low as described in Section 3. The low ventilation rate in Aquarium Y 
may have caused salt particles to remain in the air, resulting in higher salinity than 
in Aquarium X. Therefore, the airborne salinity in both aquariums was determined 
by the balance between salt generation from the seawater tank in the room and salt 
dilution by the introduced air at a low concentration. Thus, the salt present in the 
indoor air might be generated from the seawater tanks in the room and, not from 
salt transferred from the ocean.

In the two aquariums, metal parts, such as pipes, ducts, and railings, were rusted. 
Rust was particularly severe on the top surfaces of the metal parts, suggesting that 
the rust in the two aquariums was mainly caused by accumulation of salt on top of 
the metal parts carried by the indoor air flow. If the salt in the indoor air originates 
from seawater tank, the metal parts are always exposed to corrosive substances. 
Unlike outdoors, rainwater is not expected to clean the salt, which is likely to pro-
gress corrosion. 

5 CONCLUSIONS 

Herein, airborne salinity was measured in several rooms of two coastal aquariums 
by collecting indoor air samples into the water using the impinger method and an-
alyzing the water using ion chromatography. The results revealed that salt was pre-
sent in the indoor air of aquariums located in coastal areas at concentrations ranging 
from 1 to 200 ppb. The higher airborne salinity than the outdoor air salinity, even 
though the outdoor airborne salinity was lower, indicated that salt was generated 
from the surface of seawater in the indoor aquarium and that the salt was present 
in the indoor air. Airborne salinity was higher in rooms with a larger contact surface 
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area between the air and seawater and lower ventilation rate. Further, the airborne 
salinity in each room could be explained by the balance between salinity generation 
in the room and its dilution by ventilation. These results suggested that the salt in 
the air in the two aquariums originated from salt generation from the seawater 
tanks in the rooms, and not from salt flowing in from the sea. 
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MONITORING AS A BASIC TOOL FOR 
UNDERSTANDING SALT CRYSTALLIZATION 
PROCESSES ON MONUMENTS – CASE STUDY 
OF THE BAROQUE TOMB IN ST. MARIEN IN 
FRANKFURT/ODER 

S. Laue1 
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ABSTRACT  

Monitoring of monuments together with climate measurements and salt analyses is 
a recognized method to gain knowledge about the complex interaction between all 
relevant factors within a building, e.g., materials and their properties, temperature 
and humidity changes, salts, and anthropogenic influences.  

The paper starts with a general introduction to the monitoring method and describes 
the requirements for a successful monitoring of salt damages on a monument. The 
monitoring method is then applied to a case study: The baroque tomb in the church 
of St. Marien in Frankfurt/Oder (Germany). 

Monitoring together with climate measurements, salt analyses and calculations 
with the computer model ECOS/RUNSALT were able to clarify the preliminary 
processes of the deterioration at the tomb by salts resulted in a sustainable conser-
vation concept. In the winter months, cyclic potassium nitrate crystals occur at low 
temperatures, which damage the surfaces, especially in the height between 50cm 
and 150cm. The salinity of the tomb in the lower parts is as high that no salt reduc-
tion measure would be successfully possible. 

Salt reduction without major interventions on the monument is not possible. The 
conservation approach is, in general, to live with the salts, to carry out regular mon-
itoring, and to replace the front areas of the stucco applications (reconstructions 
from 1985), with a sacrificial plaster material (lime-gypsum mixture). In this way, 
as much of the original substance as possible will be preserved, and the tomb can 
be appreciated by the general public for its beauty and authenticity. 

 
1 University of Applied Sciences Potsdam, steffen.laue@fh-potsdam.de 
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1 INTRODUCTION 

The term monitoring describes the systematic study and recording of processes 
with the help of technical instruments or other surveillance systems. Within con-
servation and restoration of art and cultural property, monitoring is commonly used 
on two different issues:  

1. To understand the damage process and intensity: when does damage to an object 
increase (or decrease), under which framework conditions and influences. 

2. To detect changes to a surface after a conservation/restoration/renovation treat-
ment.  

Applying the term monitoring to salts in masonry and wall paintings, monitoring 
entails the systematic recording, observation and documentation of salts and/or salt 
decay as well as environmental parameters like climate or humidity changes. Mon-
itoring is the only method to gain knowledge about the complex interaction be-
tween all relevant factors within a building [1].  

Several examples have already shown how useful well-planned monitoring of salt 
damage is with regard to sustainable conservation strategies [2], [3], [4]. 

First, this paper describes the conceptual procedure and planning of a monitoring 
and names the requirements and measures for successful implementation. Second, 
a case study from a current research project is presented, in which the monitoring 
approach was successfully applied resulting in a conservation concept. 

2 REQUIREMENTS FOR A SUCCESSFUL MONITORING 
OF SALT DAMAGES 

Requirements for Monitoring of salt-loaded walls are described in detail by [1], [5]. 
Some key aspects are summarized here.  

Depending on its objectives, monitoring of salts and salt decay can be carried out 
to varying degrees of detail. Prior to beginning the actual monitoring and depend-
ing on the object and decay scenario, the aim of the monitoring needs to be defined. 
The aim of monitoring can, for example, serve to answer the following questions: 

- What is the activation mechanism for the crystallization of the salts present? 
- When and in which climatic conditions will the salts cause active damage? 
- What kinetics does the process involve? 
- When is the best time for salt reduction or other intervention measures? 
- What preventive measures are required? 

Additionally, it is necessary to consider if monitoring of clearly defined reference 
surfaces is preferable to monitoring the whole situation. The duration of possible 
preliminary investigations and subsequent monitoring also needs to be agreed on 
at the beginning of the project unless its sole purpose is research based. 

Prior to undertaking monitoring (which, depending on the nature of the problem, 
can be carried out before, during or after an intervention) the following points 
should be determined: 
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What is to be observed/measured? Examples: Efflorescence, quantitative amount 
of salt ions, decay (type and form), climate (air temperature, relative humidity, sur-
face temperature), dampness horizons. 

Which area is to be observed and measured? To answer this question, in addition 
to the already mentioned condition survey, it is necessary to consider whether the 
determination of monitoring locations would require additional preliminary inves-
tigations and if so, what are the properties of the object surface and substrate? 

How long and at which intervals is monitoring to be carried out? The duration and 
cycles of observation need to be determined. 

What is to be used for monitoring? Which methods and equipment are likely to 
obtain optimal results? Which methods and equipment are available? Is a macro-
scopic observation and documentation of the processes sufficient or should record-
ing equipment to measure climatic or surface conditions be used? 

How detailed and precise should the recorded data be? How is the monitoring going 
to be documented? At what intervals should the observations/measurements be car-
ried out? 

Who carries out the monitoring and who evaluates the results? Primarily this con-
cerns the qualifications of the practitioner or commissioning person: Is specialist 
training/guidance required? Are there objects/situations which require special 
training? Who interprets the results and who draws up the conclusions in relation 
to treatment recommendations? 

Monitoring is not the final objective in itself but merely a critical step in the process 
that needs to be followed to finally arrive at a solution to a problem. The results 
will be more meaningful if the relevant questions can be answered and if the pro-
cedure to be followed is precisely defined. Monitoring is an adaptable process that 
requires open minded operators. 

If the object to be examined allows minor-destructive sampling, height and depth 
profiles of the salt ion distribution should also be obtained. From this, salt reduction 
measures can be considered, which can be optimized together with the findings 
from the monitoring results: when is the best time for a salt reduction and where. 

The approach of a suitable monitoring in combination with salt ion concentrations 
at different heights and depths is described in the following example. Prerequisite 
for this is a condition survey of the relevant object together with qualitative and, if 
necessary, also quantitative analysis of the salt content of the walls. 

3 THE BAROQUE TOMB COMPLEX OF ST. MARIEN 

The baroque tomb is located within the church of St. Marien in Frankfurt/Oder, 
which is an imposing brick building with a five-aisled nave with a transept, ambu-
latory choir and western double-tower façade [6]. The core of today's building con-
tains the founding structure of the 13th century.  

The tomb is on the east side of the south tower in a round arched niche inside the 
church with a height of almost 4m (fig.1, fig.2). Two by two metal tablets are the 
central focus of the epitaph (fig.2). It's probably about a larger family funeral [7]. 
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The inscriptions are framed by richly ornamented stucco. On both sides will be the 
plant framed by pilasters, each topped by a Corinthian capital. In the area below 
the tablets between the stucco pilasters there are vanitas symbols such as skulls and 
crossbones. The lower part of the epitaph is crowned by a multiple cranked archi-
trave cornice. Above the central pilaster is a very plastic stucco ornament with putti, 
snakes and an hourglass and skull attached. A flat calotte arches over the architrave 
cornice like an apse with a wall painting.  

 

 

        Figure 1: Baroque tomb within the church St. Marien 

The epitaph niche was walled up around 1830 when extensive security measures 
were taken on the north tower after the south tower collapsed in 1826 [7]. The 
epitaph, which remained largely intact behind the wall, fell into oblivion over time. 
In the spring of 1945, during World War II, the church caught fire and the roof 
collapsed along with the vaults of the nave. The fact that the epitaph was walled up 
probably saved it from destruction.  

After the 2nd World War the church St. Marien was long a ruin. Biogenic growth, 
rain and other environmental influences further contributed to the decay of the 
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church at. It was not until 1980 that piecemeal reconstruction began. Between 1995 
and 1997 the nave and choir received again a wooden roof trusses. 

In the course of the reconstruction of the church in the 1980s, the wall niche was 
opened and the forgotten baroque epitaph came to light again. The condition of the 
epitaph deteriorated rapidly after opening, so that a restoration became necessary. 
The work began 1983 and were completed in 1988. In addition to inorganic mate-
rials for e.g. plasters and stucco, synthetic binders such as acrylates were also used 
for restoration. 

Today, considerable damage can be seen, especially in the lower part of the tomb 
up to 150cm (fig.2), caused mainly by salt crystallization and moisture. The sur-
faces of the monument shows typical damage phenomena by salt deterioration like 
disintegration of stucco and plaster, formation of alveolus as well as partial loss of 
substance.  

The research questions were: Which salts crystallize under which conditions and 
produce damage? How high is the salt ion concentration also in deeper areas of the 
masonry? Which sustainable conservation concept can be recommended? 

 

 

Figure 2: Baroque tomb, moisture and salt damage (highlighted in yellowish) in 
the lower area of the tomb, on the left are marked the drill powder extraction 
points for the quantitative analyzes in one height and three depth profiles 
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4 METHODOLOGY 

To investigate the question under which climate conditions new salt crystallizations 
take place and what kind of damage they are producing, an adapted monitoring 
were developed for the tomb in St. Marien. Permanent climate measurements of 
room temperature, surface temperature and relative humidity were executed using 
data logger. Since January 2021, the climate measurements were combined with 
regular observations (monitoring) of selected reference areas on the tomb complex 
where newly crystallizing salts are to be expected. The reference areas were in-
spected once a month on average, shorter interval times were not possible due to 
logistical reasons. In the case of new crystal formations, the salts were removed 
and analysed by polarizing microscopy and XRD. Thus, it was possible to deter-
mine in which month which crystals were newly crystallized under which climatic 
conditions. 

Additionally, drill powder samples were taken at the left pilaster of the tomb to 
investigate the distribution of salt ions concentrations in one vertical profile in the 
heights of 45, 114 and 155 cm and in four depths respectively (0-5, 5-15, 15-25 
and 25-40cm) (see fig.2, fig.3). The left pilaster was chosen because this area is 
representative and most of other areas were too fragile for sampling without risking 
major damage. In the laboratory, 1 g of sample were mixed with 50 ml distilled 
water around 24 hours, then filtered before the analyses of Na+, K+, Ca2+, Mg2+, Cl-, 
NO3

- and SO4
2- were executed by ion chromatography (IC - Thermo, Dionex, IC90). 

The data have been converted to units of equivalent concentrations [mEq/kg].  

ECOS/RUNSALT 

The observations by monitoring were compared with calculation by the computer 
program ECOS/RUNSALT to get a vision under which climate condition which 
salts are crystallizing at the tomb [8], [9]. In order to use the program, the IC data 
set must be simplified. The ion balance is compensated by the reduction of calcium. 
Calcium and sulfate are then reduced (elimination of gypsum) until one of the two 
ions is no longer present in the data set. This is necessary because 
ECOS/RUNSALT cannot calculate with 7 different ions. 

5 RESULTS AND DISCUSSION  

The documentation of the damage to the tomb revealed an active crystallization 
zone up to a height of approximately 150cm. Many salts crystallize at a height 
between 50 and 150cm which consist predominately of niter [KNO3] and gypsum 
[CaSO4•2H2O], only during winter 2022/23 syngenite [K2Ca(SO4)2•H2O] could be 
analyzed too, but in a much lower degree.  

Quantitative salt analyses demonstrate the distribution of ions in the heights of 45, 
114 and 155 cm and in depth (fig. 3). Of course, the analyses contain a lot of cal-
cium and sulfate because the soluble components have been eluted from the stucco 
in the front area. It is interesting to look at the other ions that - seen relatively - 
occur in high concentrations, especially nitrate and potassium and, to a lower de-
gree, sodium and chloride. These ions most likely originate from more easily sol-
uble salts and actively produce the main damage between 50 and 150cm height at 
the tomb. Nitrates probably originate from metabolic reactions of organic materials 
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and are often concentrated at burial sites and in and around churches. Potassium 
and sodium probably derived from alkaline building materials used in the church's 
reconstruction. 

 

 

Figure 3: Salt ion concentrations in [mEq/kg] within the left pilaster in three heights 
and four depths each 

The result of monitoring in relation to the climate in St. Marien is shown in fig.4. 
New efflorescences of predominately niter (KNO3) only take place in the winter 
months when the temperature is below 10°C. No crystallization can be observed in 
summer months when the temperature is higher. The reason for this is the relatively 
strongly temperature-dependent solubility of niter [10]. At cold temperatures be-
low 10°C the solubility of niter is by half in contrast to temperatures around 20°C. 
Consequently, at low temperatures a solution containing potassium and nitrate ions 
reaches the saturation much earlier than at higher ones. This knowledge, transferred 
to the salt load in St. Marien, suggests that the salt ion solution in the lower parts 
of the tomb is supersaturated with regard to nitrate and potassium resulting in the 
crystallization of niter at low temperatures at the tomb. 

Fig.5 shows the crystallization sequence of salts according to the analysis from the 
foremost centimeter of the lower level on the pilaster after calculation with the 
ECOS/RUNSALT program. Using the IC data from P1/1 and after the necessary 
corrections (see methodology), it can be seen in Figure 5 that at 6°C in the church 
below 90% relative humidity, niter begins to crystallize and below 83% relative 
humidity further sulfate salts and below 65% even NaCl would crystallize. Despite 
the strong simplification of the data set, which reduces a large part of ions and 
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which excludes the representation of gypsum, the same trends can be taken from 
the calculations as were obtained from the monitoring: Niter is the particularly 
damage-relevant salt on the grave site. In combination with the climate measure-
ments and the knowledge that the solubility of potassium nitrate is strongly tem-
perature-dependent, the observations of the monitoring and the calculations can be 
explained. 

 

Figure 4: Daily averages temperature (T) and relative humidity (rH) from 
01.08.2021 until 31.07.2022 measured close to the tomb, yellow stars represent 
the crystallization times of predominantly niter. 

 

 

Figure 5: Crystallization sequence (excluding gypsum) calculated with 
ECOS/RUNSALT using IC-data from sample 1/1 after the necessary corrections 
(further explanation see text) 
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6 CONSERVATION MEASURES  

The depth profiles of the quantitative salt analyzes (fig.3) have shown that even 
higher salt ion concentrations exist in rear wall areas. For this reason, salt reduction 
measures do not make sense, especially since further losses of the fragile surface 
are to be expected in the case of treatment by poultices (due to the application and 
removal of it). There is no promising solution to get most of the salts out of the 
masonry without destroying original substance.  

The tomb complex is again an example where you have to live with a high salt load 
which only leads to damage in the lower areas of the wall.  

An attempt should be made to reduce the supply of moisture, for example by cre-
ating better evaporation opportunities for moisture through openings on the side 
and behind the grave. But it is also clear that with less moisture supply, more salts 
could crystallize. 

Since many of the lower stucco parts were re-applications of a restoration from 
1985, an interdisciplinary team of monument conservators, restorers and natural 
scientists decided to remove the badly damaged and salty surface areas and to re-
design the stucco elements with a new gypsum-lime plaster mixture designed as 
sacrificial plaster. The sacrificial plaster system has the task of absorbing salt ions 
from the rear areas of the wall that have been mobilized to the front. Regular mon-
itoring with possible renewal of the surfaces or other interventions should help en-
sure that future generations can also admire the baroque tomb complex. 

7 CONCLUSION  

Monitoring together with climate measurements and salt analyzes were able to clar-
ify the preliminary processes of destruction caused by salts at the baroque tomb in 
the church St. Marien in Frankfurt/Oder resulting in an affordable conservation 
concept. 

In the winter months, cyclic potassium nitrate crystallizations occur at low temper-
atures, which damage the surfaces, especially in heights between 50cm and 150cm.  

Everyone involved is aware that there can be no ideal solution through successful 
salt reduction on this structure. A way had to be found that would make it possible 
to live with the salt contamination in the long term, while still being able to present 
the monument to the general public.  

The desired solution is continuous maintenance with further monitoring of the 
tomb with minimal repair interventions. 
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EXTENDED ABSTRACT  

1 INTRODUCTION 

The Xi'an Bell Tower was built in the 17th year of the Hongwu Ming Dynasty 
(1384), and moved eastward to the current site in the 10th year of the Wanli Ming 
Dynasty (1582). It was repaired during the Kangxi and Qianlong’s dynasties of the 
Qing dynasty, but the basic structure and style still maintained the characteristics 
of the early Ming Dynasty.[1] The bell tower is composed of two parts, wooden 
pavilion and brick base. The building is square with a total area of 1377.4 square 
meters. The Xi'an Bell Tower is an important example of the official architecture 
when the capital was built in the early Ming Dynasty in Nanjing[3], and the re-
search of The Xi'an Bell Tower is also an significant link in the study of the inher-
itance and traceability of architecture in various periods of the Ming Dynasty. 

In the tenth year of the Wanli Ming Dynasty (1582), the bell tower was moved 
eastward to the current site to accommodate the development of the city.[4]Mean-
while the base was added. Now the base is a square, brick-clad structure, which is 
35.5 meters long and 8.5 meters high.The bricks were arranged in accordance with 
the principle of "Flemish garden wall bond". The transverse brick is 46cm long and 

 
1 Xi' An Bell And Drum Towers Museum, Xi an , China, 
qiao9901@foxmail.com 
2 Northwest University,Xi an , China 
3
 Northwest University,Xi an , China 

4 Shaanxi University of Science & Technology,Xi an , China 
5 Northwest University,Xi an , China 
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10cm high, and the vertical brick is 22cm long and 10cm high. The distance be-
tween the bricks is 1.5cm, and the interval between the bricks of each layer is 2cm.            

The base of the bell tower has always had the problem of soluble salt, affecting the 
appearance. In order to ameliorate the appearance, in the 90s of the 20th century, 
acrylic paint began to be painted on the surface of brick masonry of the base. After 
several years, there were problems such as thick exfoliation about 1-2 cm on the 
surface of the base, and large areas of hollowing, which seriously affected the 
safety of cultural relics.Based on site investigation and literature review [6,7], it 
can be inferred that the base structure of Xi 'an bell Tower consists of internal 
rammed earth, external black bricks, and surface covering mixed by polystyrene 
acrylic resin and brick powder.Its schematic diagram is shown in Figure 2. 

In this study, microscopic analysis, XRD analysis and infrared spectroscopy were 
used to analyze the structure and phase composition of bricks, mortar and surface 
coating; the types and contents of soluble salts were analyzed by ion chromatog-
raphy; infrared thermal imaging and microwave humidity analysis were used to 
analyze the water distribution at different depths of the base of the bell tower and 
to interpret the water and salt transport regularity. And the development trend of 
disease was determined by regular three-dimensional scanning of fixed disease area. 
The relationship between surface coating and water,salt transport and disease de-
velopment of the base was explored through the above comprehensive analy-
sis,which provide support and reference for the later protection and treatment of 
the base of the bell tower. 

 

Fig 1. The cross-section of the Bell Tower 

 

 

Fig.2 Schematic diagram of the facade of the Bell Tower base 
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2 ANALYSIS AND RESULTS 

2.1 Detection and analysis of Brick 

Take a square brick of the Bell Tower base. The size of brick is measured as 46cm 
in length, 22cm in width and 10cm in height. The color of brick is blue-gray, which 
means it is the commonly used standard green brick in ancient buildings. Porosity, 
phase composition, mechanical strength, XRD and other analyses are finished, and 
the physical performance test results are shown in Table 1. 

Table 1 Analysis results of physical properties of bricks of the Bell Tower base 

Num-
ber 

Poros-
ity % 

Density g/cm3 Water 
con-

tent% 

Compres-
sive 

strength 

Shearing 
strength 

natu-
ral 

dry 
satu-
rate 

C Φ 

Y113 31.19 1.63 1.55 1.87 20.01 4.47 1.3 34.3 

Y114 29.78 1.64 1.56 1.86 19.05 6.05   

It can be seen from the results that the average compressive strength of brick from 
the Bell Tower base is 5.26MPa, while the compressive strength of the traditional 
green brick stipulated in the "Traditional Green Brick Green Tile Quality Inspec-
tion Reference Standard" is 5MPa, indicating that the brick of the bell tower base 
has good strength. 

XRD test results: The main components of the brick are quartz: 54.7%, plagioclase 
feldspar: 14.5%, potassium feldspar: 18.5%, calcite: 0.6%, dolomite: 1.3%, pyrox-
ene: 10.4%. The specific analysis spectrogram is shown as Figure 3. 

 

Fig 3. X-ray diffraction spectrogram of brick 

2.2 Surface coating analysis 

There is a clear layer of coating on the surface of the Bell Tower base. Take coating 
samples from west, south and east sides of the base respectively. The components 
are analyzed by infrared spectrum, while the surface bonding condition is observed 
by microscope (seen in Figure 4). It is observed by microscope that the surface has 
been painted with multiple coatings. 
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Fig 4. Photomicrograph of the surface coating 

 

Fig 5. Copolymer of butyl acrylate and styrene 

The results of infrared spectrum analysis are shown as follows: 

There are obvious organic matters in the coating samples from three sides of the 
base wall. The main component of the organic matter is polystyrene acrylic resin, 
in which the main ingredient is a copolymer of butyl acrylate and styrene (Figure 
5). Meanwhile, there are calcium carbonate, calcium sulfate and silicate substances 
in the sample, and the sample may contain quartz sand. 

2.3 Analysis of soluble salts 
In the investigation, it was found that soluble salts are concentrated on the surface 
of bricks, hollowing layers or peeled warping parts. The microscopic results 
showed that the salt is covered on the surface of the brick or inside the brick struc-
ture, and is crystalline(Figure 6). 

Ion chromatography analysis results: through analysis, the cations in the surface of 
the brick wall of Xi'an Bell Tower base mainly contain Na+ and Ca2+, next is K+, 
and a little Mg2+, while in anions, the NO3- content is relatively larger, the content 
of Cl- and SO4

2- is smaller. This shows that the main soluble salt component of the 
brick wall of the Bell Tower base should be NaNO3, seen in Table 2. From the 
analysis results, it can be seen that in the external salt, the nitrate ion content per-
centage is 13.43%, the nitrate ion content of internal salt is reduced to 2.5%, while 
the nitrate ion content in the unweathered brick is only 0.54%, and the sulfate ion 
content and chloride ion content in external salt are higher than that in internal salt, 
which shows that the soluble salt has a process of transport from inside soil mass 
to the outside brick wall. 
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Fig 6. Weathering products 

 
Fig 7. XRD pattern of weathering products 

 
Table 2 Ion chromatography test results 

Position 
Atomic percentage of chemical elements % 

Na K Mg Ca Cl NO3 SO4 

external salt 5.44 0.09 0.06 0.91 0.80 13.43 0.37 

Internal salt 0.46 0.04 0.03 0.51 0.16 2.50 0.10 

Unweathered 
brick 

0.31 0.04 0.00 0.13 0.38 0.54 0.06 

3 DISEASE ASSESSMENT 

In order to further understand the development trend of brick detachment, flaking 
and peeling deterioration caused by water and salt damage, full-frame high-pixel 
digital camera (Nikon D850) and three-dimensional scanner were used to monitor 
the displacement and deformation of typical deterioration areas of the Bell Tower 
in February, May and August 2022. The detailed analysis results are shown in the 
table 3. 

 

 

 

 

89



Research on salt deterioration mechanism of brick masonry base of the Xi’an 
Bell Tower and the conservation suggestion 

 SWBSS ASIA 2023 – Nara, Japan. September 20-22, 2023. 

Table 3.Deterioration development trend of the Bell Tower 
loca-
tion 

Brick detach-
ment 

Brick dis-
ruption 

Thick flaking other 

east 

gradual bulge 
trend, the 

bulge in the 
second quarter 
is about 0.2-

0.5mm 

Soluble 
salt in-
crease 

Flake loss, 10-
15mm thick 

About 40% of the 
monitored areas 

showed no signifi-
cant deformation, 

Cement mortar 
has gradual bulge 

trend 

west 
Mass loss, 
15--25mm 

thick 

Flaking 
loss, 1.1--

4.8mm 
thick 

New loss ap-
pears 

About 41% of the 
monitored areas 

showed no signifi-
cant deformation 

south 
Flaking loss, 
3.4-3.9mm 

thick 
 

Flaking loss 
1.0--1.3mm 

thick in the sec-
ond quarter
1.6--2.0mm 
thick in the 
third quarter 

About 30% of the 
monitored areas 

showed no signifi-
cant deformation, 

Cement mortar 
has gradual bulge 
trend,  8--11mm 

thick 

north 

gradual bulge 
trend, the 

bulge in the 
second quarter 
is about 1.0-

2.2mm 

 

Some parts 
showed signifi-

cant perfor-
mance, 6--

8.5mm thick 

Cement mortar 
has gradual bulge 

trend,  1.0-
1.6mm 

It is found that the deterioration area of the east and west wall of the Bell Tower 
changes obviously. In half a year, the brick detachment on the surface of the brick 
body gradually flakes off, and the mortar has a tendency to gradually bulge. Alt-
hough the depth is not deep, the long-term development will be very unfavorable 
to the conservation of the brick wall of the Bell Tower. 
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SALT ANALYSES AND THERMODYNAMIC 
MODELLING TO PRESERVE BUILT HERITAGE: 
THE CASE OF CORDOUAN LIGHTHOUSE 

J. Desarnaud1, S. Godts1, V. Crevals1, S. Dubois2, M. 
de Bouw2, and Y.Vanhellemont2 
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Built Heritage, Conservation, Salt weathering, salt mixtures, porous media, stone 
decay 

ABSTRACT  

The lighthouse of Cordouan is a world heritage site located off the coast of Verdon-
sur-Mer in the middle of the ocean. Built during the XVII century it is the oldest 
lighthouse in France which has also a chapel. The circular chapel follows the shape 
of the tower. The vaulted ceiling with an oculus allows light and air to pass through. 
Salt weathering is observed inside the chapel but regarding the location of the 
building, the conservation of stone with durable treatments is difficult. In this study, 
the optimization of climatic conditions in the chapel are investigated to establish a 
conservation treatment through the identification and quantification of soluble salts 
in the limestone (pierre blanche de Saintonge) and the understanding of the crys-
tallization behaviour of the salt mixture identified. A salt mixture was found in-
cluding halite, gypsum, sylvite, carnallite, picromerite, aphtitalite, niter, nitratine, 
antarticite, calcium nitrate, magnesium sulfate and sodium carbonate. In spite of a 
relatively low salt content, the stone decay in the chapel is important. Due to the 
constructive system, the oculi crossing the lighthouse from top to bottom generate 
variations in temperature and relative humidity that are particularly intense within 
the chapel, leading to the repetition of the cycles of crystallization and dissolution. 

Crystallization experiments of salt mixtures found in the chapel have been per-
formed with a RH generator coupled to a windowed climate chamber and a 3D 
microscope. The phase transitions observed matches the modelled crystallization 
behaviour with ECOS/RUNSALT, with expected deviations considering gypsum 
and carbonates. The results established an optimal indoor climate for the stone con-
servation in the chapel without invasive interventions. They also demonstrate the 

 
1  Royal Institute of Cultural Heritage, 1 Parc du Cinquantenaire 1000 
Brussels, Belgium 
2  BuildWise, Kleine Kloosterstraat 23, 1932 Zaventem, Belgium 
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strength of the combined techniques of salt analyses, thermodynamic modelling, 
and experimental observations as tools for the conservation of Built Heritage. 

1 INTRODUCTION 

Stone degradation by salt crystallization is one of the major causes of mechanical 
and physical damage of built heritage (1-3). Salts can be naturally present in the 
materials used for construction (such as mortars and bricks) or can derive from 
external sources (rising damp, sea brine, atmospheric pollution, etc…). Salt weath-
ering occurs when salts, accumulated at the first millimeters or centimeter over 
years, fill a porous material and are submitted to crystallization/dissolution cycles 
due to variations in environmental conditions. There is compelling evidence that 
its influence will increase due to global climate change (4,5). The risk factors re-
lated to such a change include sea level rise, intense rainfall, flooding and changes 
in humidity cycles which can considerably amplify phase changes in salt crystalli-
zation. In the case of sodium chloride contaminated stones, it has been shown how 
humidity fluctuations (i.e. deliquescence followed by drying) induce the recrystal-
lization of large NaCl crystals in the pores at the subsurface of the porous material 
leading to damage after several cycles (6). However, in buildings not a single salt, 
but salt mixtures contaminate porous materials. Individual mixture composition 
determine the crystallization behaviour of each possible salt that can precipitate 
(7,8). Understanding this behavior is essential to prevent salt decay and the overall  
for conservation strategy. 

This is illustrated through a case study. The lighthouse of Cordouan is a listed 
building located in Verdon-sur-Mer in the Bay of Biscay at the entrance of Gironde 
Estuary. Strong salt weathering is observed inside the chapel and finding a durable 
conservation treatment is difficult considering its location. In this study, several 
strategies to optimize the climatic conditions in the chapel are investigated, through 
the identification and quantification of soluble salts in the limestone of the masonry 
and the understanding of the crystallization behaviour of salt mixtures. 

2 MATERIALS AND METHODOLOGY 

Previously known as the 'Lighthouse of the King', the Cordouan Lighthouse stands 
as a historic beacon of maritime navigation. Because shipwrecks in the estuary of 
Gironde became very frequent, Henry III decided to rebuild the lighthouse in the 
place of an English fire tower and confided the project to the architect and engineer 
Louis de Foix in 1582. He wanted to make the lighthouse a royal project worthy of 
the ancient wonders, such as, the Alexandria lighthouse. The period of Wars of 
Religions made the construction very slow and tremendously expensive. At the 
death of Henri III, Henri IV gave in 1593 his approval for a new and much more 
sumptuous project to be a symbol of the royal power, adding sculptures, wood-
works and a chapel. The construction ended in 1611 with a 37m high tower, round 
with three floors. In the 1780’s the lighthouse was risen by 20m in order to improve 
the visibility to sailors. The well-proportioned circular chapel with its remarkable 
massive dome is the central element of the tower, design by Louis de Foix [9]. It 
symbolized the monarchy and, furnished in the historical context, proof that the  
recently converted Henri IV  was a 'good Catholic'. The decorations of the chapel 
are elaborated and meticulous paying tribute to the two kings (Henri’s). There are 
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two oculi in the room, one at the peak of the ceiling providing a glimpse of a fleur-
de-lis crown on the upper floor (Figure 1a) and one on the floor of the chapel (Fig-
ure 1b). The oculi bring light in the chapel and allow an air flow. 

 

Figure 1: Interior of the chapel  (a) view of the overhead dome, the arrow  (A) 
indicates the oculus at the peak. (b): southern part of the chapel, the arrow (B) in-
dicates the oculus on the floor of the chapel. (c): details of natural stone decay, 
granular disintegration, powdering and scaling are seen in  the chapel. (Picture 
ECMH) 

The lighthouse is a massive construction in Saintonge stones,  limestones with a 
very fine porosity and some shells. It is located at the entrance of the Gironde Es-
tuary at 7km from the coast.  

The interior shows extensive degradation, such as powdering, granular disintegra-
tions, detachment of the polychromies and preparation layer, all typical symptoms 
of moisture and of salt weathering (Figure 1c). To determine the ion content and 
identify the salts present, eleven samples (cores of 3 cm in depth and 1cm in diam-
eter) of stone were taken by the Hory-Chauvin Saintonge firm (ECMH) in several 
locations of the chapel: 

Samples 1 (at the lower section of the wall) and 2 (above the shoulder of the 
sculpted bust of Louis de Foix), western part of the chapel (Figure 2a). Samples 3 
(at the base), 6 (at the bottom of the cornice of the spherical vault) and 8 (in a stone 
coffer of the dome-shaped vault ), northern part of the chapel (Figure 2b). Samples 
4 (in the niche above the altar), 7 (at the bottom of the cornice of the vault) and 9 
(in a stone coffer of the dome-shaped vault) eastern part of the chapel (Figure 2c). 
Samples 5 (at the lower section of the wall), 8 (at the bottom of the cornice of the 
vault) and 11 (in a stone coffer of the dome-shaped vault), were taken from the 
southern part of the chapel. 

  

93



Salt analyses and thermodynamic modelling to preserve built heritage: the case 
of Cordouan lighthouse 

 SWBSS ASIA 2023 – Nara, Japan. September 20-22, 2023. 

The determination of the ion content of each sample was carried out as followed: 
the dried sample was placed in a bottle containing ultra-pure water in order to ex-
tract the solubilised salts. The concentrations of anions (Cl-, NO3

- and SO4
2-) and 

cations (Na+, K+, Ca2+ and Mg2+) are then measured by ion chromatography 
(Metrohm apparatus). The results are expressed as a percentage by weight of the 
dry sample. From the excess of cations , the soluble carbonates content was calcu-
lated. The results were  used to determine for which samples modelling of the salt 
behaviour was deemed relevant.  

 

Figure 2: Location of the stone samples for analysis in the lower section of the 
wall and cornice of the spherical vault (Picture ECMH) 

 

Figure 3: Location of the stone samples for analysis in the base and interior of the 
caissons of the spherical vault (Picture ECMH) 
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The thermodynamic model ECOS/RUNSALT has been used to determine the crys-
tallization behavior of the mixed salt solutions as a function of indoor climate con-
ditions (i.e., relative humidity and temperature), excluding factors such as the in-
ternal pore structure. It is currently the only model that includes the most relevant 
salt phases found in built heritage (8). However, as several limitations and pitfalls 
exist when using the model, possible incorrect interpretations of the derived outputs 
can occur. In order to verify the RUNSALTS outputs, the dissolution and crystal-
lization properties of the salt mixtures were observed under changing RH. For this 
purpose, the first three millimeters of the cores were grounded and mixed with 4 ml 
of ultra-pure  water for 24 hours to dissolve the salts. The mixtures were then fil-
tered to extract only a solution containing the dissolved salts. A 0.5μl drop of the 
salt mixture was then placed in a micro climatic chamber (GenRH/Mcell) with a 
constant gas flow (H2O and N2) at 200 sccm (standard cubic centimeters per mi-
nute)  and observed with 3D-digital microscopy, (HIROXKH-8700). The solution 
containing the salt mixture was exposed to a relative humidity ranging from 100% 
to 20% in 5% reductions with 20 min intervals. The temperature was set at 20°C. 

By recording an image every 5 seconds, the time of phase change (crystalliza-
tion/dissolution) was accurately determined. The humidity changes are recorded 
every 5 seconds, which allowed the identification of the relative humidity during 
the phase changes (i.e. crystallization). 

3 RESULTS AND DISCUSSION 

3.1 Determination of ions content  

The ions content from the first centimeter of the 11 samples are given in the table 
1. 

In general, the samples show low content of soluble salts (Table 1). The concen-
trations of sodium chloride (NaCl) in samples 3, 4, 6, 7 and 8 are above the critical 
threshold of 0.1% (10). However, the total soluble salt content (excluding CaSO4 
and including CO3) of samples 3 and 4 remains low. The highest amount of soluble 
salts are found in samples 6, 7 and 8, all of them were taken from the lower parts 
of the cornice of the spherical vault. Sample 9, which was taken from a coffer of 
the spherical vault, also has a higher total soluble salt content. Thus these 4 samples 
(i.e. 6, 7, 8, 9) are the most relevant for the tests to determine the crystallization 
behavior of the salt mixtures. It should be noted that compared to the stoichiometric 
equilibrium, samples 6, 7, 8 and 9 show excesses of Na+ and sample 8 shows a 
strong excess of CO3, which will have to be taken into account during the thermo-
dynamic modelling with the ECOS-Runsalt software. 

 

  

95



Salt analyses and thermodynamic modelling to preserve built heritage: the case 
of Cordouan lighthouse 

 SWBSS ASIA 2023 – Nara, Japan. September 20-22, 2023. 

Table 1: Ions content obtained by Ionic Chromatography for the stone samples 
from Cordouan Lighthouse. Samples with more than 0.1% chloride are marked 
green. 

(*): total excluding equimolar Ca+SO4 content (anhydrite is considered as the 
gypsum content). Values are shown in % by mass calculated on the basis of the IC 
values in ppm . 

(**) Samples with a total salt content of more than 1% by weight (after sub-
traction of calcium sulphate, Ca+SO4, but including the theoretical carbonate are 
highlighted in red). 

 

3.2 Thermodynamic modelling with ECOS/RUNSALT of the 
crystallization behavior of salt mixture 

The IC identifies the ions composition of mixture; These results are used as input 
for the ECOS/RUNSALT model to determine the crystallization behavior of the 
mixture under changing relative humidity and temperature. The result obtained for 
sample 6 and sample 7 are similar it is why only results from sample 7 will be 
presented. 

Eastern Part of the Chapel, cornice of the vaulted ceiling : Sample 7 

The observations under the microscope show that phase transition of the salt mix-
ture solution (liquid) of sample 7 appears at a relative humidity (RH) of 50%. The 
first crystals of halite (sodium chloride) precipitate at 50% RH with a dendritical 
habits and at 45% RH all the salts have crystallised (images in Figure 4) the whole 
solution has evaporated. The crystallisation behaviour determined by the 
ECOS/RUNSALT model (graph in Figure 4) shows that repeated dissolution-crys-
tallisation cycles of the salts present can occur within a restricted relative humidity 
(RH) range, with significant changes around 57% and 49% RH. Antarticite, a very 
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hygroscopic salt crystallizes theoretically at a relative humidity lower than 30%. 
At a relative humidity higher than 60% all the salt are dissolved in solution. The 
results obtained by microscopic observations and by modelling are in general 
agreement but reveal some discrepancies. They can be caused by the rapid lowering 
of the relative humidity in the  micro climatic chamber with 5% steps each 20 
minutes. Moreover, it was expected from theory that  remaining solution would 
be visible at 45% due to the high content of extreme hygroscopic salts. Calcium 
nitrate should theoretically precipitates in this mixture at very low RH : 20% but 
as tetrahydrate crystals. This is not observed and it could be likely caused by the 
excess cations (especially sodium) most likely related to carbonates, thus changing 
the mixture composition, crystallization pathway and possible solids that precipi-
tate. 

 

Figure 4: Crystallization behavior for variable relative humidity at a temperature 
of 20°C of the mixture of ions detected in sample 7 taken from the first centime-
ter of the stone core (subtraction made from an equimolar content of sodium and 
calcium ions) generated with the ECOS-Runsalt model. 

Southern part of the chapel, cornice of the vaulted ceiling : Sample 8 

The phase change observed under the microscope of the salt mixture solution in 
sample 8 starts at 75% (Figure 5). The first crystallisations appear at a humidity of 
75% at 20°C in cubic habits and they grow rapidly. As salt concentrations are not 
high, the quantity of crystals is low. At relative humidity of 55% a second type of 
crystal precipitates and all crystals have precipitated at 50%RH.  

The crystallization behaviour determined by the ECOS-Runsalt model (Figure 5) 
shows that repeated dissolution-crystallisation cycles of the salts present in the 
mixture can occur within a narrow  relative humidity (RH) range, with significant 
changes between 71% and 60% RH. The majority of salt in this mixture is halite 
(sodium chloride). At a relative humidity higher than 71% all the salt are dissolved 
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in solution and will not crystallize. This mixture does not present an excess of cat-
ions. The crystallization observed under the microscope occur with slightly dis-
crepancies with the modelled one likely caused by the fast rate of lowering relative 
humidity. 

 

Figure 5 : Crystallization behavior for variable relative humidity at a temperature 
of 20°C of the mixture of ions detected in sample 8 taken from the first centime-
ter of the stone core (subtraction made from an equimolar content of sodium and 
calcium ions) generated with the ECOS-Runsalt model. 

Southern part of the chapel, inside vaulted ceiling : Sample 9 

The phase change of the salt mixture solution in sample 9 was observed at 20°C 
under the microscope. At a relative humidity of 70%, cubic crystals precipitated 
and grew rapidly to reach a mean size of 350μm. Almost no precipitation was ob-
served between 70% and 50%, and at 50%RH a new batch of small cubic crystals 
(with a size of max 150μm)  precipitated (Figure 6). From 45% no more crystal-
lization is observed. 

The crystallisation behaviour determined by the ECOS-Runsalt model (Figure 6) 
shows that repeated dissolution-crystallisation cycles of the salts present can ini-
tially occur around 70% RH for the niter and bloedite. It should be noted that this 
last one is in very small quantities in the salt mixture. At 59% RH there are signif-
icant changes with the crystallization of halite (sodium chloride), nitratine (sodium 
nitrate) and starkeyite (hydrated magnesium sulfate). Above 70%RH all the salts 
are dissolved in solution.  
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The precipitation of cubic crystals at 70%RH is observed under the microscope and 
modeled by ECOS/RUNSALT. The 59% crystallization modelled are likely the 
ones that correspond to the observation under the microscope when the second 
batch of tiny crystals precipitations at 50% RH, again due to the rate of RH change 
in the climate chamber.  

 

Figure 6: Crystallization behavior for variable relative humidity and at a tempera-
ture of 20°C of the mixture of ions detected in sample 9 taken from the first centi-
meter of the stone core (subtraction made from an equimolar content of sodium 
and calcium ions) generated with the ECOS-Runsalt model 

For all the salt mixtures analyzed, crystallization and dissolution can occur within 
short time spans of changing relative humidity, that is, over the course of a single 
day and even several times a day, resulting in a large number of dissolution/crys-
tallization cycles. The results  can explain the observed degradations of the stones 
even if the amount of salt measured is low. 

For samples 6 and 7, observations under the microscope and the outputs of 
ECOS/RUNSALT model showed that if the relative humidity inside the chapel is 
maintained above 63%, the salts will remain dissolved, limiting the number of dis-
solution/crystallization cycles and therefore the degradation of the stone in these 
parts of the chapel. The excess in sodium in those samples and the highly hygro-
scopic salt mixtures could lead to discrepancies with the observed crystallization 
under the microscope, especially at very low relative humidity. 

Microscopic observations crystallization behavior under changing relative humid-
ity of the salt mixture in sample 8 show initial crystallisation at 75% RH, which is 
confirmed by the modelling software at 71% RH. However, the amount of salt 
(NaCl) that crystallizes at this relative humidity appears to be very low. According 
to the microscope observations, most of the salts will only crystallize when the 
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humidity reaches a value of 55% and 50% RH. In order to reduce the number of 
dissolution and crystallisation cycles, the humidity could be kept higher than 63%, 
as most of the salts would be dissolved in solution. It is important to follow the 
evolution and monitor the degradations of this specific area because at this relative 
humidity a small quantity of salt (NaCl) can still precipitate.  

The observations show that for sample 9 the first crystals appear and grow from 
70% RH. From 70% to 50% there is no precipitation. It is only from 50% RH that 
new crystals appear until the total precipitation of all the salt crystals at 45% RH. 
In order to avoid any crystallization, the humidity should be kept higher than 70% 
but this humidity value can be considered too  high and biological development 
can occur. Consequently, to reduce the number of dissolution/crystallization cycles 
should be at least above 60% where most of the salts are dissolved in solution.  

In the sample 8 ant 9, the salt mixtures do not present an excess in cations. The 
microscopic observations revealed discrepancies with theoretical ECOS output 
which is caused by the rate of RH change in the climatic chamber which is very 
with 5% steps each 20 minutes. 

4 CONCLUSION 

The deteriorating  stone of the chapel of Cordouan have been analyzed to identify 
and determine the ion content and salt behavior with Ion chromatography (IC) and 
the thermodynamic model ECOS/RUNSALT. Four samples (6, 7, 8, and 9) were 
selected on the basis of the IC results, as they showed the highest contents (mean 
0.8 wt.%). Almost half of the total salt content was related to an excess of sodium 
ions, likely related to carbonates.  

The first 3 samples were taken from the cornice of the spherical vault and sample 
9 was taken from a coffer in the spherical vault. Only sample 7, taken from the 
stone at the cornice of the spherical vault, contains a total salt content of over 1 
wt.%. Regarding the intensity of the damage in the chapel and the low amount of 
salt measured within the first centimeters of the stone inside the chapel, it is clear 
that the number of dissolution/crystallisation cycles for the salts present in the ma-
sonry is very high. The possible impact of potential ancient treatments and to a 
lesser extend freeze-thaw cycle to damage has not be studied in this research. Keep-
ing the humidity higher than 63% would prevent most of the salts from crystallising 
and would keep them dissolved in solution. On the other hand, dissolution/crystal-
lisation cycles can still occur, which may cause damage. For this reason, in the area 
of sample 9 and 8, the evolution of degradation should be monitored. 

The relative humidity and the temperature are currently not controlled in the chapel. 
The chapel's oculi allows the air flow from the floor to the bottom that leads to 
large variations in climatic conditions. Closing them will reduce the variation of 
climatic conditions in the chapel and consequently the dissolution/crystallisation 
cycles and therefore limit salt weathering. The relative humidity and temperature 
inside should be monitored and controlled by installing sensorsin order to measure 
gradients in the chapel and its impact on the degradation.  

It should be noted that above 70% humidity there is a risk of biological develop-
ment. The likelihood of mould growth is low because there is little organic matter 
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(such as wood) in the chapel  In addition, in order to reduce this growth, the chapel 
should be heated as little as possible, taking care to maintain the temperature gra-
dient between the lower level and within the vault. 

Because of its location in the middle of the estuary, the type of construction, pres-
ence of polychrome, a sustainable desalination of the lighthouse is complicated, 
yet a possibly to be further explored. Additionally, it would be advised to continue 
investigations concerning possible water infiltrations, frost damage, and previous 
treatments that might have been carried out. 

The combination of salts analyses, thermodynamic modelling and microscopy al-
lowed to set optimal climatic conditions to reduce salt decays on the stone inside 
the chapel. The comparison of results showed that the use of ECOS/RUNSALT 
should be carefully evaluated when an excess sodium is significant. An important 
obstacle in the calculations is caused when there are extremely high concentrations 
in hygroscopic mixtures, including calcium nitrate and calcium chloride, resulting 
in water activities higher than expected from thermodynamics as Godts et al. 2022 
have demonstrated. But when the presented issues and solutions are taken into con-
sideration, the RUNSALT outputs can be considered highly accurate. 
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ABSTRACT  

The Yungang Grottoes, one of China's most representative sand-stone grottoes, 
currently face various types of damage, including severe salt weathering. Magne-
sium sulphate has been identified as one of the major contributors to weathering 
and tends to occur most intensively in areas with long-term water infiltration. In 
this study, the MIP method was employed to evaluate the porosity and pore diam-
eter distribution characteristics of Yungang sandstone samples under various con-
ditions. The pores were classified into four types based on their size. The findings 
revealed distinct differences in salt crystallisation behaviour and the resulting pore 
damage be-tween the simulated samples of MgSO4 and Na2SO4: the former tended 
to form crystals across all pore categories, whereas the latter predominantly formed 
crystals in larger pores and mesopores. These findings emphasise the critical role 
of microstructural characteristics, specifically pore size distribution, in the salt 
damage observed in Cave No. 4 in the Yungang Grottoes.  
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1 INTRODUCTION 

The Yungang Grottoes, constructed 1500 years ago, are prime examples of ancient 
Chinese sandstone grooves. Cave No. 4 exhibited blistering, scaling, crumbling, 
and subflorescence deterioration (Figure 1). This study specifically investigated 
Cave No. 4, where the subflorescence is composed of magnesium sulphate salts 
(MgSO4·6H2O and MgSO4·4H2O). Salt weathering has been considered as the pri-
mary abiotic factor contributing to cave deterioration.  

Previous studies have shown that the size and distribution of pores within sand-
stone play a crucial role in the migration of salt solutions, salt crystallisation, and 
the resulting damage to the pores[1]. Therefore, analysing the pore properties of 
sandstone in the Yungang Grottoes is essential for exploring the salt weathering 
mechanisms. The MIP method was used to assess the pore characteristics of the 
fresh, weathered, and simulated MgSO4 and Na2SO4 samples. 

2 INVESTIGATION AND EXPERIMENTS 

A non-differential grid-based sampling strategy was utilised to cover all of the wall 
surfaces of the grottoes. Areas exhibiting visible signs of salt damage, such as 
cracks with water seepage and peeling surfaces, were specifically targeted to obtain 
focused samples (Figure 2). X-ray diffraction was employed to compare the chem-
ical and mineralogical compositions of the fresh and weathered specimens, leading 
to the selection of MgSO4 and Na2SO4 as target salts for further experimentation. 

Fresh sandstone samples of Cave No. 4 and shaped into cylinders. Salt crystallisa-
tion was induced in the sandstone cylinder pores by capillary action. Two samples 
were individually soaked in 0.2 mol/L solutions of MgSO4 and Na2SO4. The lower 
half of each sample was immersed in the salt solution and placed in a sealed con-
tainer, whereas the upper half was exposed to lab environmental conditions (Figure 
3). Subsequently, MIP intrusion was employed to assess the porosity and pore size 
distribution of the samples. Prior to porosimetric characterisation, the precipitated 
salts were removed through three cycles one cycle for three days  of washing 
with deionised water. 

 

Figure 1: The weathering diseases in Cave No. 4 
Figure 2: Salt sample collection on site  
Figure 3: Experimental setup diagram  
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3 RESULTS  

3.1 Mineral characterization  

The XRD semi-quantitative comparison of the compositions (Figure 4a) indicates 
that the quartz content remained relatively unchanged between the fresh and weath-
ered samples. However, the weathered samples exhibited a notable decrease in the 
potassium feldspar and siderite contents, while the calcite, illite and kaolinite con-
tents increased. The XRD analysis confirmed the presence of hexahydrite and 
starkeyite in the salt-damaged areas (Figure 4b). The coal mining and combustion 
activities near the Yungang Grottoes maybe an external source of sulfur in the salt 
weathering products. 

Blister-like aggregates were observed in the upper part, causing convex defor-
mation of the stone surface layers through MgSO4 crystallization. whereas the sur-
face of the Na2SO4 sample was covered with white flocculent crystals that precip-
itated from the rock surface (Figure 5).  

 
 

Figure 4: The column chart of semi-quantitative composition of XRD. 

Figure 5. Photos comparing the experimental sandstone samples after 30 days 

3.2 Microscale pore characteristic 

The MIP analysis of the open-pore access diameter distribution in fresh and weath-
ered sandstone samples displayed distinct characteristics. The fresh sample exhib-
ited a monomodal distribution with a peak centred at 500 nm. In contrast, the 
weathered sample exhibited a polydisperse distribution with an additional peak at 
9000 nm and a smaller peak at 500 nm (Figure 6). The pore access diameter distri-
butions of the MgSO4 and Na2SO4 salt-simulated weathered samples exhibited sig-
nificant differences. In Figure 7a, the green areas indicate pore expansion with 
MgSO4, while the blue areas indicate pore expansion within. Figure 7b shows pore 
expansion with Na2SO4. The grey areas in Figure 7 represent pores that were filled 
or blocked; in the pore diameter range of 100–1000 nm, the MgSO4 crystals filled 
less pore space than the Na2SO4 crystals. 

4 DISCUSSION 

This study, which classified the pore-size distribution based on the water behav-
iour in rock pores using Kelvin's equation, was appropriate [2]. The MIP analysis 
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revealed that both naturally weathered samples and salt-simulated weathered sam-
ples exhibited significant effects on pores within the diameter range of 100 nm to 
1000 nm (Figure 6 and 7). The sandstone pores in Cave No. 4 were classified into 
four categories: micropores (<50 nm), small pores (50–100 nm), mesopores (100–
1000 nm), and large pores (>1000 nm). Figure 8 illustrates the pore volume per-
centage for each category, highlighting the differential impacts of the two salts on 
the pore size. MgSO4 exhibited a tendency to crystallise across all pore sizes, 
whereas Na2SO4 primarily crystallised in larger mesopores. The disparity in crys-
tallisation patterns between these two salts can be attributed to variations in the 
evaporation rates caused by differences in capillary flow within the stone [3]. The 
slower flow of the MgSO4 solution resulted in faster evaporation and crystallisation 
beneath the stone surface, as the solution replenishment from within the stone 
through capillary migration was insufficient. In contrast, the faster flow of the 
Na2SO4 solution led to crystallisation primarily on the surface of the stone in the 
larger mesopores.  

  

Figure 6: MIP plots of pore diameter distribution: fresh and weathered sample 
Figure 7: MIP plots of pore diameter distribution: fresh and simulated samples 
Figure 8: The column of pore volume percentage  

5 CONCLUSIONS 

This study proposes a pore classification scheme for sandstone from the Yungang 
Grottoes, the MgSO4 was found to have a propensity to form crystals in all pore 
categories. 

REFERENCES  

[1] Swe Yu and Chiaki T. Oguchi, ‘Role of pore size distribution in salt uptake, 
damage, and predicting salt susceptibility of eight types of Japanese building 
stones’, Engineering Geology, vol. 115, no. 3, pp. 226–236, Oct. 2010, doi: 
10.1016/j.enggeo.2009.05.007. 

[2] Martin Ondrášik and Miloslav Kopecký, ‘Rock Pore Structure as Main Rea-
son of Rock Deterioration’, Studia Geotechnica et Mechanica, vol. 36, no. 1, 
pp. 79–88, Mar. 2014, doi: 10.2478/sgem-2014-0010. 

[3] E. Ruiz-Agudo, F. Mees, P. Jacobs, and C. Rodriguez-Navarro, ‘The role of 
saline solution properties on porous limestone salt weathering by magnesium 
and sodium sulfates’, Environ Geol, vol. 52, no. 2, pp. 269–281, Mar. 2007, 
doi: 10.1007/s00254-006-0476-x. 

 

106



 

SWBSS ASIA 2023 – Nara, Japan. September 20-22, 2023. 

STUDY AND EVALUATION OF EFFLORESCENCE  
IN CAVE 4 OF THE YUNGANG GROTTOES 

ZhiYan Du1, HongBin Yan2, YanMin Xiong1, 
XiaoTong Huo3,1, Jia Jia1, and JinHua Wang1* 

KEYWORDS  

Field survey, sandstone, magnesium sulfate, gypsum, Yungang Grottoes 

ABSTRACT  

Cave 4 of the Yungang Grottoes is a central-pillar cave that has been exposed to 
open air for over 1500 years. The sandstone carvings in Cave 4 suffer from deteri-
oration, delamination, exfoliation, and especially efflorescence on all carved walls.  

To find effective methods to preserve Cave 4, a field survey was conducted to clar-
ify the composition and distribution characteristics of efflorescence on the carved 
walls and central pillar. White precipitates and weathered sandstone powder-sam-
ples were collected from all cave walls and central pillar surfaces, then examined 
by X-ray diffraction (XRD). Further, a drilled sandstone core was examined by a 
micro-X-ray fluorescence scanner (XRF). Drilled sandstone powder produced dur-
ing the drilling process was also collected.  

The white precipitates gathered near the fissures in Cave 4 are considered imprints 
that seep in from rainfall. Sample testing showed both white precipitates and weath-
ered sandstone powder containing magnesium sulfate and gypsum. Furthermore, 
the XRF scanning results showed that the content of magnesium and calcium in the 
exterior layer of the drilled sandstone core is higher than in its interior. Through a 
field survey and laboratory study, the distribution characteristics of efflorescence 
in Cave 4 of the Yungang Grottoes were mapped for discussion. 

1 INTRODUCTION 

The UNESCO World Heritage site Yungang Grottoes is located in Wuzhou Moun-
tain, in Datong City. Cave 4 is a central-pillar cave with exquisite Buddhist art 
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carvings on all vertical walls and central-pillar surfaces (Fig.1). The carvings, ex-
posed for 1500 years, show deterioration from delamination and efflorescence. 

To preserve Cave 4, it is important to clarify the efflorescence composition and 
distribution. A field survey was carried out by a research team from Fudan Univer-
sity and the Yungang Research Institute. 

 
Figure 1: a. View of Cave 4 from outside.  
b. Central pillar. 

Figure 2: Sampling diagram on
west wall. 

2 METHODOLOGY 

2.1 Field Survey 

The preservation status, weathering pattern, and efflorescence distribution of all 
surfaces in Cave 4 were noted. Weathered sandstone powder was collected from 
the surfaces of each wall, including central-pillar surfaces (Fig.2). Horizontal sam-
pling positions were 1.5 m from the ground, and vertical sampling positions were 
in the middle of the wall. Precipitate samples from fissure and non-fissure areas 
were also collected. 

Holes with a diameter of 2cm and 90cm deep were drilled horizontally into the 
north wall for gradient temperature sensors by another team. The drilling took place 
over 14 phases. All sandstone cores and powder were collected before the next 
drilling phase was started. Dry-bit drilling was done to preserve the water-soluble 
minerals in the sandstone cores and powder. All drilled sandstone powder and 
sandstone core were collected for further examination. 

2.2 Laboratory Study 

First, thin rock section observation was carried out on unweathered sandstone col-
lected near Cave 4. Then, the permeability of three of the cylinder specimens 
(Φ5cm × 5cm), was measured using a customized machine with test conditions of 
an applied pressure difference ΔP = 3.5MPa and a confining pressure Pconf = 7MPa. 
All collected samples were examined using the XRD method (Rigaku, D/max-
2600). The 0-2cm drilled sandstone cores were scanned using a micro-XRF Scan-
ner (Bruker, M4 Tornado Plus). 

3 RESULTS AND DISCUSSION 

3.1 Results of the Field Survey and Laboratory Study 

FIELD OBSERVATION: Serious deterioration, including exfoliation, delamina-
tion, and efflorescence, was observed on all walls, the central pillar, and roof (Fig. 
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3). Some parts of the walls were in a worse state of preservation, such as the carv-
ings on the north wall that were weathered to tafoni (Fig. 3c). There was seepage 
near a fissure on the roof (Fig. 3a) and efflorescence around fissures on each wall. 
Figure 3b shows typical efflorescence in the area without fissures with large 
amounts of white precipitates appearing a few millimeters beneath the surface. 

THIN SECTION OBSERVATION: Thin section observations show that the rock 
is medium-coarse lithic sandstone (Fig. 4). Some feldspar is replaced by calcite and 
dolomite. 

  
Figure 3: a. Seepage is seen near a fissure in the roof,  
b. Typical deterioration pattern on no fissures area,  
c. North wall in Cave 4 has been weathered to tafoni 

Figure 4: Thin section 
image of unweathered 
sandstone. 

 

STONE PERMEABILITY: Measurements of the liquid water permeability of the 
stone in the three cylinder specimens are 8.3 × 10-10 m2, 8.3 × 10-9 m2, and 3.3 × 
10-9 m2, which vary greatly. 

XRD DETECTION: Result of XRD of the white precipitate samples collected at 
fissure and non-fissure areas shows precipitates containing hexahydrite, gypsum, 
and kaolinite. Table 1 shows the XRD result of weathered sandstone powder-sam-
ples collected from horizontal and vertical walls, which shows gypsum and 
MgSO4•nH2O precipitated on some surfaces. The XRD semi-quantitative analysis 
of drilled sandstone powder showed little difference in mineral or weathered prod-
uct content from the 14 phases except for calcite (Fig. 5). Calcite at 0–2 cm is much 
higher than other phases, which means that calcite tends to be enriched on the sur-
face of the wall. 

XRF SCANNING: An exterior area near the surface and two interior areas near the 
1cm- and 2 cm-depths of the drilled sandstone core were scanned using a micro-
XRF scanner. Results indicated levels of magnesium (Mg) and calcium (Ca) in the 
exterior area were higher than in interior areas, while almost no difference in the 
levels of silicon (Si) could be distinguished in the three areas (Fig. 6). 

 

Table 1: XRD result of samples collected from horizontal and vertical walls 

Wall/surface 
Sample 
quantity 

Quantity of the following minerals present in all samples 

Quartz Gypsum Kaolinite 
Hexahy-

drite 
Epsomite Calcite 

Vertical walls 68 68 28 65 4 1 1 
Pillar  42 42 23 42 1 0 0 
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Figure 5: Semi-quantitative 
XRD analysis of drilled sand-
stone powder over 14 phases 

Figure 6: XRF Scanning areas on sandstone 
core, and XRF semi-quantitative analysis of Mg, 
Ca and Si. 

3.2 Distribution Characteristics of Efflorescence  

Efflorescence in Cave 4 could be divided into two types: One is distributed around 
the fissures and is considered to be imprints from rainfall seepage. The other type 
occurs in the area without fractures (Fig. 3b) and could be caused by the crystalli-
zation of the moisture in the sandstone’s unsaturated exterior with the continuous 
evaporation of moisture in the mountain. This consideration is supported by the 
presence of calcite, Mg, and Ca on the surfaces (Figs. 5, 6). Furthermore, both types 
of efflorescence contain magnesium sulfate and gypsum. In areas without fissures, 
since the deliquescence relative humidity of gypsum is higher than that of magne-
sium sulfate, gypsum should precipitate closer to the surface [1]. The appearance 
of magnesium sulfate on surfaces (Table 1) shows the result of exfoliation. Meas-
urements show that the permeability of the sandstone in Cave 4 varies greatly, 
which would lead to different evaporation rates at different surface areas. As a re-
sult, the level and depth of exfoliation would also vary at different surface areas. 
This is considered the reason for the appearance of tafoni in Cave 4 [2]. 

4 CONCLUSIONS 

Two types of efflorescence, both consisting of magnesium sulfate and gypsum, 
occur in Cave 4. One is caused by seepage in fissures, and the other by continuous 
evaporation. Efflorescence occurring on areas with no fissures could lead to exfo-
liation and tafoni on the sandstone walls. 
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A PERSPECTIVE VIEW OF SALT 
CRYSTALLIZATION FROM SOLUTION IN 
POROUS MEDIA: MORPHOLOGY, MECHANISM, 
AND SALT EFFLORESCENCE 
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ABSTRACT  

Salt efflorescence is one of the major hazards to cultural heritages, masonries and 
highways etc. It is now generally accepted that damages caused by salt efflo-
rescence are mainly due to continuous cycles of salt crystallization/dissolution or 
hydration/dehydration in confined spaces. The position where salt efflorescence 
occurs and its type are closely related to the degree of damages caused by salt ef-
florescence. But the environmental factors that control the position and develop-
ment of different salt efflorescence via nucleation and crystal growth still remain 
poorly understood. In this work, a set of experiments are designed to investigate 
salt efflorescence in porous matrix. It is found that the types and positions of salt 
efflorescence have little to do with nucleation, but are mainly governed by crystal 
growth, which is controlled by the rates of water evaporation, water and salt supply, 
capillary forces and surface properties of the porous matrices. 
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Figure 1. a) An illustration of water equilibrium between evaporation and migra-
tion in porous matrix. The lattice constructed by circles represents porous matrix; 
blue color represents liquid water (the bluer, the higher water content); red repre-
sents salt crystals; arrows indicate water evaporation. b) experimental set-up of 
water supply control; pictures of results: c) one salt line formed; d) multiple salt 
lines formed. Environmental condition: 35°C, 30% RH. 

 

 
Figure 2. a) a SEM picture of one single sodium sulfate fibril; b) SEM picture of 
the sodium sulfate fibril in a) at higher magnification; c) SEM picture of hollow 
sodium sulfate fibril. Sample prepared at 25ºC, 90%RH on a brick in a closed 
vessel. SEM pictures of sodium sulfate fibrils. d) top e) middle and f) bottom 
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Figure 3. a) Proposed mechanism for the formation of hollow fibril structure; b) 
fibrils growing on sol-called mushy layer; c) Overall description of salt efflo-
rescence in porous matrix. 

 

 

  

113



A perspective view of salt crystallization from solution in porous media: morphol-
ogy, mechanism, and salt efflorescence 

 SWBSS ASIA 2023 – Nara, Japan. September 20-22, 2023. 

 

114



SWBSS ASIA 2023 – Nara, Japan. September 20-22, 2023. 

ACCURATE IDENTIFICATION OF COMMON 
SOLUBLE SALTS IN CULTURAL RELICS BASED 
ON MODERN ANALYTICAL TECHNIQUES 

Wenhua Zhao1 and Xiangna Han2 

KEYWORDS  
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tion 

ABSTRACT  

Salt damage is a common and serious disease in porous cultural relics. Complex 
water and salt activities make the salt continuously destroy the cultural relics. Ac-
curate identification of soluble salts in cultural relics is an essential prerequisite for 
the study of the salt damage mechanism and management, the design and develop-
ment of appropriate protection materials for cultural relics as well. In this study, an 
operational procedure for the extraction and identification of soluble salts in cul-
tural relics was established. Through the optimization of ion chromatography (IC), 
optical microscopy, infrared spectroscopy (FTIR), Raman spectroscopy (Raman), 
scanning electron microscopy (SEM-EDS), accurate identification of common sol-
uble salts in cultural relics has been achieved. The research shows that for NaCl, 
Na2SO4, and CaSO4 with obvious morphological features, they can be directly 
identified through microscopic morphological characteristics, without even requir-
ing costly ion chromatography detection; NaCl and CaCl2 can be identified through 
ion chromatography and energy spectrum analysis; Na2SO4, CaSO4, NaNO3, 
Ca(NO3)2-4H2O can be identified through ion chromatography, spectral analysis, 
and energy dispersive analysis.This identification technology combined common 
instruments, has relatively low cost, simple and easy to operate, with reliable re-
sults. It can be used for accurate identification of soluble salts in cultural relics of 
different materials, with good prospects for application and promotion. 
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1 INTRODUCTION 

There are various diseases in cultural relics, and salt damage is a very common and 
serious type of disease. The occurrence of salt damage to cultural relics is related 
to various factors, including the loose and porous internal structure of cultural relics, 
the crystallization pressure and hydration pressure caused by the dissolution and 
crystallization of soluble salts, and changes in external environment such as tem-
perature and humidity. These factors together lead to complex water and salt activ-
ities inside cultural relics, continuously damaging the cultural relics themselves, 
and accelerating the weathering and damage of cultural relics. Common soluble 
salts in cultural relics include NaCl, CaCl2, Na2SO4, CaSO4, NaNO3, Ca(NO3)2-
4H2O, etc[1]–[4], with significant differences in physical and chemical properties. 
The synergistic destruction mechanism of multiple salts is even more complex.  

At present, the common methods for the detection of soluble salts in cultural relics 
are: ion chromatography (IC) [5]–[7], chemical analysis methods [8], capillary 
electrophoresis [9], Merckoquant semi-qualitative test strips [10]. These methods 
are based on the content of each ion detected, pairing and combining anion and 
cation with high content, and then inferring the main types of soluble salts. But the 
accurate identification of all soluble salt types in cultural relics cannot be achieved 
solely through the combination of anions and cations, and other analytical tech-
niques need to be used for auxiliary verification. Common auxiliary verification 
methods include X-ray fluorescence analysis (XRF) [11], [12], X-ray diffraction 
analysis (XRD) [11]–[13], X-ray photoelectron spectroscopy (XPS) [12], scanning 
electron microscopy spectroscopy (SEM-EDS) [11], [14]–[16] Infrared spectros-
copy analysis (IR) [4], [14]–[16], etc. XRD determines the types of soluble salts 
present in the sample by comparing the lattice plane spacing and diffraction inten-
sity measured by the sample with the diffraction data of the standard salt, but the 
effect is poor for complex mixed salts and amorphous salts. XPS can calculate the 
element composition and chemical state information in the sample according to the 
different binding energy, and then identify the type of crystalline salt, but it is still 
difficult to identify mixed salt, and the cost is high. XRF and SEM-EDS can test 
the chemical elements of crystalline salts; FTIR can provide the characteristic in-
formation of functional groups or chemical bond of soluble salts. It is a low-cost 
identification method, but it cannot identify chlorine salts. Different identification 
methods will be affected by the salt crystal state and the amount of water of crys-
tallization. In addition, the soluble salt composition in cultural relics is usually 
complex, and a single method cannot obtain complete and accurate analysis results. 
Therefore, it is necessary to establish a combination method that can accurately 
identify the types of soluble salts in cultural relics. 

This study established a set of operational procedures for extracting and identifying 
soluble salts, including testing conditions for analytical methods, salt crystalliza-
tion extraction methods, and identification methods for different soluble salts. This 
combination technology uses low-cost common detection instruments, which are 
simple and easy to operate. The results of using this method to identify common 
soluble salts in cultural relics are accurate and reliable. 
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2 EXPERIMENTAL METHODS AND TESTING 
CONDITIONS 

1) Ion chromatography (IC) is an ion analysis liquid chromatography technology. 
When analyzing salt damage samples of cultural relics, seven soluble ions (Na+, 
K+, Mg2+, Ca2+, Cl-, SO4

2-, NO3
-) are usually quantitatively detected. Test steps: 

After drying and grinding the sample, weigh 0.3 g to 0.5 g of the sample and place 
it in a centrifuge tube. Add 10 ml of secondary deionized water, sonicate for 5 
minutes, and centrifuge at a speed of not less than 4 000 r/min and a separation 
time of 10 minutes. The upper clear liquid is filtered with a 0.22 μm microporous 
filter membrane and tested to determine the soluble ion content in the sample. 

2) Extracting salt crystals: Using evaporation method to extract soluble salt crystals. 
Weigh a certain amount of samples separately and add high-purity water. Shake 
them with ultrasound for 30 minutes and let them stand for 24 hours. Take the 
upper clear liquid, filter it through qualitative filter paper, and dry to obtain the salt 
crystals of the samples. Perform optical microscopy, FTIR, Raman, and SEM-EDS 
analysis on the extracted salt crystals, and identify the specific salt types based on 
the IC analysis results. 

3) Optical microscopy observation: Identify salt crystals with obvious morphology. 

4) Fourier transform infrared spectroscopy (FTIR): The infrared spectrum of the 
sample is tested using the potassium bromide compression method, and sulfate and 
nitrate can be identified by analyzing the spectrum. Test steps: Mix salt crystals 
and potassium bromide (spectroscopically pure) evenly in a ratio of 1:150-200, 
press them into thin sheets, and place them in an infrared spectrometer for testing. 
Instrument setting conditions: scanning range: 4 000~ 400 cm-1, scanning times: 
16, Spectral resolution: 4 cm-1, acquisition time: 32 s. 

5) Raman spectrum analysis (Raman): Sulfates and nitrates can be identified. Test 
conditions: Laser wavelength is 785 nm; Laser power is 100%; The laser grating is 
1 200 gr/mm; The scanning range is 2 000~50 cm-1; Scan 3 times for 60 seconds 
each time. 

6) Scanning electron microscopy energy dispersive spectroscopy (SEM-EDS) : 
Observing the morphology of soluble salt crystals through SEM, combined with 
EDS, common soluble salts can be identified, and the results of the above spectral 
tests can be verified. Test steps: Paste the salt crystal sample directly onto the con-
ductive adhesive, use an air compression tank to blow the sample to ensure that 
there are no loose samples on the conductive adhesive, and place the processed 
sample in the sample compartment for testing. 

3 COMMON IDENTIFICATION METHODS FOR 
SOLUBLE SALTS 

3.1 Sodium chloride 

The solid phase of sodium chloride is colorless cubic crystal, which belongs to 
ionic crystal and is easily soluble in water. In sodium chloride crystals, chloride 
ions are connected to six surrounding sodium ions, and sodium ions are connected 
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to six surrounding chloride ions. Sodium ions and chloride ions extend in this ar-
rangement in various directions of space, forming a sodium chloride crystal. The 
microstructure and SEM-EDS test results of sodium chloride crystalline salt are 
shown in Figure 1. Sodium chloride crystal salts always exhibit a cubic morphol-
ogy under the microscope, making them easier to identify. By combining analysis 
results such as ion chromatography (Na+, Cl-), microscopic observation (cubic 
crystal), and scanning electron microscopy (cubic crystal) energy spectrum (mainly 
containing Na and Cl elements), sodium chloride can be identified. 

 
Figure 1: Micromorphology(a) and SEM-EDS(b) of sodium chloride crystal. 

3.2 Calcium chloride 

 
Figure 2: Deliquescence phenomena (a~d) and SEM-EDS (e) of calcium chloride 
crystal. (a~d are the micrographs of CaCl2 exposed to room temperature at 0, 5, 15 
and 20 minutes respectively). 

Anhydrous calcium chloride is a white cubic crystal with strong hygroscopicity. It 
can form monohydrate, dihydrate, tetrahydrate, and hexahydrate with water. 
Among them, calcium chloride hexahydrate (CaCl2-6H2O) is a colorless hexagonal 
crystal; Calcium chloride dihydrate (CaCl2-2H2O) is a white, porous, and hygro-
scopic substance. The precipitates from aqueous solution crystallization at normal 
temperature are usually hexahydrates. When heated to 30 ℃ gradually, they will 
dissolve in their own crystal water. When heated continuously, they will gradually 
lose water. When heated to 200 ℃, they will become dihydrates. When heated to 
260 ℃, they will become white porous anhydrous calcium chloride. Expose the 
dried crystalline salt to the air, and calcium chloride will quickly absorb moisture 
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and deliquescence (Figure 2a~d), which can be used to determine whether there is 
calcium chloride that is easily deliquescent. However, this also makes it difficult 
to distinguish calcium chloride through optical microscopy. The SEM-EDS test 
results of calcium chloride crystal salts are shown in Figure 2e, which are usually 
amorphous. Combining analysis results such as ion chromatography (Ca2+, Cl-) and 
scanning electron microscopy energy spectrum (mainly containing Ca and Cl ele-
ments), calcium chloride can be identified. 

3.3 Sodium chloride 

 
Figure 3: Micromorphology (a) and SEM-EDS (b) of sodium sulfate crystal. 

Table 1: Infrared vibration and Raman shift frequency of common sulfates 
(SO4

2-) and nitrates (NO3
-). 

Soluble salts Light 
spectrum 

Anti-
symmet-
ric 
stretching 

Symmet-
ric 
stretching 

Asym-
metrical 
defor-
mation 
vibration 

Symmet-
rical de-
formation 
vibration 

Out of 
plane 
bending 

In-plane 
bending 

Na2SO4 
IR[17] 1134  637,615  - - 
Raman[18] 1153,1132,

1101 993 647,632,62
0 449 - - 

CaSO4 
IR[19] 1144 - 668,603 - - - 
Raman[18] 1160,1129,

1111 1017 675,628,60
9 499,417 - - 

NaNO3[20] IR 1379,1353 - - - 837 - 
Raman 1388 1071 - - - 729 

Ca(NO3)2 4H2O[20] IR 1437,1367 1047 - - 815 748 
Raman 1419 1059 - - - 744 

Sodium sulfate is white monoclinic crystal system fine crystal or powder, hygro-
scopic, and is the most harmful soluble salt among cultural relics. There are two 
kinds of crystal hydrates of sodium sulfate: one is sodium sulfate heptahydrate 
(Na2SO4-7H2O), a white hexagonal or tetragonal crystal, and the other is sodium 
sulfate decahydrate (Na2SO4-10H2O), commonly known as mirabilite, a colorless 
monoclinic crystal. Sodium sulfate decahydrate crystals are in needle, cluster or 
cluster shape, and become powder after losing water of crystallization [21], [22]. 
When the sodium sulfate aqueous solution is below 32.38 ℃, it crystallizes as a 
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decahydrate, and when it is above 32.38 ℃, it crystallizes as anhydrous sodium 
sulfate. The microstructure and SEM-EDS test results of sodium sulfate crystals 
are shown in Figure 3, often exhibiting cluster like, cluster like, and thin sheet like 
morphology characteristics. The infrared vibration frequency and Raman shift fre-
quency of sodium sulfate are shown in Table 1. Combining analysis results such as 
ion chromatography (Na+, SO4

2-), microscopic observation (clustered crystals), in-
frared spectroscopy (Figure 4a), Raman spectroscopy (Figure 4b), and scanning 
electron microscopy (clustered crystals) energy spectrum (mainly containing Na, 
S, O elements), sodium sulfate can be identified. 

 
Figure 4: Infrared spectra (a) and Raman spectra (b) of common sulfates and ni-
trates[23]. 

3.4 Calcium sulfate 

Calcium sulfate crystals include calcium sulfate dihydrate (CaSO4-2H2O), calcium 
sulfate hemihydrate (CaSO4-0.5H2O), and anhydrous calcium sulfate (CaSO4). The 
calcium sulfate dihydrate crystal belongs to the monoclinic crystal system, which 
is connected by SO4

2- with tetrahedron and CaO8 with octahedron to form the axial 
direction of calcium sulfate dihydrate whisker. After the formation of crystal nuclei, 
the high surface energy crystal planes along the axis grow at a high speed, and the 
crystal planes gradually decrease until they disappear; The crystal surface with low 
surface energy continuously elongates and expands with the progress of growth, 
and the degree of crystallization is intact, finally forming the morphology charac-
teristics of needle like or rod-shaped whiskers [24]; The crystal structures of semi 
water and anhydrous calcium sulfate whiskers belong to the hexagonal crystal sys-
tem. Calcium sulfate hemihydrate is divided into two variants: type α and type β, 
α- CaSO4-0.5H2O has a good degree of crystallization and appears as short hexag-
onal prism shaped whiskers [25]; The crystallinity of β-CaSO4-0.5H2O is poor, 
with flake like whiskers [24]; Anhydrous calcium sulfate is a fibrous single crystal, 
slightly soluble in water, and neutral in aqueous solution [26]. The microstructure 
and SEM-EDS test results of calcium sulfate crystals are shown in Figure 5, show-
ing hexagonal, needle like, or rod-shaped crystal morphology characteristics. Com-
bining analysis results such as ion chromatography (Ca2+, SO4

2-), microscopic ob-
servation (hexagonal prismatic, needle like or rod-shaped crystals), infrared spec-
troscopy (Table 1 and Figure 4a), Raman spectroscopy (Table 1 and Figure 4b), 
and scanning electron microscopy (hexagonal prismatic, needle like or rod-shaped 
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crystals) energy spectrum (mainly containing Ca, S, O elements), calcium sulfate 
can be identified. 

 
Figure 5: Micromorphology (a) and SEM-EDS (b) of calcium sulfate crystal. 

3.5 Sodium nitrate 

Sodium nitrate is a colorless transparent or white slightly yellow diamond shaped 
crystal that is prone to deliquescence and cannot be identified through optical mi-
croscopy. The SEM-EDS test results of sodium nitrate crystals are shown in Figure 
6a, showing irregular granular morphology characteristics. Combining analysis re-
sults such as ion chromatography (Na+, NO3

-), infrared spectroscopy (Table 1 and 
Figure 4a), Raman spectroscopy (Table 1 and Figure 4b), and scanning electron 
microscopy energy spectrum (mainly containing Na, N, O elements), sodium ni-
trate can be identified. 

 
Figure 6: SEM-EDS of sodium nitrate (a) and calcium nitrate (b). 

3.6 Calcium nitrate 

The crystallization of calcium nitrate has the following hydrate crystal forms: α
β-Tetrahydrate Ca(NO3)2-4H2O, trihydrate Ca(NO3)2-3H2O, and dihydrate 
Ca(NO3)2-2H2O. At saturation temperature, calcium nitrate can become a solid 
phase in the form of anhydrous salts. Whether it is anhydrous salt or crystalline 
hydrate, calcium nitrate is hygroscopic, so it is difficult to identify calcium nitrate 
by microscopic morphology. The SEM-EDS analysis results of calcium nitrate 
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crystals are shown in Figure 6b, mainly in amorphous form. Combining analysis 
results such as ion chromatography (Ca2+, NO3

-), infrared spectroscopy (Table 1 
and Figure 4a), Raman spectroscopy (Table 1 and Figure 4b), and scanning electron 
microscopy energy spectrum (mainly containing Ca, N, O elements), calcium ni-
trate can be identified. 

4 CONCLUSIONS  

 
Figure 7: Summary of accurate identification techniques of soluble salts in cultural 
relics. 

After summarizing previous literature and conducting identification experiments 
on a large number of cultural relics, this study established a set of operational pro-
cedures and technical methods for precise identification of soluble salts in cultural 
relics, as shown in Figure 7. Firstly, ion chromatography was performed on the 
leaching solution of cultural relics samples to obtain the main types and relative 
content of anions and cations. Then, spectral and energy dispersive analysis was 
performed on the crystalline salt obtained after drying the leaching solution, and 
the soluble salt types in the cultural relics samples were obtained by combining 
multiple test results. The research shows that NaCl can be identified by IC (Na+ 

and Cl- in leachate), microscopic observation (cubic crystal) and SEM-EDS 
(mainly containing Na and Cl elements); CaCl2 can be identified by IC (Ca2+, Cl-) 
and SEM-EDS (Ca, Cl elements); Na2SO4 can be identified by IC (Na+, SO4

2-), 
microscopic observation (clumped or cluster crystal), FTIR (main peaks 1 134 cm-

1, 637 cm-1, 615 cm-1), Raman (main peak 993 cm-1) and SEM-EDS (Na, S, O ele-
ments); CaSO4 can be identified by IC (Ca2+, SO4

2-), microscopic observation (hex-
agonal prism, needle or rod-shaped crystal), FTIR (1 144 cm-1, 668 cm-1, 603 cm-

1), Raman (1 017 cm-1) and SEM-EDS (Ca, S, O elements); NaNO3 can be identi-
fied by IC (Na+, NO3

-), FTIR (1 379 cm-1, 1 353 cm-1, 837 cm-1), Raman (1 071 cm-

1) and SEM-EDS (Na, N, O elements); Ca(NO3)2·4H2O can be identified by IC 
(Ca2+, NO3

-), FTIR (1 437 cm-1, 1 367 cm-1, 1 047 cm-1), Raman (1 059 cm-1) and 
SEM-EDS (Ca, N, O elements). In addition, cubic NaCl, clumped, cluster or flake 
Na2SO4, and hexagonal prism, needle or rod-shaped CaSO4 can be directly identi-
fied through microscopic morphology observation. CaCl2, NaNO3 and 
Ca(NO3)2 4H2O have strong hygroscopicity, and have rapid deliquescence when 
exposed to room temperature, according to which it can be determined. This tech-
nology combines conventional and common detection instruments to achieve rapid 
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identification of common soluble salt types in cultural relics. It has strong opera-
bility, reliable identification results, and good potential for application and promo-
tion. 
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ABSTRACT 

Sodium sulfate, well-known as a destructive salt for porous materials, assumes 
multiple phases according to the surrounding environment, such as thenardite and 
mirabilite. Stress occurs when the phase of salt changes. Since this generated 
stress is not due to crystal growth, which is, crystallization pressure but rather the 
pressure of the saline water in which the sodium sulfate salt is dissolved, the 
presence of the solution is important for generating such stress. There may be a 
difference in damage between the process where thenardite deliquesces to mira-
bilite as relative humidity increases and the one where mirabilite precipitates after 
thenardite has absorbed water and dissolved. This study aims to explain the dif-
ference in the strain of tuff stone impregnated with sodium sulfate between mois-
ture adsorption and water absorption. The experimental procedure began with the 
preparation of three specimens that contain sodium sulfate and one specimen that 
contains no salt for each condition. The specimens were about 3 cm3 in size and 
were placed in desiccators in an incubator set at 23°C. To monitor deformation 
behavior, strain gages were attached to the top of the specimens. In the moisture 
adsorption tests, the specimens with sodium sulfate were placed in desiccators 
humidified by saturated Na2SO4 aqueous solution. As a result, strain of about 
250–600 με was observed in the moisture adsorption test. Meanwhile, in the 
water absorption test, the specimens were impregnated with pure water whose 
volume is about 40%–85% of the material porosity. As a result, strain of about 
200–700 με, equivalent to the results of the moisture adsorption test, was ob-
served. These results highlighted no significant differences in the stress generated 
by varying wetting procedures, which is, deliquescence and dissolution. 
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1 INTRODUCTION 

Sodium sulfate is well-known as a salt that destroys porous materials. It assumes 
multiple phases according to the surrounding environment, such as thenardite, 
which is an anhydrate salt, and mirabilite, which is a decahydrate salt. Sodium 
sulfate phase is determined by temperature and humidity. Sodium sulfate gener-
ates high crystal pressure during hydration, and this pressure is caused by the 
dissolution of thenardite precipitated in the porous media, resulting in a supersat-
urated salt solution compared to mirabilite, which increases the pressure of the 
solution [1][2]. 

To assess the risk of salt weathering due to sodium sulfate, it is necessary to pre-
dict the heat, moisture and ions transfer in porous media and the phase change of 
salts accurately. Although such numerical analyses have sometimes been per-
formed in recent years [3], it is not available technique for everyone because it 
needs various material properties. Hence, as a simple evaluation method, there are 
often attempts to assess the risk of salt weathering based on the surrounding envi-
ronment, rather than within the media [4]. However, there may be some issues in 
assessing salt weathering from the surrounding environment. As an example, we 
consider salt weathering on the exterior walls of buildings or surfaces of grounds. 
The phase of salt precipitated near the surface is greatly affected by the surround-
ing environment. On the other hand, since these are located outdoors, they are 
also affected by rainfall and groundwater capillary suction. When considering the 
wetting process, the increase in ambient humidity causes deliquescence of salt, 
while rainfall and capillary suction of groundwater cause dissolution of salt. 

Thermodynamically, it is said that the difference in the method of salt hydration, 
i.e., dissolution or deliquescence via a gas-gas reaction, has no effect on the crys-
tallization pressure. Meanwhile, some experiments have shown that different 
hydration processes cause slight differences in the degradation of materials [5]. 
Especially, it is also known that the reaction rates greatly differ between deli-
quescence and dissolution.  

 

Figure 1. Difference in dry and wet cycles near and below the ground 
surface 
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What we are interested in is to know if the salt weathering of the salt is actually 
due to deliquescence of the sodium sulfate or if it is due to dissolution. We stud-
ied the salt weathering of the stone Buddha carved into a cliff [6]. The room in-
side the shelter covering the stone Buddha is subject to dry and wet cycles 
throughout the year. On the other hand, the rock walls on which the stone Bud-
dhas are carved also dry and wet throughout the year, but the temperature and 
humidity fluctuations are different from those in the room. For example, changes 
in temperature and moisture content in the ground are slower than those in the 
room, and the cycles of changes are more long-term. Moreover, as shown in Fig-
ure 1, salt precipitated near the ground surface deliquescence and precipitates 
repeatedly, whereas salt inside the ground dissolves and precipitates repeatedly. 
In this study, we prepared several tuff specimens containing sodium sulfate, hy-
drated these specimens by deliquescence or dissolution, and measured the strain 
by each hydration processes. 

2 MATERIALS AND METHODS 

2.1 APPARATUS 

Figure 2 shows a schematic diagram of the experimental apparatus of the mois-
ture adsorption process and Figure 3 shows a one of the water absorption pro-
cesses. Specimens were placed on Petri plates, which were then placed in desicca-
tors in an incubator where the temperature is kept constant. The temperature and 
humidity inside the desiccators were measured by a datalogger (Onset Corp. 
UX100-011A), and specimen strain was measured by strain gages (KYOWA 
Corp. KFGS-5-120-C1-11). These strain gages were centered at the top of the 
specimens and attached to a plane parallel to the tuff lamination plane. 

Temperature in the incubator was controlled at about 23℃ and humidity was 
controlled inside the desiccator using a saturated salt solution, magnesium nitrate 
(Mg(NO3)2), and sodium sulfate (Na2SO4) aqueous solution was used in the mois-
ture adsorption process. Meanwhile,  Mg(NO3)2 aqueous solution was used in the 
water absorption process. The relative humidity at equilibrium with saturated 
Mg(NO3)2 salt solution was about 54%, and that with Na2SO4 10H2O (mirabilite) 
was about 94%[1]. A paper cloth was laid on the bottom of the specimens to 
facilitate water absorption. 

2.2 SPECIMEN 

Specimens were porous tuff stone (Aso pyroclastic-flow deposits in Japan[7]) 
with about 0.3 [m3/m3] porosity and approximately 3 cm3 in size. Each experi-
ment examined four specimens: three containing sodium sulfate and one contain-
ing no salt. The following shows how the salt-containing specimens were pre-
pared. 

1. The dried specimens were impregnated with deionized water and left for 
some time. Afterward, the specimens were dried in an oven at 105℃ until 
constant mass was reached. 
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2. The specimens were impregnated with Na2SO4 aqueous solution at 23℃ 
over 3 days. Also, the concentration of the saline water was 12g/100g(H2O), 
which is approximately half its solubility at 23℃. 

3. The specimens were dried in an oven at 105℃. 

These procedures were performed to minimize as much as possible the migration 
of salt ions due to water evaporation and to precipitate the salt as homogeneously 
as possible inside the specimens. After these preparations, the specimens were 
left in desiccators humidified with Mg(NO3)2 for at least three days. For the spec-
imens with no salt, the same procedures were conducted except step 2. 

 

Figure 2. Schematic diagram of the moisture adsorption process 

 

Figure 3. Schematic diagram of the water absorption process 

2.3 EXPERIMENTAL PROCEDURES 

The moisture adsorption tests were conducted in two ways. One is the dry–wet 
cycle test, in which the saturated salt solution in the desiccators was alternately 
replaced to dry and wet the material. For humidity control, Mg(NO3)2 aqueous 
solution was used during drying, and Na2SO4 aqueous solution during wetting. 
The drying period was at least four days and the wetting period at least three days, 
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with four cycles. The other test was a simple wetting test, in which the prepared 
specimens were placed in desiccators humified by Na2SO4 aqueous solution for 
more than one month. 

In the experimental procedure for water absorption, 1.0, 3.5, and 7.0 g of deion-
ized water was absorbed from the bottom of the specimens. The tests were con-
ducted in desiccators humidified with Mg(NO3)2 saturated salt solution. 

3 RESULTS 

3.1 MOISTURE ADSORPTION PROCESS 

Figure 4 shows the strain change in each specimen in the dry–wet cycle tests. 
Because the temperature fluctuates slightly in the incubator, the temperature was 
corrected. Strain increased during the adsorption process and decreased during 
the desorption process, and the average strain change in salt-containing speci-
mens was about 35 με. Meanwhile, the specimens without salt showed a small 
change in strain within 10 με. The specimens’ weight change due to moisture 
absorption was about 0.018 [kg/kg] with salt and about 0.0030 [kg/kg] without 
salt. Although it is not clear what caused the difference in strain with and without 
salt, it is thought that the change in pore structure due to precipitated salt is one of 
the factors, since there is a difference in the amount of moisture absorption.  

Next, Figure 5 shows the strain and relative humidity of the specimens subjected 
to moisture adsorption in the desiccators for a long period. Strain increased rapid-
ly after day 6, and a maximum strain of 250–600 με was measured. 

 

Figure 4. Strain change in specimens during dry–wet cycles 
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Figure 5. Strain change in specimens during long-term wetting. 
Note that the proper measurement range of the equipment used in 
this experiment is less than 95%RH and the measurement error is 

2.5%RH. Trend in RH change is reliable, but the absolute value is not. 

 

3.2 WATER ABSORPTION PROCESS 

Figure 6 shows the strain change in each specimen during water absorption, and 
Figure 7 shows the maximum strain change for each amount. 

For the specimens with no salt, strain quickly increased after water absorption 
and reached a constant value. Meanwhile, for the specimens with salt, strain 
changed differently. Strain changes are roughly classified into two: those that 
increase quickly after water absorption and show a slow change after reaching a 
maximum value, and those that increase gradually for one to several days. Gener-
ally, strain increases earlier in specimens without salt than in those with salt. 

Next, the relation between strain and the presence or absence of salt is explained  
When 3.5 or 7.0 g of water was absorbed, the specimens without salt showed a 
strain of about 120 με, while those with salt showed a maximum strain of about 
200–700 με. Meanwhile, in the specimen that absorbed 1 g of water, the strain 
was about 13 με even in the specimen with salt. Figure 8 shows the salt precipita-
tion. In this test piece, salt precipitated from the bottom of the specimen. As a 
result, the liquid water absorbed from the bottom did not sufficiently reach the 
top surface where the strain gages were affixed, and therefore, sufficient strain 
was not observed. 
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Figure 6. Strain change in specimens during water absorption. 
The results for 1.0 g of water absorption are shown in green, 3.5 g in 
blue, and 7.0 g in orange. Even when the amount of water absorption 

is the same, the strain change behavior is different. 

 

Figure 7. Maximum value of strain obtained through absorption 
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Figure 8. Appearance of precipitated salt when 1.0 g water was ab-
sorbed 

4 DISCUSSION 

During moisture adsorption, the strain of specimens was greater during a long 
wetting period than during a dry–wet cycle. This may be because the fact that the 
controlled humidity in the desiccators was close to the deliquescence point of 
mirabilite, which slowed the rate of deliquescence.  

From another perspective, strain monotonically increased in the adsorption pro-
cess and decreased in the desorption process during the dry–wet cycle. However, 
strain during the long-term wetting process and water absorption process did not 
monotonically increase but temporarily decreased. The latter mechanism is un-
clear, but we suppose that this behavior is due to a change in the phase of Na2SO4. 
A comparison of strain between the long-term wetting process and water absorp-
tion process showed maximum values of about 200–700 με for both. Considering 
measurement error, the difference in the stresses generated by deliquescence and 
dissolution are considered small. 

This study compared the degree of deterioration by the strain of the specimens, 
but a more detailed evaluation would require a measurement of ultrasonic pulse 
velocity or a quantification of the crack and detachment of the specimens [8]. 

Figure 7, which compares the results for 3.5 and 7.0 g water absorption, shows 
greater strain in the former. Although a statistically more accurate verification is 
needed in the future due to the considerable variation in strain of each specimen, 
the results are extremely interesting. It is possible that one of the reasons is that 
excessive absorption of water during the water absorption process lowered the 
saturation of the solution, which in turn reduced the crystallization pressure. 
However, this assumption cannot be adequately explained from the results of this 
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measurement, and further study will be conducted with solution flow in the mate-
rial.  

5 CONCLUSIONS 

In this study, tuff containing sodium sulfate was wetted through different meth-
ods, and differences in material strain due to different wetting methods were 
compared. In the moisture adsorption tests, the specimens containing sodium 
sulfate were placed in desiccators humidified by saturated Na2SO4 aqueous solu-
tion. This resulted in a strain of 250–600 με. In the water absorption test, mean-
while, the specimens were impregnated with pure water whose volume was about 
40%–85% of the material porosity. As a result, strain of 200–700 με, which is 
consistent with the results of the moisture adsorption test, was observed. These 
findings clarified that no significant differences can be observed in the stress 
generated by different wetting procedures, that is, deliquescence and dissolution. 
However, understanding the nonstationary nature of deformation and differences 
in deformation due to varying moisture absorption and water absorption rates 
requires further investigation. 
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ABSTRACT  

Understanding the crystallization behavior of salt mixtures is key to improving 
conservation strategies for porous heritage materials. The crystallization behavior 
of a common mixture is investigated: Cl–, NO3

–, Na+, K+, and Ca2+ in two concen-
trations - one equimolar and the other with proportionally more nitrate and calcium 
ions. Both examined between 15-95% relative humidity (RH) at 20 and 25 °C. The 
crystallization pathway was determined using the ECOS/Runsalt model, and ex-
periments were carried out with dynamic vapor sorption, a RH generator and time-
lapse imaging via microscopy. The experimental results are partly in agreement 
with the modelled RH points of interest, however important deviations are seen in 
the crystallization pathway of the non-equimolar mixture. Niter is seen to crystal-
lize when the RH increases from 30% to 45%, a crystallization pathway only seen 
in the model output of the equimolar mixture. Furthermore, in both mixtures cal-
cium nitrate is partly hindered from crystallizing and when it does the tetrahydrate 
is identified. Despite these deviations, the sorption measurements are in close 
agreement with the initial mutual crystallization RH. The results are important for 
evaluating risks and understanding damage phenomena in heritage materials under 
realistic climatic conditions. 
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1 INTRODUCTION 

Salt mixtures are the cause of stone decay all over the world, however few studies 
investigate the behavior of mixtures subjected to different environmental condi-
tions [1]–[4]. This contribution focusses on the result of thermodynamic calcula-
tions that model the behavior of salt mixtures under changing relative humidity 
(RH) conditions, and the verification of the model outputs through experimental 
investigation. The latter permits the assessment of salt crystallization kinetics that 
are not considered in models. Thus, allowing the interpretation of results to identify 
realistic risk events when advising preventive measures to mitigate crystallization 
cycles. Here we focus on common mixture compositions derived from a statistical 
analysis of 11412 samples taken in 338 historic buildings (monuments and sites) 
primarily in Belgium [5], [6]. The mixtures of interest include a combination of 
seven ions: Cl–, NO3

–-, SO4
2–, Ca2+, Na+, K+, and Mg2+. As the least soluble salt, 

here gypsum, will crystallize rapidly from the mixed ions, the remaining solution 
will then either include calcium or sulfate ions, dependent on the mixture compo-
sition. Under these circumstances six ions remain Cl–, NO3

–, SO4
2–, Na+, K+, and 

Mg2+ or Cl–, NO3
–, Ca2+, Na+, K+, and Mg2+. Magnesium occurs less frequently in 

common mixtures found in heritage sites, leaving five ions of interest,: SO4
2–, Na+, 

K+, NO3
–, Cl– (type 1, sulfate-rich) or NO3

–, Ca2+, Cl–, Na+, K+ (type 2, calcium-
rich) [5] (shown in decreasing order of magnitude as found in common mixtures). 
Type 1 mixtures tend to be less hygroscopic, mainly crystallizing above 60% RH 
and contain more hydrated, and double salts. Type 2 mixtures tend to crystallize 
below 60% RH and contain more hygroscopic salts that are often kinetically hin-
dered from crystallizing. Including magnesium, 14 solids are commonly found in 
building materials. Their minimum and maximum mutual RH crystallization and 
dissolution ranges have been mapped out in view of their single salt behavior [7]. 
Here we present experimental data on the common mixture Cl–, NO3

–, Ca2+, Na+, 
K+ (type 2, calcium-rich) and place the results into context of conservation practice 
and how the combination of techniques can help us better understand crystalliza-
tion processes in past and future climatic conditions.      

2 METHOD 

2.1 Calculated crystallization behavior  

The model ECOS/Runsalt [8], [9] is used to calculate the crystallization behavior 
of two mixtures (type 2): one an equimolar composition of 2Cl–, 2NO3

–, 1Na+, 1K+, 
1Ca2+, and the other a non-equimolar mixture with proportionally more nitrate and 
calcium ions, specifically 1.9Cl–, 4.7NO3

–, 1.9Na+, 1.9K+, 1.4Ca2+. The study of 
the latter mixture is particularly significant, as nitrate and calcium ions are typically 
found in greater proportions within mixtures measured in the built environment [5]. 
Both are modeled between a relative humidity (RH) of 15% and 95% with a reso-
lution of 0.1% RH, at 20 and 25 °C. Details on the model input parameters and 
limitations are described in [10]. The output shows solids that can crystallize from 
the solution, for example, at a given RH the amount of crystalline solid is indicated. 
Because there is a limited number of independent variations of which a system of 
coexistent phases is possible, generally known as the phase rule [11], only four 
solids can coexist at a given temperature (T) and RH within the five-ion mixture. 
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Thus, the salts under investigation are halite (NaCl), niter (KNO3), sylvite (KCl), 
and hydrated calcium nitrate Ca(NO3)2∙xH2O. Excluding the double salts 
Ca(NO3)2∙KNO3∙3H2O [12] and Ca2Cl2∙Ca(NO3)2∙4H2O [13] as these solids are 
currently not considered in the model dataset.  

2.2 Experimental verification of the mixture behavior  

The experiments are carried out with an equimolar solution of 2Cl–, 2NO3
–, 1Na+, 

1K+, 1Ca2+, and a solution of 1.9Cl–, 4.7NO3
–, 1.9Na+, 1.9K+, 1.4Ca2+ (scaled to 

0.1), further defined as mixture (A) and (B), respectively. The mixtures are pre-
pared with a concentration of 25% below the saturation degree of the equimolar 
mixture (1.920 mol∙kg–1), the latter non-equimolar mixture was made with 11.225 g 
of NaCl, 19.417 g of KNO3 and 33.431 g of Ca(NO3)2∙4H2O (Merck, analytical 
grade quality) in 86.173 g ultra-pure H2O, accounting for the hydrated salt. The 
calculated crystallization behavior of the mixtures is verified experimentally fol-
lowing two methods. 

i.) Duplicate time-lapse imaging under changing RH experiments, mixture (B) 

Dissolution and crystallization times of the non-equimolar mixture (B) were rec-
orded via time-lapse imaging (3D-digital microscopy, HIROX—imaged at a mag-
nification of 140 or 160 (lens: MXG-2500REZ, KH-8700), a field of view of 
2079.49 μm and special resolution of 1.30 μm). Intervals between images were ei-
ther 2, 5, 30 or 60 seconds (s), subject to visually observed phase transitions during 
the first run. The solution/crystals were imaged under changing RH in a windowed 
climate chamber (GenRH/Mcell) with a constant gas flow (H2O and N2) at 
200 sccm (standard cubic centimeters per minute). All measurements were rec-
orded under laboratory temperature 20 °C (±1) and between 15% and 95% RH. 
Solid phases were analyzed at specific RH intervals when crystals became visible 
with a portable Raman spectrometer for environmental analysis (Renishaw, Vir-
saTM), focusing on specific solids through the windowed climate chamber. Further 
verification was carried out after long-term conditioning of the samples (3 months) 
at 15% RH and 20 °C with micro-Raman spectroscopy (Renishaw InVia). In both 
cases the measurements were carried out with a 785 nm (100 to 400 mW) near 
infrared diode laser through a long-distance objective with a magnification of x5, 
x20 or x50. An exposure time of 10 s and a measurement range between 100 and 
2000 cm–1 was sufficient to obtain identifiable spectra. Additionally, after the same 
long-term conditioning, X-ray diffraction analysis (Bruker D8 theta/2theta config-
uration) was carried out on the ‘dried’ solution. 

The experiments under this method were carried out with 6 droplets of solution 
(the initial volume of each drop was 0.5 μL) placed on an 18 mm x 18 mm glass 
slide into the windowed climate chamber. The droplets were conditioned at 95% 
RH followed by drying at 15% RH (1 hour for each RH plateau step). The main 
experiment involves cycles of decreasing and increasing RH, each cycle main-
tained for 1 hour. The increasing cycle starts at 15%, increasing by 5% each cycle 
until 95%. The decreasing cycle starts at 95%, reducing by 5% each cycle until 
15%: 
- 95%-X%-95%; with X = 90%, 85%, 80%, 75%, 70%, and so forth until 15%;  
- and 15%-X%-15%; with X = 20%, 25%, 30%, 35%, 40%, and so forth until 95%.  
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This experimental series reaches a total of 64 steps (total duration 64 h). RH and T 
were logged every 2 seconds in the climate chamber near the droplets (Rotronic, 
RH and T measurement probe). The experimental method involves time steps for 
achieving the target RH in the climate chamber and attaining the calculated RH 
points of interest when crystallization or dissolution is expected (the mutual crys-
tallization or dissolution relative humidity for each solid), and the effective crys-
tallization and dissolution times at first and completed microscopic observation of 
a crystallization or dissolution. Specifically, we consider: 

- t1 = the start time of the experiment until the first mutual crystallization or dis-
solution RH is reached, as calculated by ECOS/Runsalt, with respect to the given 
RH target. The mean and median values were summarized here as derived from 
the calculated slopes from the obtained datapoints, for increasing RH and de-
creasing RH separately. For increasing RH, the mean slope is approximately 
0.77% s-1 (median 0.69% with a standard deviation (sd.) of 0.30%), for decreas-
ing RH: the mean slope is approximately -0.47% s-1 (median: -0.49% with sd. 
0.22%).  

- t2 = from t1 until the first visible crystal or dissolution, which is considered as 
the induction time.  

- t3 = the time from t2 until complete visible crystallization or dissolution, thus the 
effective crystallization/dissolution time.  

- t4 = the induction time plus completed crystallization/dissolution, thus t2 + t3.  

- texp = the total experimental time of the step (here always 1h), however t4 + t1 

can be less or exceed texp. 

ii.) Quadruplicate dynamic vapor sorption experiments, mixtures (A and B) 

Similar to experiments described by Rörig-Dalgaard [14], sorption and desorption 
isotherms of both mixtures (A and B) were determined via dynamic vapor sorption 
(SPSx-1μ high load, proUmid, SPS: sorption testing system, 1 μg resolution). All 
isotherms were recorded at 25 °C within a range of relative humidities between 
15% and 95%. Simultaneous imaging and Raman spectra were obtained through-
out the experiment. Images were obtained at each RH step with a 50 mm lens, 
CMOS sensor (11.3 mm x 11.3 mm, 2046 pixel x 2046 pixel resolution 5.5 x 5.5 
μm pixel size). A Wasatch Photonics WP 785 (nm laser) was used to obtain Raman 
spectra at the end of each RH step, with the following parameters: laser power 450 
mW, resolution 7 cm–1, 10 s integration time, 270-2000 cm–1 spectral range, work-
ing distance 50 mm.  

The experiments with the non-equimolar mixture (B) following this method were 
carried out with either 20 to 30 droplets of 0.5 μL or one droplet of 20 μL solution, 
placed in one of the 23 aluminum sample pans of the SPS autosampler. The larger 
volume droplets were used to obtain Raman spectra and time-lapse images. The 
equipment was set to weighing intervals of 10 or 15 min, with an initial temperature 
of 40 °C and 15% RH for 12 h to ensure stable weight (reasonable under realistic 
conditions), followed by the main experiment carried out at 25 °C and RH steps of 
1 or 2%, from 15 to 95% for sorption and from 95 to 15% for desorption, each RH 
step was maintained for 2 or 6 hours. For the equimolar mixture (A), sample masses 
varied between 6.1 mg and 13 mg for salt solutions (weight before drying at 60 °C). 
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The isotherms for this mixture were recorded at 25 °C, the range of relative humid-
ities starting at 0% or 15%, the upper limit varying between 80 and 95%. The ex-
periments were carried out with fixed rates of 2% steps every five and ten hours. 
We consider non-equilibrium conditions (dm/dt, derivative of mass (m) with respect 
to time (t)) as the equilibrium limit is set to 0.01% per 40 min.     

3 RESULTS 

The crystallization behavior of the two mixtures (A) and (B) are calculated by 
ECOS/Runsalt and shown in Figure 1. In both mixtures, the first solid that the 
model indicates at 25 °C is halite, respectively at an RH of 60% and 55% (rounded). 
For mixture (B), at 20 °C niter shifts and becomes the first to crystallize, from 
initially 53% at 25 °C to 66% at 20 °C before halite. This is an unusually large RH 
shift and suggests a possible issue with the model parameters. For the equimolar 
mixture (A) at 20 °C, an unexpected phenomenon is observed with niter crystalliz-
ing at 56% reaching a maximum of crystalline solid around 41% followed by re-
dissolution under drying condition until completely dissolved again at 34%. The 
process of niter dissolution corresponds with the crystallization of potassium chlo-
ride (sylvite) starting at 40%. While potassium ions from niter are going into solu-
tion, they are incorporated into sylvite crystals, and nitrate ions become available 
in the solution, under drying conditions until 32% when the remaining halite and 
sylvite crystallize.  

 
Figure 1. ECOS/Runsalt crystallization results for two ion mixtures at 25 and 
20 °C, across 15%-95% RH (x-axis: 20-70% RH with 0.1% resolution). Left: 
mixture (A) and right: mixture (B). The y-axis depicts crystalline solid volumes in 
a stacked format. The legend distinguishes 25 °C (colored lines) and 20°C 
(dashed lines) solid phases. The secondary y-axis shows the 1st derivative of the 
sorption measurement for mixture (B), reflecting dynamic vapor sorption data at 
25 °C and 2% RH intervals every 6 hours. This aligns with the initial mutual hal-
ite crystallization at 55% RH and 25 °C. 

The same pathway is seen at 25 °C between 50 and 39% RH. However, for the 
non-equimolar mixture (B), the calculated behavior does not indicate any redisso-
lution of niter or crystallization of sylvite. The model also predicts the crystalliza-
tion of anhydrous calcium nitrate in both mixtures; however, it is known error in 
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ECOS [10], [15]. If it were to be physically possible the calcium nitrate phase 
would be tetrahydrate (nitrocalcite). We can assume that calcium and nitrate ions 
remain available in solution throughout the experiments as described further. Vice 
versa under wetting conditions the first mutual dissolution RH is noted around 32% 
(for both mixtures and temperatures), followed by a slow dissolution of sylvite and 
halite at higher RH values. The behavior of mixture (A) continues with niter crys-
tallizing under increasing RH, a logical process under these conditions where the 
solution becomes oversaturated with respect to potassium and nitrate ions to pro-
voke crystallization until dissolution starts again from 40% RH upwards. As the 
model dataset does not include the double salts Ca(NO3)2∙KNO3∙3H2O and 
Ca2Cl2∙Ca(NO3)2∙4H2O there remain open questions whether these salts form and 
how the pathway might change. The calculated crystallization and dissolution be-
havior is further verified experimentally.             

i.) Duplicate time-lapse imaging under changing RH experiments, mixture (B) 

During the time-lapse imaging, through the windowed climate chamber, the first 
and last crystal formations were expected to contain chloride, therefore no discern-
ible Raman spectra could be obtained. To identify these salts the morphology was 
examined. The first set of crystals revealed a dendritic and cubic pattern, thereby 
suggesting their classification as halite. The crystallographic behavior of sylvite 
mirrors that of halite as an isometric system. However, the final crystals exhibited 
habits inclusive of octahedral and dodecahedral forms [16], [17]. Given these ob-
servations, a specific identification between either halite or sylvite was not possible. 
Between the two solid phases typical orthorhombic crystals, that is, long prismatic 
shapes with needle-like or plate-like forms were visible, these crystals were iden-
tified with Raman as niter (principal Raman shift at 1050.3 cm-1). Crystallization 
of calcium nitrate was not observed; however, Raman spectra were obtained with 
a clear identification of nitrocalcite (principal Raman shift at 1051.1 cm-1). The 
latter was also identified in the equimolar mixture (A). Despite the long-term con-
ditioning of the samples (over 3 months) at 15% RH and 20 °C, the XRD analysis 
was unable to identify any minerals. This was attributed to persistent calcium ni-
trate solution surrounding all solids, which had become extremely viscous and ex-
hibited amorphous properties, thus obscuring the definitive crystalline characteris-
tics required for identification of all crystalline solids in the mixture. The same 
results were obtained in the vapor sorption experiments.  

The experimental results of the time-lapse imaging under changing RH (20 °C) are 
presented in Table 1 (limited to mixture B). When reducing the relative humidity 
(RH) from 95% to the designated target values (95%-X%), halite formation was 
first observed at 40% RH. This observation is not in agreement with the calculated 
behavior where niter was expected to crystallize first, keeping in mind that the spe-
cific RH noted is subject to the rate of RH change (see method section). The time 
before the first crystallization is observed is approximately 15 minutes for 95%-
40% and 7 minutes for 95%-15% (t2). This general trend can be derived from the 
RH steps with faster crystallization occurring at lower RH targets. A similar trend 
is derived for complete crystallization (t3) for X%-15%, with an increased time 
when X is set to a higher RH, for X = 65% to 95%, these times are respectively 10 
and 35 minutes. Accordingly, the delay is caused by the evaporation rate of the 
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diluted solution at higher RH before critical saturation was reached, a kinetic prop-
erty of the solution. Complete crystallization times (t3) are recorded with roughly 
42 minutes for 95%-40%, and 20 minutes for 95%-15%. The opposite trend is seen 
for the dissolution experiments (15%-X%), with faster complete dissolution (t3) 
when the RH target is higher, with 54 minutes for 15%-75%, and 12 minutes for 
15%-95%. However, the dissolution times remain reasonably constant for the dis-
solution experiment X%-95%, with 11 minutes on average for every step between 
15%-95% and 40%-95%. 

Table 1: The median logged time in minutes (rounded to 1 min.) and spread 
(or standard deviation (sd.)) considering the target RH (X) of all crystallization and 
dissolution experiments with mixture (B) carried out in steps of 5% with a total 
time for each RH step of 1 h (texp) at 20 °C (±1). Specified time intervals are con-
sidered with t1 = the time for the equipment to reach the first mutual crystalliza-
tion/dissolution RH (see method section), t2 = the time when t1 is reached until the 
first visible crystallization or dissolution occurs and t3 = the time from first crystal-
lization/dissolution (t2) until completed (excluding incomplete processes, thus the 
RH cut-off as indicated by X, however not considering kinetically hindered crys-
tallization of calcium nitrate).      
median logged 
time (min.) 
and spread 
considering X 

crystallization 
95%-X% 
(X = 40 to 15) 

dissolution 
X%-95% 
(X = 40 to 15) 

crystallization 
X%-15% 
(X = 65 to 95) 

dissolution 
15%-X% 
(X = 75 to 95) 

 t2 10 (15 to 7) 1 (2 to 0.5) 4 (2 to 7) 0.3 (sd. 0.1) 

 t3 26 (42 to 20) 11 (sd. 0.5) 26 (10 to 35) 17 (54 to 12) 

These values are important in view of high-resolution climatic data (minutes). 
More specifically, when considering crystallization and dissolution cycles and link-
ing phase transitions to decay phenomena, further described in [18]. The experi-
ments show that, within a time frame of 1 h, complete crystallization takes longer 
compared to dissolution, unless the target RH for dissolution is close to the critical 
crystallization RH. These results are in contrast with general literature that states 
that under the same conditions dissolution is often faster than crystallization. This 
is because dissolution only requires the breaking of the ionic lattice of the salt, 
while crystallization requires the ordered arrangement of ions into the crystal lattice, 
the latter often a slower process. However, our observations show that the process 
is dependent on the initial and target RH.  

When verifying crystallization and dissolution of niter, the time-lapse images show 
that niter crystallizes out of the existing solids (unidentified) in the solution with 
increasing RH. This process is illustrated in Figure 2. Again, this behavior was not 
calculated for mixture (B), yet it can be derived from the equimolar mixture (A). 
The opposite process is seen under drying conditions with niter dissolution and 
possibly sylvite, nitrocalcite, halite or the calcium potassium nitrate double salt 
crystallizing. Crystallization of niter from solution is observed after a median time 
(t2) of 2 minutes (sd. = 0.3), considering 20 dissolution experiments 15%-X% (X = 
65 to 95) and X%-95% (X = 40 to 15). When the RH is set at 35% and 40%, niter 
crystallizes and remains stable, while the crystals are observed to dissolve again 
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above 40%. The results are critical as they illustrate the crystallization behavior in 
comparison with the modeled behavior indicated by ECOS.  

 
Figure 2. Illustration of niter crystal growth (inside the green circles) from a 
mixed salt solution, non-equimolar mixture (B), under increasing relative humid-
ity from 30 to 45% (5% increments every 60 min) at 20 °C, respectively left and 
right image.  

ii.) Quadruplicate dynamic vapor sorption experiments, mixtures (A and B) 

The results of the sorption and desorption experiments with the SPS equipment are 
compared to the crystallization and dissolution behavior of both mixtures (A and B) 
as calculated with ECOS at 25 °C (Figure 1). The individual sorption and desorp-
tion curves exhibit consistent trends with few distinguishable weight changes 
where transitions could be identified (not shown). However, a hysteresis between 
sorption and desorption occurs, as supersaturation precedes crystallization. As a 
result, crystallization happens at a lower relative humidity than the deliquescence 
of the final crystalline phase during sorption. The hysteresis is thus an indication 
for the first transition. For the non-equimolar mixture (B) this is seen between 59 
and 43% RH. The more complex the mixture the more the hysteresis is less pro-
nounced, thus calculating the first derivative can provide useful insights. When 
looking at the first derivative of the sorption curve we can identify a first maximum 
at 55% and a smaller less pronounced maximum at 23% RH. The first value is in 
perfect agreement with the calculated mutual crystallization RH of 55% for halite 
in mixture (B) at 25 °C. While for the equimolar mixture (A) the maxima detected 
were at 21%, 46% and 58%. It is assumed that the steps around 22% (in both mix-
tures) are the result of calcium nitrate hydration, a delayed reaction due to kinetics. 
The step at 58% is in close agreement with the calculated value of halite crystalli-
zation at 60% and the step at 46% is likely associated with niter crystallization at 
50% in mixture (A) at 25 °C. Some deviation is likely due to the lower degree of 
supersaturation for the small amount of niter that crystalizes.  

The identification of crystallization and dissolution times is limited to the experi-
mental parameters. However, the results of both time-lapse imaging and dynamic 
vapor sorption experiments, with the non-equimolar mixture (B), allow us to define 
patterns between the widely different RH step-width and time intervals applied. In 
the sorption experiments we identify the onset of dissolution at approximately 
33% RH and completed dissolution at 68% RH (Figure 3). This agrees with the 
former Gen-RH experiments where the onset of dissolution is first observed at 35% 
RH and near complete dissolution at 70% (part of the dissolution experiment 15%-
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X%). Considering that the experimental procedure for the latter (experiment i.) is 
significantly shorter in time with increasing RH at 0.77% s-1 and decreasing RH at 
-0.49% s-1 (maintaining the target for 1h) compared to the slower run maintaining 
each % change for 2 h (experiment ii.). In line with the different time steps, during 
desorption at slower rate, we can observe halite crystallization at 51% RH and niter 
crystallization at 48% RH. While at faster rate, halite and niter crystallization were 
observed at 40% and 35% RH, respectively. These results are notable for practical 
considerations when looking at realistic climate data, where the effect of boundary 
conditions such as the averaging time frame and the minimum RH on the deter-
mined number of salt phase transitions is important (see [18], [19]).  

 
Figure 3. Illustration of image capture during sorption and desorption measure-
ments with the non-equimolar mixture (B) at 25 °C (15-95-15%, step width 1% 
for 2 h) of a 20 μL droplet in an aluminum pan in the SPS experiment, observa-
tions from left to right (complete) crystallization 15%, first dissolution 33%, com-
pleted dissolution 68%, undersaturated solution 95%, onset of first crystallization 
51%, and onset of second crystallization 48%.  

4 CONCLUSION  

The crystallization behavior under varying relative humidity conditions of a com-
mon hygroscopic salt mixture with two different compositions was investigated (an 
equimolar mixture 2Cl–, 2NO3

–, 1Na+, 1K+ 1Ca2+ and a non-equimolar mixture 
with proportionally more nitrate and calcium ions 1.9Cl–, 4.7NO3

–, 1.9Na+, 1.9K+, 
1.4Ca2+. ECOS/Runsalt was used for modeling the behavior and the output was 
experimentally investigated with different methods. The experimental results were 
also used to determine crystallization and dissolution times of the non-equimolar 
mixture under different rates of environmental changes. It was observed that initial 
crystallization is delayed compared to initial dissolution that starts rapidly, how-
ever complete crystallization is in most instances slower than the complete disso-
lution process. During the dissolution phase, the mixture starts to dissolve quickly 
when the RH hits around 35%. However, to fully dissolve, it requires higher hu-
midity levels, specifically between 68% and 75%. This full dissolution happens 
over different timescales depending on how quickly the humidity rises. In slower 
conditions (RH rising 2% every 6 hours), it takes roughly 72 hours. But in faster 
conditions (RH rising at a rate of 0.69% s-1), the timescale is shortened to under 
1 hour. Remarkably, if the humidity increases rapidly to 95%, the mixture can dis-
solve completely in as little as 11 minutes. In contrast, during the drying phase, 
salts begin to crystallize at 51% RH for slower drying conditions and at 40% RH 
for faster ones, taking approximately 16 hours and 16 minutes, respectively. Ex-
cluding calcium nitrate, full crystallization takes around 24 hours in slower condi-
tions, and 40 minutes in faster ones. When the RH plummets rapidly to 15%, full 
crystallization can occur in just 26 minutes. This data helps us understand how salt 
mixtures react to different humidity conditions, giving us insights into its behavior 
under realistic, fluctuating climatic scenarios. In view of practical considerations 
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when the dissolution and crystallization times are correlated with high resolution 
climate data, cycles of phase changes can be determined more precisely. 

The kinetics of niter and calcium nitrate behavior were also of particular interest. 
In the non-equimolar mixture niter crystallized from solution under increasing RH, 
a behavior that seems to follow the crystallization pathway of the equimolar one. 
Crystallization of calcium nitrate tetrahydrate was also observed in both mixtures. 
Additionally, it was observed that over longer periods of time most of the calcium 
nitrate remained in solution and amorphous phases might also occur. More research 
is needed to understand the crystallization behavior of this salt in terms of risk 
assessment to building materials. These kinetic properties are substantial enough 
to warrant consideration when using the model, in-site evaluation, and preventive 
conservation recommendations. Further research is also needed to understand the 
pore-scale processes and verification of effective decay potential in terms of crys-
tallization cycles, pressure, and pore filling. In summary, this study helped to iden-
tify possible issues with the model parameters and underscores the significance of 
understanding the interplay of RH and time in the crystallization and dissolution 
cycles of salt mixtures. 
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ABSTRACT  

Sintered brick is one of the common porous building materials of architectural her-
itage. Salt migration with capillary water inside sintered bricks results in the vari-
ous deterioration. Moisture diffusivity is an important hygroscopic physical param-
eter for accurate analysis of moisture transfer in sintered bricks. To clarify the ef-
fect of salt content on the moisture diffusivity of Chinese sintered blue bricks, the 
capillary absorption coefficient and capillary absorption content of the bricks con-
taminated by 0%, 1%, 5% and 10% sodium chloride (NaCl) solution were deter-
mined by capillary absorption experiment and the ‘ruler method’ proposed by 
Evangelides et al. was used to determine the moisture diffusivity (Dl). Results 
showed that 1) the capillary absorption coefficient (Acap) decreased with the in-
crease of NaCl content, and the maximum decrease was 18%; 2) the presence of 
salt in bricks decreased the capillary moisture content (wcap) with the maximum 
decrease of 8.6%; 3) the moisture diffusivity at the same water content increases 
with the salt content. This research contributes to understanding the effect of salt 
on moisture migration in sintered bricks and provides data support for the moisture 
simulation, energy consumption calculation, and heritage conservation of sintered 
brick architectural heritage. 
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1 INTRODUCTION 

Sintered brick is one of the common porous building materials of architectural her-
itage. Generally, the salt solution migrates with capillary water inside bricks, re-
sulting in the deterioration of bricks caused by the crystallization of soluble salts, 
especially when a variety of salt mixtures exist in porous materials [1] – [3].  

Numerical simulation is a common tool for calculating the moisture migration in 
the porous material [4]. The moisture diffusivity of materials is required in the 
HAM model, and is obtained, for example, based on the water absorption experi-
ment. However, it requires the transient moisture distribution in the material. There 
are both destructive and non-destructive methods to obtain the transient moisture 
distribution. The destructive methods (such as the slice-dry-weight method [6]) are 
not suitable for continuous measurement. Consequently, the non-destructive meth-
ods have been developed, such as X-ray attenuation [7], nuclear magnetic reso-
nance [8], time domain reflectometry [9], etc. However, these methods have not 
been standardized for continuous measurement and not applied widely due to ex-
pensive facilities and the complexity of data processing. To overcome these diffi-
culties, many simplifying mathematical models have been proposed to determine 
moisture diffusivity which solve one-dimensional moisture diffusion equation, in-
cluding multi-step method [10], ruler method [11], Kießl-K nzel method [12], etc. 

Many researches on the determination of moisture diffusivity are commonly car-
ried out in laboratory conditions where there is no salt in the pores of the material 
[13] – [15]. Although building material frequently contains salt under the natural 
environment due to the interaction with the chemicals from the surrounding air or 
water, the effect of salt on moisture diffusivity of porous materials was studied 
rarely. Therefore, it is necessary to explore the effect of salt content on the moisture 
diffusivity of porous building materials.  

In this study, the capillary absorption experiment of Chinese sintered blue bricks 
was carried out to determine the moisture diffusivity of sintered blue bricks by the 
ruler method. To further examine the effect of salt on moisture diffusivity of sin-
tered bricks, the moisture diffusivity of sintered blue bricks contaminated by 1 %, 
5 % and 10 % sodium chloride (NaCl) solution was also obtained. It provides basic 
data for the moisture simulation, energy consumption calculation, and heritage con-
servation of sintered brick architectural heritage. 

2 MATERIALS AND METHODS 

2.1 Materials  

In this study, the sintered blue bricks produced in southeast of China were used 
with the size of 50×50×50 mm, as shown in Fig. 1(a). The bulk density, porosity 
and critical pore size of three brick samples were tested by mercury intrusion po-
rosimetry (MIP) method. The bulk density of three samples were 2.63, 2.68 and 
2.66 g/cm3, and the corresponding porosity were 31.25%, 32.21% and 32.19%, re-
spectively. The pore size distributions obtained from MIP method are illustrated in 
Fig. 1(b). The major pore size of the samples ranged from 500–5000 nm, and the 
average pore diameter were 396.26, 409.44 and 428.49 nm, respectively. Although 
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there is slight difference among the properties of different samples, it may be inev-
itable considering uncontrollable factors in manufacture process.  

(a) (b) 

Figure 1: Sintered blue brick sample and pore diameter distribution of samples 

2.2 Methods  

2.2.1 Capillary Absorption Experiment 

The capillary absorption experiment is one of the most common material physical 
properties tests. The absorption process is represented by plotting the amount of 
water absorbed per unit area against the square root of time. Typically, the capillary 
absorption process can be divided into a first fast absorption stage and a second 
slow stage. The slope in the first stage is defined as the capillary absorption coef-
ficient (Acap, kg/(m2·s-1/2)): 

tA

M
Acap  (1) 

where ∆M is the moisture mass absorbed by the sample, kg; A is the water absorp-
tion area equal to the bottom area of the sample, m2; t is the time, s.  

The moisture content at the cross point of the fitting lines for the first and the sec-
ond stages is defined as the capillary moisture content (wcap, kg/m3): 

HA

M
wcap  (2) 

where ∆M is the moisture mass absorbed by the sample, kg; H is the height of the 
sample, m. 

The capillary absorption test was done based on ISO 15148-2002 standard. The 
experiment was carried out at the temperature of 15 (±2) oC and relative humidity 
of 50 (±2) %, which was determined according to the annual average climatic con-
ditions in Nanjing, China. Five samples were tested to eliminate errors caused by 
individual differences. Before the experiment, five brick samples were soaked in 
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distilled water, and the soaking solution was changed every 24 hours until its con-
ductivity decreased to 100–200 μs/cm, which usually last 3–5 days. Next, the sam-
ples were dried at 105 oC drying oven until constant weight. After that, the five 
surfaces of the samples except the water absorbing bottom surface were sealed by 
plastic films to prevent the influence of water evaporation. In order to inhibit the 
liquid from rising along the gap between the samples and the plastic films, the 
plastic films wrapped on four sides surfaces were set aside a 10 mm gap from the 
bottom. A certain number of exhaust holes were made on the top surface plastic 
film of the samples to keep air pressure. 

During the standard measurement, the dry samples were placed in a shallow tank 
for one-dimensional (1-D) isothermal free water uptake. The water level in the tank 
was kept constant at 5 mm above the bottom surface of samples. When the samples 
touched water, the timer was started. The samples were removed from water every 
3–5 min, and the free water attached to the bottom was wiped with a dry cloth. The 
wet mass of samples was measured regularly with their corresponding times. When 
the sample weight change during two consecutive measurements was less than 5%, 
the first stage was considered to be over. In the second stage, the wet mass of sam-
ples was recorded at intervals of 30–60 min and the experiment was stopped when 
recorded at least 5 sets of data. In our study, four groups of different salt concen-
tration experiments were carried out with the same brick samples. After the capil-
lary water absorption experiment of salt free bricks, the samples were dried and 
then immersed into 1% NaCl solution for two days. After the samples were dried, 
the above capillary water absorption process was repeated. The samples were 
soaked in distilled water for desalting until the conductivity of soaking solution 
decreased to 100–200 μs/cm after the capillary water absorption experiment with 
salt in each group was completed, and then the next group of salt content experi-
ments was started following the above procedure. 

2.2.2 Ruler Method to Determine Moisture Diffusivity 

The ruler method is a simplified version of the standard capillary absorption test 
without complicated facilities to determine moisture distribution in a porous mate-
rial [16]. During the first stage of the capillary absorption process, the height of the 
water front was also measured visually by a ruler. The 1-D moisture diffusion under 
isothermal conditions in porous materials can be described as: 

x

w
D

xt

w
l  (3) 

where w is the moisture content, kg·m-3; x is the position, m. 

By defining the Boltzmann variable λ (m·s-0.5) as: 

t

x   (4) 

The moisture diffusivity with different moisture content can be express as: 

150



Z. Yang, H. Xie, C. Xia, Y. Li, and S. Hokoi 

SWBSS ASIA 2023 – Nara, Japan. September 20-22, 2023. 

w

w

w
l

d

dw

dw
D 0

2
1  (5) 

where w0 is the initial moisture content, kg·m-3. 

According to Evangelides et al. (2010) [11], the w-λ profile is approximated by an 
empirical function as follows: 

c
a

ww

b
w

captan1)(  (6) 

 
where a, b and c are all fitting parameters, which are obtained by combining the 
following three boundary conditions, Eq. (7) and Eq. (8). 

0: λww cap ; fw :0  (7) 

capw

cap dwA
0

 
(8) 

where λf is the average value of the Boltzmann variable λ at different t, m·s-0.5. 

Finally, the moisture diffusivity is calculated by substituting the determined w-λ 
profile into Eq. (5). 

3 RESULTS AND ANALYSIS 

3.1 Capillary Absorption Coefficient 
In Fig. 2(a), the capillary absorption processes of salt free samples are shown. For 
all five samples, the capillary absorption processes were very similar. The value of 
ΔM/A is different between 5 samples, but the slope shows an almost the same value, 
meaning only slight difference of capillary absorption coefficients.  

Fig. 2(b) presents the capillary absorption process of Brick 5 sample with different 
salt content. The slope for the first stage and the corresponding moisture content at 
the cross point of the fitting lines for the first and the second stages both decreased 
gradually as salt content increased. With respect to other samples, the influence of 
salt content was basically consistent with Brick 5.  
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(a)                                (b)  

Figure 2: The capillary absorption process of 5 samples; (a) five salt free bricks, 
(b) Brick 5 sample with different salt content 

Fig. 3 shows the capillary absorption coefficient (Acap) of five sintered blue bricks 
with different salt content. For all five samples, the Acap of salt bricks was smaller 
than that of salt free bricks and showed a decreasing trend with the increase of salt 
content. The slightly obvious difference for Brick 2 with 10% NaCl is a bit abnor-
mal but it is still very limited. By dividing the standard deviation by the average of 
experimental results [17], the material relative errors of sintered blue bricks with 
the same salt content were calculated and all less than 15%, which further verifies 
the validity of the experimental results. The average Acap of five samples with four 
salt content were 0.230, 0.202, 0.201 and 0.189 kg/(m2·s-1/2), respectively, and the 
maximum decrease was 18%.  

 
Figure 3: The Acap of five brick samples with different salt content 

3.2 Capillary Absorption Content 
The experimental results of capillary absorption content (wcap) of five samples with 
different salt content are presented in Fig. 4. For five samples, the wcap all decreased 
with the increase of salt content of bricks. The average wcap of five brick samples 
with four salt content were 275.37, 272.10, 260.27, 251.94 kg/m3, respectively, and 
the maximum decrease was 8.6%. The material errors of sintered blue bricks with 
different salt content were about 5%. 

152



Z. Yang, H. Xie, C. Xia, Y. Li, and S. Hokoi 

SWBSS ASIA 2023 – Nara, Japan. September 20-22, 2023. 

 
Figure 4: The wcap of five brick samples with different salt content 

3.3 Moisture Diffusivity 

Fig. 5 presents the w-λ profiles and the moisture diffusivity (Dl) of sintered blue 
bricks with different salt content, which were obtained from the ruler method de-
scribed in Section 2.1. In Fig. 5(a), the moisture content of bricks slowly decreased 
first and then decreased suddenly with the λ increase for all brick samples with four 
salt content, indicating the sharp water front. The detalied results of fitting param-
eters in Eq. (5) are shown in Table 1. According to Eq. (6), the Dl with different 
water content was calculated, as shown in Fig. 5(b). The Dl of salted bricks was 
obviously higher than that of salt free bricks. The Dl of samples with 1%, 5% and 
10% NaCl were similar in low moisture content range. But in the high moisture 
content range, the Dl of samples with the same water content increased significantly 
with the increase of salt content of sintered blue bricks. 

Table 1: The fitting parameters obtained from ruler method. 

 Acap 
cm3/(cm2·min0.5) 

wcap 
cm3/cm3 

λf 

cm/min0.5 a b c 

0%NaCl 0.178 0.276 0.683 0.3544 108.1924 -74.8821 
1%NaCl 0.156 0.272 0.663 0.3577 28.6481 -19.9448 
5%NaCl 0.155 0.260 0.674 0.3395 36.5535 -25.5987 
10%NaCl 0.156 0.252 0.665 0.3306 30.9282 -21.5219 

 
(a)                                  (b) 

Figure 5: The w-λ profiles and moisture diffusivity obtained from ruler method 
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4 DISCUSSION 

The capillary absorption process of sintered blue bricks is similar to the laminar 
flow in a circular tube and the capillary absorption coefficient (Acap) may be ap-
proximately quantified by Poiseuille equation, as shown in Eq. (9) [18]. 

2
cosr

Acap  (9) 

where φ is the porosity of materials; ρ is the fluid density, kg/m3; r is the capillary 
radius, m; γ is the surface tension of the water phase, N/m; θ is the contact angle, 

; η is the viscosity coefficient of liquid, (N·s)/m2. 

According to the experimental results, the Acap of salt bricks was smaller than that 
of salt free bricks, illustrating the salt in the sintered blue bricks has a certain hin-
drance to the capillary migration of water. In our experiments, some pores in brick 
samples were filled with salt after soaking in salt solution and drying. As a result, 
the porosity of materials decreased. On the other hand, with increases of the salt 
content, the viscosity of the solution increases. According to the Eq. (9), the Acap 
has a positive correlation with the porosity and has a negative correlation with the 
viscosity coefficient. Consequently, the Acap of sintered blue bricks decreased as 
the salt content increased.  

The capillary moisture content is the total mass of water absorbed in the first stage 
of capillary absorption process. In salt-immersed sintered bricks, during the capil-
lary adsorption, some salt dissolved into water and migrated with water, while oth-
ers remained in the pores because the first stage of capillary absorption process was 
very fast . In addition, the salt in bricks may reduce the number of open pores, 
resulting in the inability of water to enter the pores. Therefore, the total water ab-
sorption in the first stage decreased with the increase of salt content in bricks.  

The moisture diffusivity is not just a transport property but it includes the effect of 
moisture capacity. Based on the results in Section 3.3, although the Acap of sintered 
blue bricks decreased with the increasing salt content of bricks, the moisture diffu-
sivity still increases in almost the whole moisture range, especially in high moisture 
content range. These results are mainly attributed to the effect of salt on micro-
scopic porous structure of bricks, which still need further discussion. 

5 CONCLUSION  

In this study, the capillary absorption coefficient (Acap) and capillary moisture con-
tent (wcap) of sintered blue bricks were measured by the capillary absorption exper-
iment, and moisture diffusivity (Dl) was determined using ruler method. The results 
were compared with 0%, 1%, 5% and 10% sodium chloride (NaCl) solution to 
analyze the effect of salt on mechanism of moisture transport of sintered blue bricks. 
The conclusions are as follows: 

(1) With the increase of NaCl content of bricks, the capillary absorption coefficient 
(Acap) decreased probably due to the decrease of the porosity and the increase of 
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the viscosity. The average Acap of sintered blue bricks with 10% NaCl was 18% 
lower than that of salt free bricks. 

(2) The presence of salt in bricks decreased the capillary moisture content (wcap) 
and the wcap decreased with the increase of salt content of bricks. This is because 
undissolved salt occupied part of the pores, resulting in the decrease of water ab-
sorption. The average wcap of brick samples with 10% NaCl was 8.6% smaller than 
that of salt free bricks. 

(3) The moisture diffusivity of bricks with the same water content increases as the 
salt content of sintered blue bricks increases, especially in high moisture content 
range. The further research will be carried out from the perspective of the influence 
of salt on microscopic pore structure. 
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ABSTRACT  

Sintered blue brick is one of the commonly used materials in traditional Chinese 
buildings. The ubiquitous salt in environment enters the brick in the form of salt 
solution through water absorption by capillary, the crystallization and dissolution 
of salt inside of brick will lead to the salt damage. In order to study the relationship 
between the rate of liquid transfer in brick and the concentration of salt solution, 
two kinds of sintered bricks were used for capillary water absorption experiments 
under 0% to 10% NaCl solution respectively, and the influence of salt solution 
concentration on water absorption coefficient by capillary (Acap kg/(m2 s0.5)) 
were compared. The experiment result shows that, With the increase of NaCl solu-
tion concentration from 1% to 10%, the Acap of the two kinds of bricks increased 
first and then decreased. Compared with pure water, the bricks have a higher Acap 
for low concentration (1%) solution, while for the relatively high concentration 
(10%), the Acap will reduce to the same or slight lower level than that of pure water. 
However, the effect of salt solution concentration on capillary moisture content of 
brick is not obvious. 
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1 INTRODUCTION 

The migration and phase change process of soluble salts in porous building mate-
rials is one of the main factors contributing to the deterioration of masonry building 
materials. Generally, the ubiquitous salt in the environment enters the brick or stone 
in the forms of capillary moisture absorption after being dissolved in water, while 
the salt generates crystallization and deliquescence of salt inside and on the surface 
of the brick or stone. This process will generate the pressure change which exceeds 
the strength of most bricks, and the pore structure inside and on the surface of the 
material will be destroyed, thus leading to the deterioration of brick or stone [1]. 
Chinese blue bricks are porous building materials made from sintered clay, as the 
complete reduction of iron is inhibited by the addition of water during the sintering 
process, thus giving them a blue color that distinguishes them from other countries 
bricks. Degradation caused by soluble salts in blue bricks is very common. 

Water absorption coefficient by capillary (Acap, kg/(m2·s0.5)) is an important index 
to evaluate the hydrophilicity of porous materials and the ability of water-carrying 
ions to enter the brick [2]. This coefficient is usually measured by capillary water 
absorption experiments, where the absorption rate in the first stage of the capillary 
moisture absorption process is the capillary moisture absorption coefficient, and 
the intersection of the first and second stages is the capillary moisture content(Wcap

kg/m3)[3]. These parameters cannot be ignored when analyzing the transfer proper-
ties of water in porous materials [4]. 

Distilled water was often used in previous capillary water absorption experiment, 
which did not consider the fact that the water entered the brick in the form of salt 
solution. To our knowledge, few studies have paid attention on the difference in 
salt solution absorption rate in Chinese blue brick up to now. An experiment 
showed that mass fraction of 5% NaCl salt concentration had little effect on water 
absorption rate of sandstone (Kandla Grey Stone) [5], but other study on the stone 
indicated that the water absorption rate would linearly decrease with the increase 
of salt (Na2SO4) solution concentration [6]. 

Therefore, the capillary water absorption experiments under the different concen-
trations of salt solution for Chinese blue brick were carried out to clarify the rela-
tionship between the rate of salt solution entering brick and the concentration of 
salt solution. 

2 MATERIAL AND METHOD 

2.1 Material 
The objects are two kinds of blue bricks commonly used in southeast of China, 
whose code names are LB and CB respectively. Both of these bricks were made 
into samples of 50*50*50mm. The porosity, density and major pore diameter of 
the two kinds of bricks are shown in the Table 1. It can be seen from the table that 
CB sample has higher porosity than LB sample while a smaller density and main 
pore diameter. It can be seen from the table that there are obvious differences in 
the properties of the two bricks, so it is convenient to compare the experimental 
results. 
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Table 1: General information. 

 Porosity Density 
(g/cm3) 

Main pore diameter 
( m) 

LB 25.95% 2.02 5-10 
CB 31.25% 1.80 0.5-2 

Pure water and 1%, 2%, 4%, 5% and 10% (mass fraction) NaCl solutions were 
used for capillary water absorption experiments. By comparing the experimental 
results, the relationship between the rate of salt solution entering brick and the con-
centration of salt solution was studied. 

2.2 Methods 

2.2.1 Basic theory 

Capillary water absorption experiment can be used to standardize the absorption 
capacity of porous materials to liquid water and as an indicator of liquid transport 
performance. The experiments were completed according to ISO 15148:2002 
standard [3]. 

In this experiment, the properties of water absorption of porous materials is usually 
expressed by water absorption coefficient by capillary (Acap, kg/(m2·s0.5)), which is 
defined as: 

 (1) 

Where, A is the bottom area of the specimen in contact with water, m2; t is time, s; 
∆M refers to the moisture mass absorbed by the specimen at time t, kg. In the ca-
pillary water absorption experiment, the slope of the linear fitting line in the first 
stage is the water absorption coefficient by capillary (Acap). 

The moisture storage capacity of porous building materials is often expressed as 
capillary moisture content (Wcap kg/m3). Through linear fitting of the first and 
second stages of the experiment, the longitudinal coordinate of the intersection of 
the first and second stages of the fitting line (∆M/A, kg/m2) is obtained, and the 
value is divided by the height of the specimen (h, m), can be expressed as: 

 (2) 

As shown in Table 2, the density of different solutions was different, so the actual 
volume of solution absorbed by the specimen was different, which named as the 
capillary moisture volume (Vcap, m3/m3), was calculated by dividing the capillary 
moisture content (Wcap) by the corresponding solution density (ρ, kg/m3), can be 
expressed as: 

 (3) 
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Table 2: Density of different solutions (the data were obtained at 15 ). 

 Pure water 1% NaCl 2% NaCl 4% NaCl 5% NaCl 10% NaCl 
Density 
(kg/m3) 998.23 1005 1012 1027 1034 1071 

2.2.2 Capillary moisture absorption experiment 
In order to eliminate the influence of the salt of the brick itself, the brick was de-
salted before the experiment. The desalination method is as follows: the specimen 
was soaked in distilled water in 15 ( 2)  and 50 ( 2) % relative humidity, the 
soaking solution was changed every 24 hours, and the electrical conductivity of the 
soaking solution was tested. When the conductivity of the three consecutive soak-
ing solution decreased to 100-200μs/cm, the salt removal in the brick was consid-
ered to be complete. 

Figure.1 shows the schematic of experimental equipment. The experiment was con-
ducted at a temperature of 15 ( 2)  and relative humidity of 50 ( 2) %. The 
five sides of the specimen except the test surface (which is the bottom) were 
wrapped to prevent the influence of water evaporation on the accuracy of the ex-
periment, meanwhile, the four sides were set aside a gap 10mm near the bottom to 
prevent the liquid from rising along the gap. A certain number of exhaust holes 
were set aside on the upper surface of the specimen to balance the air pressure. The 
water in the tank will be about 5mm above the underside of the brick to ensure 
continuous water absorption. 

 
Figure 1: The bottom of specimen is located below the water and is wrapped with 
plastic film. 

Five specimens were used in each group of experiments at the same time, and the 
average value of the five specimen was used to eliminate errors caused by individ-
ual differences. Before the formal experiment, two repeat experiments were carried 
out, and the repeated error was less than 5%. 

3 RESULT AND DISCUSSION 

The experimental results of two kinds of bricks under the action of pure water 
(0%NaCl solution) are shown in Figure 2. It can be seen that for the pure water, the 
experimental data of both kinds of bricks showed obvious changes in the first stage 
and the second stage, which was is consistent with the experimental results in ISO 
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15148:2002. The experimental results of salt solution with other concentrations are 
also consistent with the expected experimental results. 

 
Figure 2: The experiment result of two kinds of bricks on pure water (left is LB 
and right is CB). 

3.1 Experiment result of LB 

Figure 3 shows the results of capillary water absorption experiment of LB under 
the action of salt solutions with 6 concentrations. From left to right are water ab-
sorption coefficient by capillary (Acap), capillary moisture content (Wcap) and capil-
lary moisture volume (Vcap) respectively. 

Figure 3 shows that the Acap for NaCl solutions in range of 1% to 10% is great than 
that in pure water. With the increase of concentration of salt solution, the Acap de-
cline after rising first. When the concentration of solution is 1%, the Acap increased 
to 0.306 kg/(m2·s0.5), increased by 20.31% compared with pure water. With the 
further increase of solution concentration, the Acap decreased obviously. When the 
concentration of solution is 10%, the Acap decreased to 0.256 kg/(m2·s0.5), almost 
recovered to the level of pure water. 

The change of the Wcap of LB showed no explicit correlation with the change of 
solution concentration, but the actual absorbed volume of the solution Vcap de-
creased with the increase of the solution concentration. When the solution concen-
tration is 10%, the Vcap decreases by 7.11% compared with that of the pure water. 

 
Figure 3: The results of capillary water absorption experiment of LB, from left to 
right: water absorption coefficient by capillary (Acap), capillary moisture content 
(Wcap) and capillary moisture volume (Vcap). 
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3.2 Experiment result of CB 

Figure 4 shows the results of capillary water absorption experiment of CB under 
the action of 6 concentrations of salt solutions. 

The Acap of CB also showed a trend of decline after rising first with the increase of 
solution concentration, which was similar to that of LB, and the maximum was also 
observed at a solution concentration of 1%. However, different to LB, the Acap for 
NaCl solutions in range of 1% to 10% is not all greater than that for pure water. It 
is smaller than that for pure water when the concentration of NaCl solution greater 
than 5%. The Acap at 1% NaCl solution is 0.250 kg/(m2·s0.5), only increases by 4.18% 
compared with pure water, and when the solution concentration increases to 10%, 
the Acap is 0.223 kg/(m2·s0.5) and decreases by 7.16% compared pure water.  

The Wcap of CB showed a trend of slight increase with the increase of solution 
concentration. When the solution concentration was 10%, the value of Wcap in-
creased by 4.66% compared with pure water. The trend of Vcap, of CB is similar to 
LB, showing a decreasing trend with the increase of solution concentration. When 
the solution concentration increases to 10%, the Vcap decreases by 4.86% compared 
with pure water. 

 
Figure 4: The results of capillary water absorption experiment of CB, from left to 
right: water absorption coefficient by capillary (Acap), capillary moisture content 
(Wcap) and capillary moisture volume (Vcap). 

3.3 Discussion 

CB and LB bricks showed similar results in the experiment that with the increase 
of solution concentration, the Acap firstly increased and then decreased, and the Acap 
reached the maximum at a solution concentration of 1%. When the solution con-
centration further rises to 5%-10%, the Acap of the two kinds of bricks decrease to 
the same or lower than that of pure water. 

Pan et al. (2017) conducted capillary water absorption experiments with pure water, 
3.5% and 26.3% (mass fraction) NaCl solutions respectively on sintered ceramic 
pieces, and the results were similar to those in this study, which is the low concen-
tration of NaCl solution (3.5%) will increase the Acap of materials, while high con-
centration of NaCl solution (26.3%) will reduce the Acap of materials. They believed 
the results are related to the change of the properties of the solution [7]. Takatori et 
al. (2021) conduct capillary water absorption experiments on pure water and 
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0.61mol/L NaCl solution (mass fraction 3.5%) for tuff stone. It showed that com-
pared with pure water, 3.5% NaCl solution will increase the Acap of materials by 
about 20% [8]. 

The movement of water in pores is characterized by small flow channels and slow 
movement, which is similar to laminar flow in fluid mechanics and can approxi-
mately satisfy the Hagen - Poiseuille law [9] [10]. Therefore, the pores of brick are 
simplified into circular tubes with various distribution. Acap can be expressed as: 

 (4) 

Where,  is the porosity,  is the liquid density (kg/m2),  is the surface tension 
of the solution (N/m), r is the pore radius (m),  is the contact angle, μ is the liquid 
viscosity (Pa·s). 

The values of liquid density (ρ), surface tension of solution (γ) and liquid viscosity 
(μ) of the solution are obtained by referring to Chemical Physical Property Data 
Manual [11]. The pore radius(r) of the bricks were derived from the results of mer-
cury injection experiment (test equipment: Micromeritics-Autopore 9505). The 
values of contact angles ( ) between bricks and NaCl solutions of different con-
centrations were derived from experimental results (test equipment: Dataphysics-
OCA20). 

Table 3 shows the relevant data of LB obtained through reference and experimental 
results and the results of Acap obtained by calculation. The calculation results of the 
Acap of LB show that Acap decreases with the increase of solution concentration. It 
does not reproduce the experiment results of Acap that shows a trend with decreasing 
after rising first. Table 4 shows the relevant data of CB. The calculation results 
show that the Acap of CB also show a trend of increase with the increase of solution 
concentration, it declines only when the NaCl solution exceeds 5%. The trend does 
not correspond to our experimental results. 

Table 3: Relevant data used for calculation of the Acap of LB. 

  
kg/m3  

 
mN/m 

 
mPa s  

 
% 

 r 
m 

Calculation 
of Acap  

kg/(m2·s0.5) 
Pure water 998.23 72.8 1.005 25.95 28 6.55*10-7 1.186 
1%NaCl 1005 72.2 0.9954 25.95 36 6.55*10-7 1.144 
2%NaCl 1012 73.9 1.002 25.95 43 6.55*10-7 1.104 
4%NaCl 1027 74.4 1.019 25.95 58 6.55*10-7 0.949 
5%NaCl 1034 74.4 1.027 25.95 65 6.55*10-7 0.850 
10%NaCl 1071 75.7 1.103 25.95 61 6.55*10-7 0.918 
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Table 4: Relevant data used for calculation of the Acap of CB. 

  
kg/m3  

 
mN/m 

 
mPa s  

 
% 

 r 
m 

Calculation 
of Acap  

kg/(m2·s0.5) 
Pure water 998.23 72.8 1.005 31.25 19 1.98*10-7 0.812 
1%NaCl 1005 72.2 0.9954 31.25 20 1.98*10-7 0.816 
2%NaCl 1012 73.9 1.002 31.25 20 1.98*10-7 0.828 
4%NaCl 1027 74.4 1.019 31.25 21 1.98*10-7 0.833 
5%NaCl 1034 74.4 1.027 31.25 21 1.98*10-7 0.835 
10%NaCl 1071 75.7 1.103 31.25 26 1.98*10-7 0.827 

Takatori et al. (2021) proposed that equation 5 can also be used to estimate Acap of 
the different concentration salt solution [8]: 

 (5) 

Where,  and  are the Acap of different concentration of solutions 
and pure water on the bricks,  and  are the density of different concentration 
of solutions and pure water.  and  are the liquid viscosity of different con-
centration of solutions and pure water. If we normalize the pure water absorption 
coefficient =1 kg/(m2·s0.5), then the Acap of different concentration of so-
lutions can be calculated according to the value of  and μ of different concentra-
tion of solutions [11]. The calculated result is shown in Figure 5. It shows a certain 
agreement with the experimental results, when the concentration of the solution is 
lower than 5%, the Acap will increase, while when the concentration of the solution 
is greater than 5%, the Acap will be lower than that of pure water. 

 
Figure 5: According to the equation 5, the value of Acap changes with the increase 
of solution concentration. 

The calculated results of equation 5 shows a relatively consistent trend with the 
experimental results. However, in this equation, the value of Acap is only related to 
the density ( ) and liquid viscosity (μ) of the solution, and the difference in the 
material properties, such as contact angles, is not taken into account. We think that 
is why there are still differences with the actual situation. 

Takatori et al. (2021) also pointed out that the change of salt solution concentration 
may change surface electric charge of brick. The blue brick used in the experiment 
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contains clay, so the surfaces of the brick may carry electric charges. When it 
comes into contact with the salt solution, a double electric layer will be formed on 
the surface of the blue brick (including the pore surface). The electric potential of 
the double electric layer is higher than the potential energy of water molecules, so 
the solution cannot pass through the double electric layer. The thickness of the 
double electric layer is called the Debye length, and the Debye length under low 
concentration salt solution is much smaller than that under the action of pure water 
[12]. Therefore, under the low concentration salt solution, the water molecules could 
easily pass the double electric layer. This is thereby expressed macroscopically as 
an increase in the capillary moisture absorption rates [8]. 

By comparing the Acap of LB and CB (Figure 6), it can be found that under the 
action of salt solution with the same concentration, the Acap of LB is significantly 
higher than that of CB, with a maximum difference of 46.77% and an average dif-
ference of 19.07%. 

 
Figure 6: Comparison of Acap of CB and LB, The Acap of LB was significantly 
higher than CB. 

The reason could be explained by that the pores of LB are smaller than that of CB, 
which was shown in Figure 7, and the smaller pores will generate greater capillary 
pressure which leads to the higher water absorption coefficient by capillary of sam-
ple. 

 
Figure 7: Micrographs of LB and CB surfaces, in which LB and CB have pore di-
ameter of 9.9-47.1μm and 78.4-149.9μm, respectively. 
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When discussing capillary moisture content (Wcap), the Wcap of LB did not change 
significantly with the increase of solution concentration (Figure 3), while the Wcap 
of CB showed a slow increase trend with the increase of solution concentration 
(Figure 4). However, the capillary moisture volume (Vcap) of both bricks showed a 
decreasing trend with the increase of solution concentration. It shows that the 
change of solution concentration does not affect the absorbed mass (Wcap) of solu-
tion of the brick, but it does affect the absorbed volume (Vcap) of solution of the 
brick. Therefore, the moisture storage capacity of the brick, as one of its basic 
moisture properties, should be expressed in terms of absorbed mass of solution 
rather than absorbed volume. 

4 CONCLUSION 

In this paper, we compared the water absorption coefficient by capillary (Acap), ca-
pillary moisture content (Wcap) and capillary moisture volume (Vcap) of two kinds 
of blue bricks under the action of salt solution with six kinds of concentrations. 
Through the discussion of the results, we can conclude that: 

1. When the concentration of NaCl solution is below a certain concentration 
(around 5%), the water absorption coefficient by capillary of blue brick to 
NaCl solution is greater than to pure water. With the increase of solution con-
centration, the water absorption coefficient by capillary shows a trend of in-
creasing and then decreasing, when the solution concentration is about 1%, it 
reaches the maximum. But after the NaCl solution exceeds a certain concen-
tration (around 5%), the water absorption coefficient by capillary will be lower 
than that of pure water. Under the action of the same concentration of salt so-
lution, the higher the proportion of small pore size, the higher the capillary 
water absorption rate of the brick. 

2. The change of solution concentration has a limited effect on the capillary mois-
ture content of blue brick, but has a significant effect on the capillary moisture 
volume of brick, indicating that the factor determining the moisture absorption 
of brick is the quality of solution rather than the volume. 

3. Most of the existing relevant analysis do not consider the effect of the existing 
of salt, but the results of this experiment show that the existing of salt cannot 
be ignored. 
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ABSTRACT  

Crystallization of salts in porous building materials is one of the major threats to 
our cultural heritage, as the crystallization pressure can act on the pore walls during 
crystal growth from a supersaturated solution. For both single and mixed electro-
lytes, the climatic conditions for precipitation and deliquescence can be calculated 
using appropriate thermodynamic models, allowing, e.g., the formulation of a rec-
ommended climate to prevent critical cyclic crystallization events. However, ther-
modynamic calculations do not allow the determination or prediction of the dam-
age potential of salts, which requires experimental investigations. In studies of 
some binary salt solutions, the critical supersaturation achieved by cooling or evap-
oration proved to be an adequate approach to assess the damage potential of salts. 
Taking into account that real objects are not contaminated with single salts but 
rather with complex salt mixtures, this study focuses on ternary and quaternary 
hygroscopic salt mixtures in the system Na+–K+–Cl––NO3

––H2O, which is highly 
relevant for cultural heritage. Supersaturation by cooling was determined by calo-
rimetric measurements, while microscopic investigations with filled glass capillar-
ies were used for evaporation experiments. By comparing supersaturations detected 
for specific salts in binary and mixed electrolytes, the influence of accompanying 
ions and of the mixture composition on the damage potential was investigated. 
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1 INTRODUCTION 

Salt damage as a result of an effective crystallization pressure is one of the most 
relevant factors threatening our cultural heritage. Pressure is generated when salts 
precipitate from a supersaturated solution and grow against a constraint [1]. Dif-
ferent salt sources, such as groundwater, sea salt spray or conservative actions, 
cause the problem of salt-contaminated structures to be widespread [2,3]. Once en-
riched, climatic conditions determine whether crystallization from the saline pore 
solution or dissolution of crystalline salts by absorption of water vapor from the 
environment occurs – conditions leading to cyclic dissolution and crystallization 
are extremely critical, as they allow the crystallization pressure to act repeatedly. 

In terms of the climatic conditions, each salt has a specific and temperature-de-
pendent value of the relative humidity above which water vapor from the environ-
ment is taken up and a saturated solution is formed, called the deliquescence hu-
midity DRH. Below the DRH, the crystalline salt is present, above the DHR an 
increasingly dilute solution. For salt mixtures, there is no such distinct value, as the 
ions in the mixture influence each other. In that case, the crystallization (or disso-
lution) of phases occurs in a relative humidity range limited by the mutual deli-
quescence humidity (MDRH, RH at which all salt is present in its crystalline form) 
and the critical crystallization humidity (RH at which the last crystalline phase dis-
solves completely) [4,5]. Crystallization pathways and critical values of relative 
humidity can be calculated for equilibrium conditions using appropriate thermody-
namic models (e.g. [6]) that help to determine object-specific climatic conditions 
that prevent critical crystallization events. However, these calculations do not allow 
an assessment of the damage potential of the individual salts. In very practical 
terms, the damage potential of a salt is reflected in the extent of damage inflicted 
on the material during crystallization. Damage tests with salt-contaminated sam-
ples represent a method to investigate the damage extent and have been used, for 
example, to thoroughly investigate the high damage potential of sodium sulfate 
[7,8]. They provide essential information, e.g. on damage patterns, but the extent 
of damage in these experiments depends on various aspects (e.g., salt content, dry-
ing and impregnation conditions, material properties) [7], impeding a direct com-
parison of the salts. 

Looking at the equation for the crystallization pressure Δp [1] 

∆p=
RT
Vm

∙ S 

(where R is the ideal gas constant, T is the absolute temperature in Kelvin, Vm is 
the molar volume of the salt and S is the supersaturation), it is obvious that the 
pressure is largely controlled by the supersaturation S: 

S=
a
a0

 

which is the ratio of the actual solution activity a and the saturation activity a0, 
describing the deviation from thermodynamic equilibrium. The numerical value of 
S directly influences the magnitude of Δp and is a prerequisite for pressure gener-
ation. Thus, the determination of S allows the assessment of the damage potential 
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of a salt as an alternative method to damage tests. Using the same detection meth-
ods and experimental conditions, a quantitative comparison of different salts or of 
the same salt in different mixed electrolytes is possible. 

Crystallization is always preceded by some degree of supersaturation to overcome 
the kinetic barrier for nucleation and can therefore be observed in cooling and evap-
oration experiments [9]. In the latter, evaporation of a solution of initial molality 
mstart causes a concentration increase and crystallization starts at the crystallization 
molality mcry, which is higher than the actual saturation molality msat at this tem-
perature. Cooling of a solution with mstart and a corresponding saturation tempera-
ture Tsat leads to crystallization at a lower temperature Tcry. The solution molality 
does not change until the onset of crystallization. It should be noted that these meth-
ods yield the supersaturation present at the onset of crystallization (the critical S) 
and, therefore, only allow the calculation of a maximum crystallization pressure. 
For material damage, the relevant value is the pressure acting when the crystal has 
reached a size large enough to effectively grow against the pore wall. At this point, 
the supersaturation will be lower because it decreases during crystal growth 
[1,10,11]. Nevertheless, the higher the initial supersaturation the more likely is a 
high crystallization pressure. 

The present study follows previous ones on the investigation of supersaturations in 
some binary solutions [12,13] and focuses on hygroscopic mixed solutions in the 
quaternary system Na+–K+–Cl––NO3

––H2O, which is highly relevant for cultural 
heritage. The consideration of mixed electrolytes in these experiments is particu-
larly important because in real objects an accumulation of ions may proceed over 
long periods of time, leading to more or less complex ion mixtures in the pores. 
The supersaturation is investigated by means of evaporation experiments with glass 
capillaries and calorimetric measurements.  

2 MATERIALS AND METHODS 

The salts NaCl, NaNO3, KCl and KNO3 (Carl Roth and Merck) of analytical grade 
quality (p.a.) were used without further purification. The solutions were prepared 
with doubly distilled water. Prior to the experiments, all solutions were filtered 
(0.45 μm pore size, Celtron 30, CAGF93, Whatman, GE Healthcare Life Sciences, 
UK) to exclude the effect of nuclei on the achievable supersaturation. 

Calorimetric investigations were performed at a cooling rate of 0.05 K∙min–1 using 
a Calvet-type differential scanning calorimeter (BT2.15, Setaram, France) with a 
resolution of 0.10 μW. The heat flow curves (peak onsets, maxima and offsets, Ton, 
Toff, Tmax and signal integrals) were evaluated using the Calisto software (Setaram). 
As the crystallization from supercooled solutions was the focus of these experi-
ments, heating scans were not included in the evaluation. For the calculation of S, 
Ton was used as the crystallization temperature, since this is the temperature at 
which the supersaturation starts to break down. 

Evaporation experiments were performed with cylindrical glass capillaries with di-
ameters of 0.40 and 0.75 mm, filled with the salt solutions. Images of the capillaries 
were taken every 30 minutes using an optical microscope with an adjustable stage 
(VHX 600D and VH-S30K, Keyence, Japan). The relative humidity and tempera-
ture were measured in vicinity of the stage. Mean values were 25.5±4.5 % and 
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21.3±0.6 °C for Na+–K+–NO3
– and 22.4±16 % and 22.6±0.7 °C for Na+–K+–Cl––

NO3
– mixtures, respectively. The solution concentrations at the crystallization on-

set were determined from the initial length of the solution column with known 
starting molality and from its length in the last image without visible crystals. So-
lution densities required for the conversion between molality and volumetric con-
centrations were calculated with an existing volumetric Pitzer model [14]. 

The studies include mixtures of Na+–K+–NO3
– and of Na+–K+–Cl––NO3

–. They 
contained different ratios of Na+:K+ (for Na+–K+–NO3

–) and NaCl:KNO3 as well 
as Na+:K+ at equimolality of Cl–:NO3

– for Na+–K+–Cl––NO3
– at a total molality 

mtotal=4 mol∙kg–1 (mtotal being the sum of mixed salts). For the calorimetric investi-
gations, equimolar mixtures with varying total molalities were also included, as the 
latter influences Tcr. For evaporation experiments, the initial total molality does not 
affect the achievable supersaturation. For comparison, cooling experiments with 
pure KNO3 solutions were also performed. 

The calculation of S=a∙a0
–1 requires the calculation of activity coefficients and sat-

uration concentrations. For this purpose, we used that same Pitzer model as in pre-
vious work [15]. 

3 RESULTS AND DISCUSSION 

The critical supersaturation of pure KNO3 solutions by cooling at a rate of 
0.1 K∙min–1 has been thoroughly investigated in a previous work [12]. However, 
solutions of different molalities were measured again at a rate of 0.05 K∙min–1 to 
allow a better comparison with the results for the mixtures that were measured at 
the same low cooling rate in this study. Despite kinetic influences and a stochastic 
character of the process, a good reproducibility was observed in multiple determi-
nations of pure KNO3 solutions at a rate of 0.1 K∙min–1 [12]. Although it cannot be 
excluded that such a good reproducibility would be obtained in mixed electrolytes, 
calorimetric measurements were only carried out in a single determination. 

Investigations on the supersaturation of pure KNO3, NaNO3 and NaCl solutions 
during evaporation under similar conditions gave S(KNO3)=1.56–1.77 [12], 
S(NaNO3)=1.43–4.00 [13] and S(NaCl)=1.13–9.35 [13] and are used for compari-
son. Although, in previous studies, the capillary diameter had no effect on S in the 
considered size range [12,16], two different diameters were investigated also in this 
work. The performed evaporation experiments give an average S for the whole so-
lution column. It was shown for the pure solutions that with the used set-up ion 
diffusion is fast enough to level out concentration gradients, leading to a homoge-
neous ion distribution and yielding a representative supersaturation at the onset of 
crystallization [12,13], which is also assumed for the mixed electrolytes in this 
work. 

3.1 KNO3 solutions 

As shown in Figure 1a (black crosses), the supersaturation in pure KNO3 solutions 
varied between 1.59 and 2.04 in the investigated concentration range. Even though 
the values show some scatter, there might be a tendency of increasing supersatura-
tion with decreasing concentration, as was already found for KNO3 solutions at a 
cooling rate of 0.1 K∙min–1 [12]. 
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3.2 Mixtures of Na+–K+–NO3– 

In calorimetric measurements of mixtures prepared from NaNO3 and KNO3 all so-
lutions were supersaturated with respect to KNO3 (Figure 1a). For equimolar mix-
tures with different mtotal it was found that S(KNO3) increases with decreasing mo-
lality as also observed for pure KNO3 solutions. Compared to the latter, S is higher, 
especially at the lower molalities. For samples with different ratios of 
NaNO3:KNO3 and mtotal=4 mol∙kg–1, the data do not show of a clear trend, though 
S could increase with a decreasing amount of KNO3. This could imply that the 
presence of Na+ inhibits KNO3 precipitation during cooling. Since an increase in 
Na+ ions correlates with a decrease in m(KNO3), it could also be an effect of the 
dilution with respect to KNO3. For these measurements, S(KNO3) is lower than in 
pure KNO3 solutions for m(KNO3)=3 mol∙kg–1 but it can also be higher or in the 
same range with decreasing KNO3 contents. 

 

Figure 1: Supersaturations determined in a) calorimetric measurements with pure 
KNO3 solutions and Na+–K+–NO3

– mixtures (black crosses: pure KNO3 solutions 
with different mKNO3; blue circles: different mtotal for equimolar mixtures of 
NaNO3 and KNO3; red diamonds: mtotal=4 mol∙kg–1 with variable mKNO3) and b) 
evaporation experiments with Na+–K+–NO3

– mixtures for different start mKNO3 in 
solutions with mtotal=4 mol∙kg–1 (numbers in the legend: diameter of the capillar-
ies; blue and red symbols: minima and maxima detected in the experiments; com-
parative values determined for pure KNO3 and NaNO3 solutions are included 
[13]). 

In evaporation experiments with solutions containing different NaNO3:KNO3 ra-
tios, the highest supersaturation was observed for NaNO3 or KNO3 depending on 
the solution composition. For m(KNO3)≤1 mol∙kg–1 the highest supersaturation 
was obtained with respect to NaNO3 (Figure 1b, only the supersaturation of the 
phase that achieves the highest supersaturation in the solution is given, but the so-
lution may be supersaturated with respect to more than one phase). Compared to 
the supersaturations detected in pure KNO3 solutions [12], comparable values were 
obtained for the mixtures with m(KNO3)≥2 mol∙kg–1. A slight increase of S at 
m(KNO3)=1.5 mol∙kg–1 may imply that Na+ ions only affect S(KNO3) when present 
in excess. In addition, it can be noted that the values obtained from multiple deter-
minations are well reproducible, as already observed for pure KNO3 solutions [12]. 
For mixtures containing m(KNO3)≤1 mol∙kg–1, a significant scatter of S(NaNO3) is 
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evident, as was also observed for pure NaNO3 solutions [13]. It could be argued 
that the salt is more sensitive to the presence of nuclei or impurities favoring crys-
tallization, while in fact it has a higher tendency to supersaturate than KNO3. In the 
mixtures, S(NaNO3) may increase with an increasing amount of KNO3, but all val-
ues were lower than the detected maximum in pure NaNO3 solutions [13], suggest-
ing that even small amounts of K+ ions facilitate its crystallization upon evapora-
tion. Overall, S(KNO3) and S(NaNO3) seem to increase with an increasing amount 
of the other salt in the mixture, or rather when a threshold of Na+ ions is reached in 
case of KNO3 precipitation. 

3.3 Mixtures of Na+–K+–Cl––NO3– 

Also for this salt system, all solutions were supersaturated with respect to KNO3 in 
the calorimetric measurements (Figure 2a). For equimolar mixtures (blue dots) 
S(KNO3) seems to increase with increasing mtotal, which is the opposite of what was 
found for Na+–K+–NO3

– mixtures or pure KNO3 solutions (Figure 1a), suggesting 
an effect of Cl– ions in this mixture. In most cases, higher supersaturations were 
detected than in the system without Cl– ions. For mixtures with mtotal=4 mol∙kg–1 
and different NaCl:KNO3 ratios (red diamonds in Figure 2a), S increases with de-
creasing amount of KNO3, as observed in the ternary system. Thus, the same inter-
pretation as above applies, with Cl– ions amplifying the effect. In case of equimo-
lality of Cl– and NO3

– ions, but changing Na+:K+ ratios (grey squares in Figure 2a), 
S increases significantly for m(K+)≤2 mol∙kg–1. Thus, the same interpretation as for 
different NaCl:KNO3 ratios applies here. Mostly higher supersaturations than in 
pure KNO3 solutions could be obtained in all measuring sequences. However, for 
the mixtures with varying mtotal or NaCl:KNO3 ratios, significant differences can 
only be observed for the highest mtotal or the lowest KNO3 contents, respectively. 

In principle, the results obtained from capillary experiments with this salt system 
are similar to the results for the system without Cl– ions. Again, only the supersat-
uration of the phase achieving the highest supersaturation is given, but it should be 
noted that the solution may be supersaturated with respect to more than one phase. 
For solutions prepared from different NaCl:KNO3 ratios (Figure 2b, left), the high-
est S was calculated for KNO3 for m(KNO3)≥1.5 mol∙kg–1. The values were barely 
different from S(KNO3) determined in binary solutions of this salt [12], but scatter 
increases with decreasing KNO3 content. For S(NaCl), as for pure NaCl solutions 
[13,17], a drastic scatter can be observed, indicating again that this characteristic is 
maintained in the mixture (as already mentioned for NaNO3 in the ternary system). 
Contrary to what was stated for S(NaNO3) in the ternary system, S(NaCl) seems to 
decrease with increasing KNO3 content in the solution. 
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Fig. 2: Supersaturations determined in a) calorimetric measurements with pure 
KNO3 solutions and Na+–K+–Cl––NO3

– mixtures (crosses: pure KNO3 solutions 
with different mKNO3; circles: different mtotal for equimolar mixtures of NaCl and 
KNO3; diamonds: different mK+ at varying NaCl:KNO3 ratio; squares: varying 
Na+:K+ ratio at equimolality of Cl–:NO3

– with mtotal=4 mol∙kg–1) and b) evapora-
tion experiments with different start mK+ at varying NaCl:KNO3 ratio (left) and at 
varying Na+:K+ ratio at equimolality of Cl–:NO3

– with initially mtotal=4 mol∙kg–1 
(right) (numbers in the legend: diameter of the capillaries; blue and red sym-
bols:minima and maxima detected in the experiments; comparative values deter-
mined for pure KNO3 and NaNO3 solutions are included [13]). 

In case of equimolality of the anions (Figure 2b, right), the highest supersaturations 
were obtained for KNO3 up to m(K+)≥1.5 mol∙kg–1. Again, S(KNO3) is comparable 
to values found in the binary solutions of KNO3 [12], but scattering increases at 
2 mol∙kg–1. S(NaCl) and its scatter range increase at lower K+ ion contents, with 
the maximum values being smaller than in binary NaCl solutions, suggesting that 
S is generally smaller in case of an excess of Na+ over Cl– ions, and an increasing 
amount of K+ ions facilitates NaCl precipitation. Compared to compositions with 
varying NaCl:KNO3 ratios, S(NaCl) is smaller when Cl– and NO3

– ions are equimo-
lar at the same K+ ion content, indicating that NO3

– ions are also an important factor 
in the reduction of S(NaCl). 

3.4 Interpretation with regard to the damage potential 
Table 1 summarizes the achievable supersaturations with respect to KNO3 in the 
Na+–K+–NO3

– and Na+–K+–Cl––NO3
– mixtures as well as in binary solutions, 

showing an overlapping range for S by cooling and evaporation, while higher max-
imum values were determined in the mixtures by cooling and broader ranges of S 
resulted for the mixtures. For the latter, Cl– ions seem to increase the achievable S. 
Thus, using S as a measure for the damage potential, for KNO3 it may be higher 
upon cooling, but is comparable to that of the salt precipitating from its binary 
solution [12] in case of evaporation. However, a high damage potential, not negli-
gible in terms of salt damage, has already been identified for the binary solutions 
[12]. 
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Table 1: Supersaturations determined in cooling and evaporation experiments. 

 pure KNO3 Na+–K+–NO3
– Na+–K+–Cl––NO3

– 
S(KNO3) cooling 1.59–1.75 1.16–2.25 1.55–2.77 

S(KNO3) evaporation 
1.56–1.77 
[12] 

1.27–1.82 1.13 to 1.99 

For NaNO3 as the first precipitating salt in evaporation experiments with 
m(KNO3)≤1 mol∙kg–1 in Na+–K+–NO3

– mixtures, the results imply a lower damage 
potential for mixtures compared to crystallization from its binary solution [13], re-
flected by lower critical supersaturations detected in the presence of K+ ions. Al-
most the same applies to NaCl as the first precipitating phase from the quaternary 
system at low K+ ion contents. Depending on the solution composition, the maxi-
mum critical supersaturation can be drastically reduced compared to pure NaCl 
solutions [13]. However, the critical supersaturations detected for the mixture com-
positions would be high enough to provoke a crystallization pressure exceeding the 
tensile strength of common building stones if pore fillings are sufficiently high. 

Considering the pronounced scatter observed for NaCl and NaNO3, and the sug-
gestion that they are more sensitive to crystallization triggers, it should be noted 
that the supersaturation at the lower end of the range is much more relevant when 
discussing the damage potential, as nucleation sites in porous materials always pro-
voke a reduction in the achievable S compared to bulk solutions. The latter also 
means that the supersaturations in real materials are generally not expected to be 
as high as those detected here in bulk solutions. However, the measurements allow 
an investigation of the dependencies and influences in mixed electrolyte solutions 
with respect to the maximum achievable S and, thus, represent an important step in 
the development of a better understanding of such solutions, which are more real-
istic considering salt-contaminated objects. Comparing experimental and realistic 
conditions, it has already been discussed that the crystallization temperatures in the 
cooling experiments are often unrealistic for structures [12] (in this work the lowest 
Tcr was –29.9 °C). Thus, the evaporation experiments seem to be more suitable for 
a realistic comparison, since the pore solution in an object is also concentrated by 
evaporation (also under non-constant temperature conditions, but less drastically 
than in the cooling experiment). Nevertheless, calorimetric investigations have 
some advantages (easy performance, perfectly controlled conditions) and are still 
a promising method to investigate the behavior of salts (and ice) in mixed electro-
lytes, provided that their heat of crystallization allows their detection. The main 
advantage, however, is the possibility of investigating salt solutions in porous host 
materials, which will be carried out in the near future for some of the mixtures. 

4 CONCLUSIONS 

The presented results provide very interesting insights into the behavior of salts 
precipitating from mixed solutions and their damage potential compared to the re-
spective pure salts. Since the supersaturation allows the comparison of the damage 
potential of salts in different mixtures, it was shown that the damage potential of 
KNO3 precipitating from Na+–K+–NO3

– and Na+–K+–Cl––NO3
– mixtures is at least 

as high as in its pure solutions. Crystallization of KNO3 during evaporation of these 
mixtures does not result in an increased damage potential compared to precipitation 
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from its binary solutions. However, as in binary solutions, the supersaturation ob-
tained would lead to crystallization pressures exceeding the tensile strength of com-
mon building materials. In contrast, the supersaturation with respect to NaCl and 
NaNO3 can be reduced compared to their pure solutions, lowering their damage 
potential in the respective mixtures. Other interesting results were, e.g., that the 
supersaturations of the sodium salts also scatter in the mixtures (as observed for 
their binary solutions) and that for NaCl this range can be strongly reduced in mix-
tures, depending on the solution composition. 

Building on important results for the individual salts, the study can provide essen-
tial information on the behavior of the salts in mixtures relevant to realistic salina-
tion situations. This work represents a further step towards a more realistic repre-
sentation of the processes taking place in pores of real objects. As has already been 
shown for the individual salts, the methods represent an adequate approach to as-
sess the damage potential. In a next step, corresponding mixtures will be investi-
gated in porous materials by means of cooling calorimetry. In addition, further mix-
tures will be considered, and the investigation of supersaturation will be comple-
mented by classical damage tests in order to determine whether they also reflect 
the tendency to a higher or lower damage potential of respective salts in mixtures. 

5 ACKNOWLEDGEMENTS 

The funding of this research by the German Research Foundation (DFG) is grate-
fully acknowledged. 

6 REFERENCES 

[1] M. Steiger, “Crystal growth in porous materials—I” J. Cryst. Growth, vol. 282, 
pp. 455–469, 2005. 

[2] P. Mora, L. Mora, P. Philippot, Eds., Butterworths series in conservation and 
museology, Butterworths, 1984. 

[3] A. Arnold, K. Zehnder, “Monitoring Wall Paintings Affected by Soluble Salts” 
in The Conservation of Wall Paintings. Proceedings of a Symposium Orga-
nized by the Courtauld Institute of Art and the Getty Conservation Institute, 
London, July 13-16, 1987, pp. 103–135, 1996. 

[4] M. Steiger, A. E. Charola, K. Streflinger, “Weathering and Deterioration” in 
Stone in Architecture, pp. 225–316, 2014. 

[5] C. A. Price, P. Brimblecombe, “Preventing salt damage in porous materials” in 
Preventive Conservation: Practice, Theory and Research, pp. 90–93, 1994. 

[6] K. S. Pitzer, “Ion interaction approach: theory and data correlation” in Activity 
Coefficients in Electrolyte Solutions, pp. 75–153, 1991. 

[7] B. Lubelli et al., “Towards a more effective and reliable salt crystallization test 
for porous building materials: state of the art,” Mater. Struct., vol. 51, 2018. 

[8] R. Flatt et al., “Predicting salt damage in practice – A theoretical insight into 
laboratory tests“, RILEM Tech. Lett., vol. 2, pp. 108-118, 2017. 

177



Investigations on the damage potential of salts precipit. from mixed electrolytes 

 SWBSS ASIA 2023 – Nara, Japan. September 20-22, 2023. 

[9] J. W. Mullin, Crystallization, 4th ed. Butterworth-Heinemann, 2001. 

[10] A. Naillon et al., “Evaporation with Sodium Chloride Crystallization in a 
Capillary Tube” J. Cryst. Growth, vol. 422, pp. 52–61, 2015. 

[11] A. Naillon, P. Joseph, M. Prat, “Ion Transport and Precipitation Kinetics 
as Key Aspects of Stress Generation on Pore Walls Induced by Salt Crystalli-
zation” Phys. Rev. Lett., vol. 120, 2018. 

[12] A. Stahlbuhk, M. Steiger, „Damage potential and supersaturation of 
KNO3 and its relevance in the field of salt damage to porous building material” 
Constr. Build. Mater., vol. 325, 2021. 

[13] A. Stahlbuhk, Dissertation, University of Hamburg, 2021. 

[14] M. Steiger, “Total volumes of crystalline solids and salt solutions” in 
Studies / European Commission / Community Research, Vol. 11, pp. 53–63, 
2000. 

[15] M. Steiger, J. Kiekbusch, A. Nicolai, „An improved model incorporating 
Pitzer’s equations for calculation of thermodynamic properties of pore solu-
tions implemented into an efficient program code” Const. Build. Mater., vol. 
22, pp. 1841–1850, 2008. 

[16] J. Desarnaud et al., “Metastability Limit for the Nucleation of NaCl Crys-
tals in Confinement” J. Phys. Chem. Lett., vol. 5, pp. 890–895, 2014. 

[17] Y. Shen, K. Linnow, M. Steiger, “Crystallization behavior and damage 
potential of Na2SO4−NaCl mixtures in porous building materials” Cryst. 
Growth Des., vol. 20, pp. 5974–5985, 2020. 

 

178



 

SWBSS ASIA 2023 – Nara, Japan. September 20-22, 2023. 

MEASURING THE AMOUNT OF ACCUMULATED 
SALT ON THE SURFACE OF POROUS 
MATERIALS USING X-RAY FLUORESCENCE 

Kotaro Sakai1, Nobumitsu Takatori1, Soichiro 
Wakiya2, and Daisuke Ogura1 

KEYWORDS 

Saline water absorption, Salt concentration, Calibration curve, Tuff, Sodium chlo-
ride solution 

ABSTRACT 

Techniques for measuring salt concentration in porous materials are an important 
concern in cultural property conservation, where there is a risk of salt weathering, 
because they help predict salt crystallization. However, conventional measurement 
methods, such as electrical conductivity (EC) sensors and nuclear magnetic reso-
nance (NMR), may not suitable for cultural properties because the former involves 
the destruction of materials and the latter is difficult to implement in on-site meas-
urements. Thus, this study focused on a method using X-ray fluorescence (XRF), 
which is expected to be nondestructive and applicable in the field. In this study, we 
conducted experiments using an XRF analyzer to measure the concentration of ac-
cumulated salt on the surface of porous materials over time and examine the 
method’s applicability. At first, we performed XRF analysis on tuff surfaces im-
pregnated with several NaCl concentrations to confirm a proportional relation be-
tween the XRF intensity of Cl and salt concentration. Next, we compared the XRF 
intensities of Cl on different thicknesses of tuff surfaces impregnated with NaCl 
solution to determine the depth which can reached by XRF for the tuff. Finally, 
salt was accumulated on the tuff surface (by absorbing NaCl solution from the bot-
tom of the tuff and evaporating the water from the top), and the change in salt 
concentration near the evaporation surface during this process was measured using 
XRF analysis. Analysis results showed that the salt concentration near the tuff sur-
face could not be measured well using XRF if salt precipitated at the surface, and 
that salt precipitation was uneven, suggesting that tuff may vary in salinity by part 
or that even if the salinity is uniform, ease of salt precipitation is different. 
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1 INTRODUCTION 

Measuring the amount of accumulated salt in a material is crucial in the field of 
cultural property conservation, where there is a risk of salt weathering, because it 
can confirm and predict salt precipitation. Such methods in the field include sam-
pling using drilling [1, 2], inserting electrical conductivity (EC) sensors into the 
wall surface to measure electrical conductivity [3], and collecting salt from the ma-
terial with a poultice [4]. However, these methods involve being in contact with or 
destroying the material and are unsuitable for cultural properties or for understand-
ing changes in salt concentration over time. While nuclear magnetic resonance 
(NMR) [5, 6] is a noncontact and nondestructive method of measuring salt concen-
tration in materials, it is inappropriate for on-site measurement because NMR 
equipment is large size and can only measure relatively small, portable objects. 

Meanwhile, energy-dispersive X-ray fluorescence (XRF) analyzers are capable of 
noncontact and nondestructive elemental analysis of liquid samples and solid sam-
ples. Soil studies have suggested the possibility of using a portable XRF to measure 
salt concentration in soil [7] and also expected its applicability as a method for 
measuring salt concentration in materials in the field. Moreover, an XRF analyzer 
has been used to measure the content of elements that constitute salt in porous 
materials such as concrete and limestone [8, 9, 10]. However, these measurements 
target salt crystals in materials; only a few examples exist of measurements of so-
lutions in materials. Therefore, it is unclear whether a method that uses XRF can 
measure the concentration of salt solutions held as capillary condensates in porous 
materials. 

This study aims to develop a nondestructive technique for measuring the concen-
tration of salt in solution accumulating in materials in cultural property conserva-
tion. As a first step, the amount of accumulated salt in solution on porous material 
surfaces was measured using an XRF analyzer and the applicability of this method 
was examined. This study followed three steps. First, XRF analysis was performed 
on tuff surfaces impregnated with several concentrations of NaCl solutions to gen-
erate calibration curves of the XRF intensity of the Cl element and salinity. Next, 
the XRF intensities of the Cl elements on different thicknesses of tuff surfaces im-
pregnated with NaCl solution were compared to determine the depth of XRF meas-
urement. Finally, an XRF analyzer was used to measure how salt accumulating 
near the surface changed over time by absorbing the NaCl solution from the lower 
surface and evaporating water from the upper surface. 

2 MATERIALS AND METHODS 

This study conducted three experiments to measure the amount of accumulated salt 
on the surface of porous materials using an XRF analyzer. 

2.1 Materials and Preparation 

All experiments used porous tuff stone (Aso pyroclastic-flow deposits in Japan 
[11]). This tuff was collected near the site where salt weathering was observed. The 
reason for using this tuff is that the goal of this study is to measure the salt concen-
tration of the solution in the material using XRF in the field. The specimens were 
immersed in pure water for about a week, and dried at 105°C for about a day. 
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2.2 Apparatus 

An energy-dispersive XRF analyzer (M6 JETSTREAM (BRUKER)) was used in 
the experiments (Figure 1). This device can measure XRF on the object surface in 
two dimensions and quantitatively analyze XRF spectra to examine the types of 
elements and their concentration distribution on the surface. Rhodium (Rh) target 
has been used to generate XRF, the tube voltage was 15 kV, the tube current was 
300 μA, the X-ray spot size was 580 μm, and the measurement atmosphere was 
atmospheric. The detection intensity of the quantitative elements was obtained by 
averaging the count values of elements within a manually defined region in the 
two-dimensional analysis results. 

 

Figure 1: M6 JETSTREAM energy-dispersive XRF analyzer. 

2.3 Methods and Measurement Conditions 

In all the experiments, the room temperature was set to 23°C, controlled by an air 
conditioner. 

Experiment 1 

Using the XRF analyzer, we measured the XRF intensity of the Cl element of tuff 
surfaces impregnated with several concentrations of NaCl solutions to determine 
the relation between the concentration of the impregnated NaCl solution and the 
XRF intensity of Cl. We created a calibration curve for this relation based on the 
results. The test specimen was a 2 cm cubic tuff. The experimental procedure was 
as follows: first, the XRF analyzer was used to measure the surface of the dry spec-
imen, and then the same specimen was impregnated with NaCl solution for about 
half a minute; and after about 30 minutes, the surface of the specimen was meas-
ured using the XRF analyzer. Figure 2 shows an actual image of the measurement. 

Fifteen different concentrations (from pure water to a saturated solution (6.15 
mol/kg)) of NaCl solutions were used. 
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Figure 2: Measurement of XRF intensity at different salt concentrations. 

Experiment 2 

Since there is a limit to the depth at which the XRF generated from the sample can 
be detected and because the depth varies with the type of material and target ele-
ment, the depth which can reached by XRF must be determined for the specific 
material/element combination. Therefore, we impregnated tuff specimens of dif-
ferent thicknesses with NaCl solutions and compared the detection intensity of Cl. 
About 5-10 minutes after impregnation in the solution, measurement of the speci-
mens was started using the XRF analyzer, and the time required to measure each 
specimen was about 5 minutes. The test specimens were tuffs with 2 x 2 cm base 
and eight different heights (1.7 mm, 2.85 mm, 3.2 mm, 5.0 mm, 6.1 mm, 8.2 mm, 
10.0 mm, 14.4 mm). The NaCl concentration was 0.615 mol/kg. 

Experiment 3 

Salt was accumulated on the tuff surface by absorbing the NaCl solution from the 
bottom surface and leaving the top surface open to the atmosphere. During this 
process, the XRF intensity of the Cl element on the tuff evaporation surface was 
measured using the XRF analyzer, and the change in accumulated salt content near 
the surface of the material over time was determined using the calibration curve. 

Figure 3 shows the experimental setup. The specimen was a cylindrical tuff 5.1 cm 
in diameter and 10 cm high. Four specimens were used in the experiment and the 
sides of all specimens were moisture-proof with paraffin. One of these specimens 
used as a reference for surface and solution temperature measurements. The NaCl 
concentration was 0.0615 mol/kg. 

First, a water tank was filled with NaCl solution, and the bottom surface of the 
specimen was immersed in the solution up to about 10 mm. The test specimen was 
allowed to absorb the solution and was left for two weeks with only the top, evap-
oration surface open to the atmosphere. During this process, XRF measurements 
of the top surface of the tuff were performed at approximately 24 h intervals. We 
also calculated the evaporation rate by measuring weight change of the specimen 
using a digital scale. 
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Figure 3: Schematic of experiment 3. 

3 RESULTS 

Figure 4 shows the results of the two-dimensional analysis of Cl using the XRF 
analyzer on the surface of the specimens impregnated with NaCl solution in exper-
iment 1. These show that the detection intensity of Cl on tuff surfaces becomes 
stronger with increasing NaCl concentration. 

Figure 5, which shows the detection intensity of Cl for each salt concentration on 
the tuff surface, confirms a proportional relation between the Cl detection intensity 
of tuff surfaces impregnated with NaCl solution and the salt concentration in the 
NaCl solution. Based on these results, we created a calibration curve for the con-
centration of the impregnated NaCl solution and the detection intensity of Cl (Fig-
ure 5). Note that in experiment 3, the detection intensity of Cl was mainly in a range 
of up to about 0.8 counts/pixel, so the calibration curves were prepared only for 
salt concentrations from 0.0 to 1.23 mol/kg. 

 

Figure 4: 2D analysis results of Cl of tuff surfaces impregnated with NaCl so-
lution using the XRF analyzer in experiment 1. The detection intensity of Cl is 

proportional to the color intensity in the image. 
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Figure 5: The detection intensity of Cl on tuff surfaces for each NaCl solution 
concentration and a calibration curve. 

Figure 6 shows the average detection intensity values of Cl for each specimen 
thickness in experiment 2. These detection intensities were not much different 
within the range of specimen thickness and were very similar to those obtained for 
the same salt concentration in experiment 1. Note that the detection intensities of 
Cl were slightly lower at some thicknesses, and this difference is considered to be 
within the range of error, due to differences in material composition and measure-
ment errors. Therefore, the measured depth of the XRF of the tuff was estimated to 
be within 1.7 mm or less from the surface. 

 

Figure 6: Detection intensities of Cl on tuff surfaces for each specimen thick-
ness. 
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Figure 7 shows the change in salt concentration on the surface of each specimen in 
experiment 3, calculated based on the calibration curve in Figure 5. The salt con-
centration on the surface of all specimens increased with time; it increased almost 
constantly in S-1 but rapidly at some point in S-2 and S-3. As shown in Figure 8, 
salt precipitation at the surface was observed by photo 7 days (about 160 hours) 
after the start of the experiment for S-2 and 9 days (about 210 hours) for S-3 during 
the experimental period. Since the precipitated salt is not ionized (dissolved) salt 
in solution, after salt precipitation was observed, the results deviated from the ob-
jective of measuring the salt concentration of the solution in the material. Note that 
Figure 7 excludes the results of S-2 after 260 h because salt precipitation was ob-
served and the results of S-2 were significantly different from those of S-1 and S-
3. 

 

Figure 7: Variation in Cl ions concentrations of solution present nearby tuff 
surfaces over time in experiment 3. 

  

Figure 8: Surfaces of specimen 2 (left) and specimen 3 (right) with NaCl crys-
tals 13 days after the start of experiment 3. 
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4 DISCUSSION 

Na cannot be detected using an XRF analyzer under atmospheric conditions be-
cause it has a relatively small atomic weight. Thus, this study estimated sodium 
chloride concentration based only on Cl detection intensity. If ion exchange occurs 
between Na or Cl (or both) and the remaining ions in the material, Na and Cl may 
not be in equal amounts. Thus, whether the amount of Na increases at the same rate 
as Cl with increasing salt concentration is unclear. However, measurements using 
CaCl2 solution have shown that the detection intensities of Ca and Cl increase sim-
ilarly with increasing salt concentration [12]. Therefore, it was assumed that Na 
and Cl would increase at the same rate with higher salt concentration in the meas-
urement using NaCl solution as CaCl2 solution. 

Figure 9 shows the cumulative evaporation in experiment 3. All specimens had 
an almost constant evaporation rate and minimal differences. Thus, the average salt 
concentration on the surfaces is expected to increase at almost the same rate for all 
specimens, but the salt concentration for each specimen increased at different rates 
from some point in this experiment. The possible cause of this is as follows. Salt 
crystals were observed on the surface of some specimens from some point. Before 
salt precipitation, all specimens showed similar trends in salt concentration changes. 
Therefore, assuming that the XRF detection intensity of Cl in salt crystals is greater 
than in solution, salt precipitation may have affected analysis results of the average 
salinity. In addition, the reason for the difference in salt precipitation tendency may 
be that the tuff used for the test specimens is not a homogeneous material, so the 
pore structure differs locally, and the salt concentration and ease of salt precipita-
tion may have differed by part. Thus, we plan to verify local salinity differences of 
the tuff surface by comparing the XRF detection intensities of Cl in areas where 
salt is not precipitated at the surface. 

  

Figure 9: Variation in cumulative evaporation over time in experiment 3. 
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5 CONCLUSIONS 

This study focused on using XRF to measure salt concentration in porous materials 
nondestructively and in the field. To measure accumulated salt concentration on 
stone surfaces over time using an XRF analyzer and examine the applicability of 
this method, we conducted three experiments. In these experiments, XRF analysis 
of tuff surfaces impregnated with several NaCl concentrations was performed, and 
results showed that the XRF intensity of Cl is proportional to salt concentration. 
By comparing Cl detection intensities on different thicknesses of tuff surfaces im-
pregnated with NaCl solutions, this study found that the measured depth of XRF 
of the tuff is less than 1.7 mm. Finally, the change in the detection intensity of Cl 
on the surfaces was measured using an XRF analyzer by absorbing NaCl solution 
from the bottom and evaporating water from the top surface, and the change in the 
amount of salt that accumulated near the surface of the material was estimated. 
These analysis results demonstrated that the salt concentration near the surface of 
the tuffs measured using XRF analyzer increased with evaporation, and some spec-
imens showed a sharp increase in the salinity, presumably due to salt precipitation. 
It is possible that salt precipitation affects the results of the average salinity analysis, 
and tuff may vary in salt concentration and ease of salt precipitation by part. There-
fore, we plan to verify local salinity differences of the tuff surface.
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ABSTRACT  

This contribution investigates the relationship between salt crystallization pressure, 
pore filling, and damage in porous building materials through a micromechanics-
based approach. A 3D finite element (FE) model of a microscale representative 
volume element (RVE) of the porous material is developed, and several load sce-
narios are applied to the RVE to correlate salt crystallization pressure, pore filling, 
and damage in the RVE. The resulting relationships are then condensed into a com-
putationally efficient off-line phenomenological model, calibrated on a large FE-
based database, capable of predicting the macroscopic damage in the RVE due to 
any pseudo-time history of salt crystallization pressure and pore filling. The effec-
tiveness of the phenomenological model is verified by comparing its results with 
the ones computed through the FE model, for load scenarios not included into the 
calibration dataset, achieving good agreement of results. Finally, the possibility of 
using this phenomenological model together with available multiphase models to 
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predict moisture transport, salt crystallization pressure, and damage into porous 
building materials is discussed. 

1 INTRODUCTION 

Environmental actions, such as moisture transport and salt crystallization, are 
known to play a major role in the deterioration process of porous building materials 
[1]. Although significant efforts have been devoted to the development of experi-
mental procedures for the assessment of resistance of porous building materials 
against salt crystallization [2], the development of reliable numerical tools to pre-
dict salt weathering is still challenging.  

In this contribution, the possibility to derive a micromechanics-based relationship 
between salt crystallization pressure, pore filling, and damage in porous building 
materials is investigated and discussed.  

Firstly, a 3D finite element (FE) model of a microscale representative volume ele-
ment (RVE) of the porous material [3] is developed. The RVE geometry is based 
on a simplified pore structure with statistically representative properties in agree-
ment with experimental data [4]. Secondly, several load scenarios in terms of salt 
crystallization pressure and pore filling are applied to the RVE, through various 
pseudo-time histories, and the macroscopic damage is directly measured on the 
RVE. Accordingly, relationships between salt crystallization pressure, pore filling, 
and overall damage in the RVE are obtained (Section 2). 

Such micromechanics-based relationships are then condensed into a computation-
ally efficient offline phenomenological model, calibrated on a large FE-based da-
tabase, able to predict the damage in the RVE due to any pseudo-time history of 
salt crystallization pressure and pore filling. The effectiveness of the phenomeno-
logical model is then checked by comparing its results with the ones computed 
through the FE model, for load scenarios not included into the calibration dataset 
(Section 3).  

The possibility to use this phenomenological model together with available multi-
phase models [5,6] to predict moisture transport, salt crystallization, pressure and 
damage into porous building materials is finally discussed (Section 4). 

2 FINITE ELEMENT MODEL 

A solid FE model of the RVE is generated by considering the actual porosity and 
the mean pore radius of the material. A nonlinear plastic-damage constitutive law 
is adopted for the material matrix, by assuming homogenized mechanical proper-
ties. Several load scenarios are applied to the RVE with varying salt crystallization 
pressure and pore filling pseudo-time histories. After de-loading the pore pressure, 
the macroscopic damage D is directly measured on the actual condition of the RVE 
by assessing the overall stiffness loss. According to this, relationships between salt 
crystallization pressure, pore filling, and macroscopic damage are obtained (Figure 
1). In particular, Figure 1 shows an example of macroscopic damage D – pressure 
relationship for constant pore filling (in particular, the saturation degree of crystal-
lized salt, , is set equal to 1), as well as an example of damaged RVE. 
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Figure 1: Example of macroscopic damage D – pressure curve for constant pore 
filling ( =1), left, and example of damaged RVE (damaged FEs are highlighted 
in dark grey), right. 

3 PHENOMENOLOGICAL MODEL 

The aforementioned relationships are subsequently condensed into an offline phe-
nomenological model that is computationally efficient. Such model is calibrated 
using a large database of FE simulations. To verify the efficacy of the phenomeno-
logical model, its outcomes in terms of predicted macroscopic damage D* are com-
pared against those obtained by the FE model (in terms of macroscopic damage D) 
for load scenarios that were not part of the calibration dataset, as shown in Figure 
2 (for an ideal load scenario). 

 
Figure 2: A posteriori comparison between FE and phenomenological models. 
Top left: adopted pseudo-time history of the pore pressure. Bottom left: adopted 
pseudo-time history of the pore filling. Right: comparison of the evolution of 
macroscopic damage between FE (D) and phenomenological (D*) models. 
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4 MULTIPHYSICS SIMULATIONS 

Such phenomenological model is finally coupled with existing multiphase models 
[4,5] to predict moisture transport, salt crystallization, pressure and damage into 
porous building materials through multiphysics simulations. An example of appli-
cation is shown in Figure 3, where the drying of a porous building material initially 
saturated with saline solution and an evaporating top surface is shown in terms of 
pore filling (left) and macroscopic damage D* (right) contour plots. 

 
Figure 3: Example of multiphysics simulation of a drying phase: pore filling (left) 
and macroscopic damage D* (right) contour plots at the end of the drying phase. 

5 CONCLUSIONS  

In conclusion, this study explored the possibility to develop relationships between 
salt crystallization pressure, pore filling, and damage in porous building materials 
using a micromechanics-based approach. In this context, a phenomenological 
model based on micro-FE outcomes has been employed together with existing mul-
tiphase models to conduct multiphysics simulations to account for salt crystalliza-
tion-induced damage into porous building materials. 
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ABSTRACT  

Humidity, salt content, and migration in building materials lead to weathering and 
are a common challenge. To understand damage phenomena and select the right 
conservation treatments, knowledge on both the amount and distribution of mois-
ture and salt load in the masonry is crucial. It was shown that commercial portable 
devices addressing moisture are often limited by the mutual interference of these 
values. This can be improved by exploiting broadband radar reflectometry for the 
quantification of humidity in historic masonry. Due to the above-mentioned limi-
tations, today’s gold standard for evaluating the moisture content in historic build-
ings is still conducted by taking drilling samples with a subsequent evaluation in a 
specially designed laboratory, the so-called Darr method. In this paper, a new 
broadband frequency approach in the range between 0.4 and 6 GHz with improved 
artificial-intelligence data analysis makes sure to optimize the reflected signal, sim-
plify the evaluation of the generated data, and minimise the effects of variables 
such as salt contamination that influence the permittivity. In this way, the amount 
of water could be determined independently from the salt content in the material 
and an estimate of the salt load. With new machine learning algorithms, the analy-
sis of the permittivity is improved and can be made accessible for everyday use on 
building sites with minimal intervention by the user. These algorithms were trained 
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with generated data from different drying studies on single building bricks from 
the masonries. The findings from the laboratory studies were then validated and 
evaluated on real historic buildings at real construction sites. 

1 INTRODUCTION 

Humidity and water are environmentally abundant, and ingress into and migration 
within the building material leading to weathering is a common challenge [1–5]. In 
order to prevent permanent damage to the building shell due to weathering, it is 
necessary to determine the exact moisture and salt content of the building and its 
masonry [6]. Wetting–drying cycles, acidic rain, and the effect of salt crystalliza-
tion can weaken the internal structure of mineral building materials and change 
important material properties such as compressive strength [7–9]. According to the 
current state-of-the-art methods acknowledged by independent institutions, only 
invasive methods work reliably [10,11], such as the Darr method (gravimetric 
moisture measuring method). In order to completely understand the cause of dam-
age, it is necessary to know how moisture and salt are distributed in masonry and 
how they change over time (winter/summer or on a day-to-day basis). The interplay 
of the crystallization and dissolution of salts leads to immense damage and is often 
the cause of structural weaknesses in building materials [12,13]. Such monitoring 
with invasive methods over longer time periods and on larger areas is not possible 
in the historical stock, or only possible with a considerable loss of substance. The 
demand for non-destructive methods and instant results which can measure large 
areas fast and easy to determine the moisture and salt content in building structures 
is therefore immense.  

2 METHOLOGY 

A promising method is the coupling of radar waves into a masonry wall and de-
tecting the reflected signal with a subsequent analysis of the complex permittivity. 
This method utilizes the strong differences in the complex-valued dielectric con-
stant (permittivity) between the water and building materials. 

The following formula displays the complex permittivity: 

= ′−i ′′ (1) 

The real part ′ describes the classic dielectric constant, while the imaginary part 
′′ describes the dielectric losses. 

The characterization of materials using the permittivity was already shown by 
Hasted and Shah in 1964 [14] and Pisa et al. in 2017 [15]. 

Different studies with ground-penetrating radar (GPR), which is already estab-
lished in construction practices, show that measurements with different frequencies 
are very promising [16,17]. Other studies [18–22] also demonstrate the suitability 
of GPR modules for determining the water content. Other studies [23–27] stated 
that radar measurements are also possible on wet brick walls with varying materials. 

In this study, various masonry test specimens were built and placed under different 
moisture and salt loads (Figure 1). These were then measured by radar at different 
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times, and the complex-valued permittivity of the generated data was analyzed us-
ing trained neural networks. Measurements were carried out on individual building 
blocks as a database for the machine learning algorithms of the neural network. 
The predictions of the AI-based data evaluation were then compared with the cur-
rent standard procedure, the Darr method. Finally, the measurement system was 
tested under real-life conditions at construction sites on historical buildings. 

 

Figure 1 Stored test specimens in steel profile troughs. 

The extensive laboratory test measurements were performed on masonry models 
and single bricks typical for historic buildings in Upper Franconia. For the eight 
laboratory masonry models (four out of sandstone, 4 out of solid brick material), 
in total, three different materials with historic relevance came into use to construct 
the masonry models. 

Sander sandstone (SST), a regionally occurring building stone, which has already 
been quarried for a thousand years; 

Solid brick material (SBM) of company Wienerberger, corresponding in its mate-
rial properties widely to a historic brick; 

Trass-lime mortar (TLM) Mur958 of company Maxit, a cement-free mortar that is 
also well-suited for masonry with natural stone. 

For the radar measurements, the commercial radar system GP 8800 from screening 
eagle was used. It is a stepped-frequency continuous wave ground penetrating radar 
with a frequency between 400 and 6000 MHz [28]. For a frequency-resolved de-
termination of the (complex) permittivity, an evaluation in the frequency domain 
is necessary. In this study, we used the phase spectrum analysis (see e.g., [29,30]). 
The analysis uses the calculation of the cross power spectral density to retrieve the 
information about the phase and attenuation of the reflected signal in the frequency 
domain. While the first one can be transformed into a phase velocity and thus into 
the real part of frequency dependent, complex permittivity, the latter one was used 
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to calculate an extinction coefficient which was necessary for calculating the im-
aginary part of the complex permittivity. This approach is described in detail in 
another study, which derived from this research project [31]. 

A further step in optimization is the usage of machine learning algorithms. Due to 
the complex data structures of the frequency domain, a neural network is used to 
retain information. For the moisture model, a regressor is used, which gives a de-
finitive value as output. On the other hand, the model for salt prediction is a clas-
sifier, which gives a probability of how far a measurement fits into the previously 
trained categories.   

3 RESULTS 

Single Stones 

The individual bricks were placed in small tubs and immersed either in deionized 
water or in a NaCl solution, respectively, MgSO4 and KNO3, until completely sat-
urated. The concentration of the salt load should correspond to a medium level of 
contamination according to the tables for the restoration of historic buildings when 
completely saturated (the saturation moisture of the brick was used as the reference) 
[32]. The drying process was accompanied by measurement of the reflected radar 
signal at the back of the stone. In addition, the mass of the stones was determined 
during drying to calculate the amount of water remaining in the stones in mass 
percent (m%). 

By comparing the model parameters of the wet bricks with the moisture data ob-
tained by weighing, a link can be established between the measured curves and the 
moisture, as can be seen in Figure 2 (for solid brick materials) and Figure 3 (for 
sander sandstone). An in depth explanation is presented in the other paper from this 
project mentioned earlier [31]. 

 

Figure 2 Studies on SBM for different moisture contents. One group was exposed 
to a salt solution with NaCl (blue squares), while the other group was only ex-
posed to deionizsed water (black dots). The displayed real part (left side) was not 
affected by the contained salt. The imaginary part, on the other hand, was af-
fected, and the offset increased with increasing moisture content. That is due to 
the higher number of dissolved salt ions, which results in a higher damping of the 
reflected signal. It is possible to measure the moisture content independently from 
the salt content. 
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Figure 3 (Left) Model values of the real-part permittivity for sandstone specimens 
with different salt solutions and deionized water against the water content. No 
offset between the salt solutions and the deionized water is seen here. (Right) 
Model values of the imaginary-part permittivity for sandstone specimens, again 
with different salt solutions and deionized water against water content. Here, a 
clear offset can be seen between the salt-contaminated samples and the specimens 
with deionized water. 

For other studies with constant molalities of the salt solutions, the sandstones (same 
type as in the walls) were divided into two groups. By choosing two molalities of 
0.012 mol/kg or 0.02 mol/kg, a solution for each of the three types of salt was pre-
pared accordingly. Monovalent anions such as chloride and nitrate showed similar 
values in the imaginary-part parameter (attenuation of the signal), whereas values 
of solutions with bivalent anions, such as the MgSO4 solution, had a lower attenu-
ation of the signal. This can be seen for both groups in Figure 12. 

 

Figure 4 Influence of different types of salt on radar measurement at two constant 
molalities (left side 0.012 mol/kg, right side 0.02 mol/kg). Displayed here are the 
model parameters of the imaginary part measured from the sandstone. Monova-
lent ions such as chloride and nitrate show similar results for the imaginary part. 
Negative values are possible if the measured wave has a higher amplitude com-
pared to the measured reference signal. 

This study shows that the differences between the various salts (especially for the 
ones with monovalent ions) are low to not present at all. Thus, according to the 
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current status, the qualitative differentiation of salts is not possible. On a real build-
ing with an unknown quantity and types of salts contained, it is not possible to 
distinguish between the different types of salt, especially when there is a mixture 
of salts with different valences. Furthermore, only a classification into high, me-
dium, and low/no salt load seems feasible. 

Measurements on Masonries 

In the next steps, the neural network trained with the data from the previous section 
was applied to the radar measurements of the masonry, which were accompanied 
by measurements using the Darr method. 

The following Figure 5 summarizes the results of the gravimetric evaluation of the 
first concerted drilling operation in comparison to the radar measurement evaluated 
with the help of the trained AI model from the single brick study.  

 

Figure 5 Results of the gravimetrically determined moisture content on the left 
and the predictions of the radar measurements on the right. Top picture brick 
wall, bottom picture sandstone wall. The graphical representation shows the 
moisture distribution across the whole surface. The scale on the right shows the 
moistures in (m%). The bricks have a higher porosity than the sandstone, but the 
pore size distribution of the sandstone allows a higher maximum of capillary rise. 

While taking the drill dust samples with subsequent weighing and evaluation took 
about three days, the measurements with the radar probe on both masonries were 
completed in a few hours. The subsequent evaluation took about another few hours 
because the workflow had not yet been optimized. With an automated evaluation 
with little user interaction, this time would be significantly reduced. 
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On-site measurements of Historic Buildings 

The challenge regarding on-site measurements are the unknown materials and the 
thickness of the masonries. Often the GPR used here was too weak to penetrate the 
whole thickness of the masonries with about 0.8–0.9 m. 

The aim was to find a good and clear reflected signal from the material boundaries 
inside the masonry. Via drill core samples, the construction of the wall can be de-
termined, and possible material boundaries such as between brick stone and mortar 
can be seen.  

Figure 6 summarizes the results of both measurement methods in a diagram. The 
predictions of the radar measurements are predominantly higher than the absolute 
moisture content. 

 

Figure 6 Graphical representation between the gravimetrically determined mois-
ture data and the predictions from the radar measurements. 

4 DISCUSSION AND CONCLUSION 

The measuring system described here can detect moisture independently of the salt 
content in masonries. Therefore, an evaluation of the complex permittivity over a 
wide frequency range was conducted. To determine the moisture, model parame-
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ters related to the real part are used, as these values show no impact on salt-con-
taminated specimens. The imaginary part, on the other hand, is highly influenced 
by the salt content and is therefore suited for a possible salt detection. 

Two limits of the procedure must be accepted: Crystallized salts cannot be detected; 
It is not possible to determine the type of the dissolved salts. Due to the dielectric 
losses caused by the dissolved salts, a division into low, medium, high salt loads 
seems possible but should be further investigated. 

With machine learning algorithms, the analysis of the complex permittivity be-
comes more accessible, and only a few user interactions are necessary. With an 
algorithm that searches the raw data for the relevant reflection signals and automat-
ically applies a window function, the user interaction is reduced to the input of the 
wall thickness and the selection of the appropriate material model (here in our case 
bricks or sandstone). 

The neuronal networks can process multiple sets of data (regressor model for mois-
ture prediction and classifier model for the salt prediction) simultaneously and can 
sort out insufficient signals automatically. It should be noted that the required data 
are generated in a single radar measurement. 

The concerted drill operations show that the device presented here can measure a 
large area in a short amount of time in comparison to the Darr method. While the 
collection of drill dust samples with subsequent analysis in the laboratory took 
about three days, the radar measurements and the evaluation of the generated data 
were completed in a few hours. Another big advantage is the non-invasive nature 
of this method where the device only needs good contact with the surface. 

The device has proven to be very practicable under real conditions at construction 
sites and historic buildings. Like in the concerted drill operations, measurements 
on large areas can be performed easily and fast. Nevertheless, the best results can 
be obtained on relatively smooth surfaces and on thin masonries. 

The mortar joints on the masonry specimen were so thin (~1 cm) compared to the 
stones that they had no influence on the measurements because the distance be-
tween the antennas of the GPR was bigger than thickness of the mortar joints. In 
this sense, the stone was always measured as well. Measurements near the joints 
behave similar to areas without mortar nearby. 

Many of these limitations are hardware-related, as the available radar equipment is 
not designed for such measurements. For further studies, a more focused radiation 
characteristic of the transmitter should be chosen. This would allow for a higher 
measuring depth with the same power and therefore a significantly improved qual-
ity of the back-reflected signal. This would also minimize possible scattering ef-
fects that could superimpose the signal. Furthermore, the transmitter should have a 
higher power to be able to measure a sufficiently good signal even at higher salt 
loads with corresponding dielectric losses. 

The method developed in this project opens up new possibilities for moisture de-
termination in monument conservation. It is possible to carry out large-scale, tem-
porally repeatable monitoring with the same physical unit as the current destructive 
standard method. For an exact determination of the composition and quantity of 
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salts in the masonry, the radar method can be used to identify the relevant locations 
for meaningful drilling samples in advance and thus reduce the frequency of de-
structive intervention in the building fabric. 
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ABSTRACT  

Research on salt weathering mechanism of earthen sites is an important theoretical 
basis for weathering prevention and treatment. Considering different soil structures 
and environmental conditions, the deterioration characteristics of earthen sites with 
Na2SO4-NaCl salt mixtures are studied by simulation experiments. The results 
show that a large number of Na2SO4⸱10H2O crystals are precipitated on the surface 
of the pure Na2SO4 sample during the evaporation process at room temperature, 
which is a typical surface crystal growth (efflorescence). With the addition of NaCl, 
the deterioration mode changes to the combination of efflorescence and subflo-
rescence. When the mole fraction of NaCl is above 0.8, only the crust is formed on 
the surface of the sample. The mass loss ratio of soil increases linearly with the 
increase of NaCl content, and the increase rate decreases with the increase of dry 
density and initial water content. 
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1 MATERIALS AND METHODS 

The capillary test was carried out with a self-made capillary transfer device (Patent 
No: 201620696245.7) at room temperature (22-24 , RH=43±4%). During the test, 
due to the large concentration of the solution and the high dry density of the sample, 
the soil is easy to absorb water and expand or even crack when the surface of the 
sample is open. Therefore, it is necessary to wrap the surface of the sample with 
cling film and tape before the start of the test to ensure that it will not be damaged 
by water expansion during the capillary rise process. During the test, the height of 
water and salt migration was read and recorded at certain interval to obtain the 
relationship curve between the height of capillary rise and time. When the solution 
reaches and diffuses to the entire top surface of the sample, the capillary migration 
test was completed. After the capillary migration test, the samples were dried under 
laboratory conditions to measure the pore size distribution and mass loss. 

2 RESULTS AND DISCUSSION 

2.1 capillarity 

The results of capillary migration test show that the presence of salt has a certain 
effect on the capillary migration of the solution in the soil sample. The capillary 
rise rate of distilled water in soil is the fastest, and the the mixed solution (1mol/kg 
Na2SO4+4mol/kg NaCl) with the highest concentration is the slowest. The capillary 
rise rate of other solutions is between the above two. However, the duration curve 
of the height change of various solutions did not show obvious changes with the 
increase of the concentration of the solution, the main reason may be that the mixed 
solutions with different concentration ratios were used. 

2.2 Mass loss 

Mass loss ratio among samples with the same initial water content (ω=15%) and 
different dry densities are shown in Figure 1. Generally speaking, no matter what 
kind of sample it is, Na2SO4, NaCl or soil, the mass loss ratio decreases with the 
increase of dry density. The mass loss ratio of Na2SO4 not only depends on the dry 
density of the sample, but also greatly influenced by the concentration of NaCl in 
the solution. When dry density is 1.4g/cm3, the mass loss ratio of Na2SO4 increased 
with the increase of NaCl concentration. When the dry density increases to 
1.6g/cm3, the mass loss ratio of Na2SO4 first decreased and then showed a trend of 
increasing. For samples with dry density of 1.8g/cm3, the mass loss ratio of Na2SO4 
decreased with the increase of NaCl concentration. In terms of mass loss of NaCl 
and soil, for the soil sample with dry density of 1.4g/cm3, the mass loss ratio of 
NaCl to soil is the largest, reaching 50% and 35%. Compared with the other two 
samples with different dry density, the mass loss ratio was much greater. The mass 
loss ratio of soil also presents a linear increase trend with the increase of NaCl 
solubility, and the growth rate increases with the decrease of dry density. 

As can be seen in Figure 2, when the initial water content of the soil sample was 
10% and 15%, the mass loss ratio of Na2SO4 was not much different, and the trend 
was similar with the change of solution concentration, showing a change law of 
first decreasing and then increasing. When the initial water content increased to 
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20%, the mass loss ratio of Na2SO4 for the sample decreased with the increase of 
NaCl content. The mass loss ratio of NaCl obviously decreased with the increase 
of initial water content, and increased with the increase of NaCl concentration, 
which is similar to the change law of the mass loss ratio of soil. The higher the 
initial water content of the sample, the smaller the mass loss ratio of the soil, and 
the increase of NaCl solubility will also cause the increase of the corresponding 
soil mass loss ratio. However, the higher the initial water content of the sample, the 
slower the growth rate of the mass loss ratio of the soil. 

   
   

3 CONCLUSION 

In general, in the process of capillary rise, the capillary rise height increased loga-
rithmically with time, and the migration rate of the solution in the soil was not 
uniform, and gradually decreased with the increase of the capillary rise height. Ac-
cording to the prediction formula of capillary rise rate of unsaturated soil, the ca-
pillary rise rate depended largely on the permeability coefficient of soil, and the 
increase of dry density or initial water content reduced the permeability of soil. The 
diffusion effect of solution in soil could have a certain positive effect on the capil-
lary rise rate, but its viscosity coefficient and bulk density have a more significant 
effect on the capillary rise rate, especially for high concentration solutions. In ad-
dition, the capillary migration test of the same type of sample was carried out with 
different solutions. After the test, the final volume containing solution of the soil 
was not very different. The difference in dry density and initial water content leads 
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to the significant difference in the final volume containing solution of the soil, but 
the saturation of the soil was mostly above 90%, which is relatively close. 

During the drying process, the mixed salts did not precipitate out in equal propor-
tion. In general, the mass loss ratio of samples with different dry density, initial 
water content and solution concentration was roughly sorted as follows: Na2SO4

NaCl Earth. Regardless of Na2SO4, NaCl or soil, the mass loss ratio decreased 
with the increase of dry density and initial water content, and the mass loss ratio of 
soil to NaCl also presented a linear increase trend with the increase of NaCl solu-
bility, and the growth rate decreased with the increase of dry density and initial 
water content. The mass loss ratio of Na2SO4 gradually decreased with the increase 
of NaCl concentration when the density is small, and gradually increased with the 
increase of NaCl concentration when the density becomes large. For soil samples 
with initial water content of 10% and 15%, the mass loss ratio of Na2SO4 also 
showed a similar trend with the change of solution concentration, showing a change 
law of first decreasing and then increasing. When the initial water content increased 
to 20%, the mass loss ratio of Na2SO4 for samples decreased with the increase of 
NaCl content. 
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ABSTRACT  

Moisture fluctuations within the brick are an important internal factor in the dete-
rioration of the material. The presence of salt alters the hygroscopic behavior of the 
brick material, for example by increasing the frequency and degree of swelling, 
and freeze-thaw damage in winter due to moisture absorption. To investigate the 
differences in isothermal hygroscopic properties of blue bricks at different NaCl 
contents, isothermal hygroscopic curves were determined for bricks containing 
0.07%, 0.4%, and 0.6% NaCl content. The results showed that the equilibrium 
moisture content of the bricks increased with increasing salt content at relative hu-
midity levels ranging from 15% to 93%, particularly at high relative humidity lev-
els. When the relative humidity is higher than 75%, the moisture absorption of the 
blue bricks with salt is much greater than that of salt-free blue bricks. This study 
explores the effect of the internal NaCl content on the hygroscopic properties of 
the bricks, giving fitted equations for the variation of equilibrium moisture content 
with relative humidity, and provides basic data to support the analysis of thermal 
and hygroscopic coupling of bricks considering salt. 
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1 INTRODUCTION 

As one of the major traditional building materials in China, blue bricks have been 
widely used in constructions ranging from city walls, palaces, tombs to humble 
dwellings. Blue brick belongs to the sintered brick, which is made mainly of clay. 
After blending with water, the clay is extruded into a brick billet, dried in the shade 
and then calcined in the brick kiln (about 1000 ), cooled with water, and then 
open and cooled out of the kiln [1]. Historical buildings constructed mainly with 
blue bricks have been subjected to physical, chemical, and biological erosion 
caused by natural and human factors in the environment over a long period of time, 
resulting in deterioration and diseases of the building structure. One of the factors 
that contribute to this is the variation in moisture content within the blue bricks, 
which can damage the internal pores of the bricks and ultimately lead to various 
forms of deterioration, such as salt crystallization, powdering, blistering, and spall-
ing [2]. Therefore, it is necessary to predict the moisture variation inside the mate-
rial. 

The isotherm moisture sorption curve is one of the indicators that reflects the mois-
ture variation within the material, and it is an important fundamental parameter for 
studying the degradation mechanism of material properties [3]. It is a smooth curve 
that connects the equilibrium moisture content of the material measured in air with 
different relative humidity under isothermal conditions, and can be used to measure 
the basic characteristics of material moisture absorption in natural environments 
[4]. 

In numerous studies on isothermal moisture adsorption, the focus has primarily 
been on the effects of factors such as materials [5-8], regions [3], ages [2], and 
experimental processes [4] [9-10] on the isothermal moisture adsorption character-
istics, with insufficient consideration given to the influence of salt content within 
the materials. The presence of salt content within porous materials can alter their 
moisture adsorption behavior, accelerating their deterioration by increasing the fre-
quency and degree of material expansion due to moisture absorption [11]. Cur-
rently, research on the influence of salt content has mainly focused on stone, mortar 
[12], and concrete materials [13-14], with relatively little attention given to tradi-
tional Chinese blue brick materials. 

Therefore, it is necessary to conduct isothermal moisture adsorption experiments 
on blue bricks with different salt contents to study the relationship between salt 
content and isothermal moisture adsorption performance. In this study, the differ-
ences in isothermal moisture adsorption performance of bricks containing 0.07%, 
0.4%, and 0.6% NaCl content were measured and analyzed. This provides funda-
mental data support for the hygrothermal coupling analysis of blue bricks consid-
ering salt content. 
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2 MATERIALS AND METHODS 

2.1 Methods 

The equilibrium moisture content (μ, EMC) represents the stable moisture content 
that a material reaches under a certain air state (temperature, relative humidity), 
and is calculated by the following formula: 

                           (1) 

where, the unit of μ is kg/kg. For convenience of calculation and comparison in this 
article, the unit in the later figures is g/kg. m and m0 represent the mass of the blue 
brick sample at equilibrium state and dry state (the samples are dried in an oven at 
105±5  until the difference in mass between the first and second measurements 
was less than 0.1%), respectively, kg. 

To reflect the effect of material salt content on the equilibrium water content, the 
salt influence factor η proposed by Bai et al. [15] is used and defined as follows: 

                           (2) 

where μe is the EMC of each salt-contaminated group, g/kg; μc is the EMC of the 
control group without salt, g/kg. 

2.2 Experimental Setup and Materials 

The basic equipment used in the experiment includes a constant temperature box, 
desiccators, a weighing balance with an accuracy of 0.01g, a temperature and hu-
midity recorder with a display resolution of 0.1 /1%, and a conductivity meter 
with an accuracy of 2%FS. 

The experimental blue brick samples have a porosity of about 18.2% and a density 
of 1.99 g/cm3. The main pore diameter ranges from 100 nm to 10000nm, as shown 
in Fig. 1. In this study, brick samples with 4*2*2cm3 size were divided into 4 
groups, with group 1 as the control group without salt, and the other groups as the 
NaCl-contaminated groups. All groups were immersed in deionized water until the 
conductivity of the soaking liquid was below 200 us/cm, which was considered as 
complete desalination. The specimens were then dried in a drying oven until the 
difference in mass between the first and second measurements did not exceed 0.1%. 
After cooling at room temperature, the samples in salt-contaminated groups were 
then completely immersed in NaCl solutions with mass concentrations of 1%, 5%, 
and 10% for 12 hours, and then dried in the oven at 105 5  until completely 
dry. The samples were cooled to room temperature in a desiccator, and the experi-
mental samples were prepared. 
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Figure 1: Pore structure of blue brick sample. 

The salt content inside the samples was expressed in terms of chloride ion invasion 
amount, referring to the industry standards "Test Methods of Concrete for Water 
Transportation Engineering" (JTJ270-1998) [16] and "Standard for Quality and In-
spection of Sand and Stone for Ordinary Concrete" (JGJ 52-2006) [17]. The salt 
content inside the blue bricks was determined by titration method, as shown in Ta-
ble 1. 

Table 1: Salt content and filtrate conductivity of blue bricks after salt invasion. 

Salt solution 
concentration 

0% 1% 5% 10% 
Untreated 
samples 

Conductivity 
of the filtrate (us/cm) 

111 308 1250 
out of 
range 

129 

The concentration of 
soluble ions (ppm) 

2.485 74.55 407.3625 601.725 4.4375 

Salt content (%) 0.000 0.072 0.405 0.600 0.002 

2.3 Experiment 
According to the national standard "Determination of Moisture Absorption/De-
sorption Performance of Wet and Thermal Properties of Building Materials and 
Products" (GB/T 35166-2017) [18] and "ISO 12571:2021" [19], the equilibrium 
moisture content of the blue brick samples was measured. Firstly, the samples were 
dried in an oven at (105 5 ) until completely dry, and the mass m0 of each dried 
sample was measured at room temperature and 6% relative humidity (with a dif-
ference of less than 0.1% between two measurements). Secondly, the samples were 
placed in desiccators with relative humidity of 15%, 32%, 59%, 72%, 78%, 88%, 
and 93%, respectively, with five samples of every salt content in desiccators, for a 
total of 20 samples. The desiccators were placed in a constant temperature box at 
20 . The samples underwent moisture exchange in the desiccators until reaching 
moisture equilibrium (with a difference of less than 0.1% between two measure-
ments). Finally, the equilibrium mass was measured using a weighing balance, and 
the mass of the saturated sample m was recorded. Different relative humidity envi-
ronments were created using different saturated salt solutions. The measured values 
of relative humidity environment produced by different saturated solutions are 
shown in Table 2. Due to the measurement error of the thermohydrometer (accu-

214



 L. Huo, H. Xie, F. Wu, Y. Ma, Y. Li, and S. Hokoi 

SWBSS ASIA 2023 – Nara, Japan. September 20-22, 2023. 

racy of T&D RTR53A is 5% during 10%-95%), reagents and environmental fac-
tors, it will lead to differences in the measurement results. However, according to 
the results of the thermohydrometer, the relative humidity in the desiccator is al-
ways in a stable state, therefore it will not affect the hygroscopic equilibrium of the 
samples. 

Table 2: The measured values of relative humidity environment produced by dif-
ferent saturated solutions. 

Saturated salt solution LiCl MgCl2 NaBr KI NaCl KCl Na2SO4 
Relative humidity (%) 15±1 32±1 59±1 72±1 78±1 88±1 93±1 

3 RESULTS 

Fig. 2 shows the isothermal moisture absorption curve of the desalted blue bricks 
in the control group. The horizontal axis represents the relative humidity of the 
surrounding air, and the vertical axis represents the equilibrium moisture content 
of the sample after reaching thermal and moisture equilibrium. The figure shows 
the average, maximum and minimum values. The upper dotted line is maximum, 
and the bottom dotted line is minimum, and the solid black line is the mean value. 
The mean values in different relative humidity are connected. From the figure, the 
moisture absorption range of the blue bricks varies from 0.43 to 0.66 g/kg, 0.17 to 
0.86 g/kg, 0.50 to 0.74 g/kg, 0.19 to 0.75 g/kg, 0.41 to 1.54 g/kg, 0.52 to 1.30 g/kg, 
and 0.88 to 1.94 g/kg at relative humidity of 15% to 93%, respectively. The blue 
bricks of the same batch showed significant differences in their isothermal moisture 
absorption capacity. The largest difference in equilibrium moisture content of blue 
brick samples was observed at a relative humidity of 78%, while the smallest dif-
ference was observed at a relative humidity of 15%. Some individual blue brick 
samples had moisture absorption capacity more than three times that of other blue 
brick samples at a relative humidity of 78%. 

  

Figure 2: Isothermal moisture absorption curve of the desalted blue brick in the 
control group. 

Fig. 3 shows the comparison of mean isothermal moisture absorption curves for 
blue bricks with different salt contents. From the perspective of relative humidity 
changes, for the desalted blue bricks in the control group, as the relative humidity 
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increases, the equilibrium moisture content shows an increasing trend, but the in-
crease is relatively slow. For the blue bricks with salt content, as the relative hu-
midity increases, the equilibrium moisture content shows an exponential increasing 
trend. When the humidity is below 75%, the equilibrium moisture content slowly 
increases with the increase of relative humidity. When the humidity is above 75%, 
the equilibrium moisture content increases rapidly at first, then slowly, and finally 
increases rapidly again, with the largest increase in the range of 88% to 93% rela-
tive humidity. From the perspective of salt content, when the relative humidity is 
below 75%, there is no significant correlation between the salt content and the 
equilibrium moisture content, and the equilibrium moisture content fluctuates 
within a range of 0.5 g/kg with the increase of salt content. When the relative hu-
midity is above 75%, at the same humidity level, the equilibrium moisture content 
increases significantly with the increase of salt content, and the maximum equilib-
rium moisture content can reach 84.13 g/kg. At an environmental relative humidity 
of 93%, the equilibrium moisture content of blue brick samples with a NaCl con-
centration of 0.6% is about 54 times that of desalted blue brick samples. 

     

(a)                              (b) 

Figure 3: Comparison of mean isothermal moisture absorption curves for bricks 
with different salt contents. (a) The x-axis is the relative humidity, and the y-axis 
is the EMC. (b) The x-axis is the relative humidity and the y-axis is the salt influ-
ence factor η. 

4 DISCUSSION 

4.1 The applicability of the existing fitting formula 

In blue brick samples, the presence of NaCl caused a sudden increase in equilib-
rium moisture content due to the absorption of a large amount of water through 
deliquescence when the relative humidity was above 75%. As shown in Fig. 3(a), 
the isotherm curve of the desalted control group can be approximated as a smooth 
curve and can be fitted using commonly used moisture equilibrium models [20-21].  
Different models were used to fit the experimental data of the control group, as 
shown in Fig. 4, the Oswin equation has the best fit. As shown in Fig. 3, however, 
the isotherm curve of the samples with salt-contaminated groups is not consistent 
before and after 75% relative humidity. When the relative humidity was below 75%, 
the moisture absorption of blue bricks was mainly due to the physical adsorption 
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of its own porosity and pore structure and the chemical adsorption of other salts. 
The relative humidity was below the critical humidity for NaCl deliquescence, and 
although capillary condensation in the pores may have allowed a small amount of 
NaCl to dissolve, it was extremely weak. Furthermore, the weight of the blue brick 
samples increased slowly because the experimental samples were desalted samples 
with no other salts in the material. When the relative humidity is higher than 75%, 
NaCl will absorb a large amount of water and dissolve, resulting in a rapid increase 
in sample weight and making the equilibrium moisture content curve unable to be 
approximated as a smooth curve. Therefore, commonly used fitting models are not 
applicable in this case. 

The hygroscopic process of salt-containing porous materials is roughly divided into 
two parts: firstly, the physical adsorption caused by the porosity and pore structure, 
and then the chemical adsorption in which the water molecules combine with the 
salts inside the materials to produce hydrates [22]. Therefore, the moisture content 
of salt-containing porous materials can be expressed as the sum of physical absorp-
tion moisture and chemical adsorption moisture affected by salt. In this paper, the 
fitting formula of adding salt content factors on the basis of Oswin model proposed 
by He et al. [13] is shown as Equation 3: 

                     (3) 

where k1, k2, and k3 are constants, φ is relative humidity, %, and S is salt content, 
kg/kg.  

Fig. 5 shows the fitting results of the 0.6% NaCl content specimen with the Oswin 
and He model. As can be seen from the graphs, the He model has a better fit. How-
ever, when the relative humidity is below 40%, the fitting results show negative 
values, which is not consistent with the actual results. Therefore, this new model 
still needs to be optimized, for example, by adopting segmented fitting. 

 

Figure 4: The fitting results of de-
salted samples with different models. 

Figure 5: The fitting results of the 0.6% 
NaCl content samples. 

4.2 Discussion on the actual salt content of cultural heritage 

This article compared the differences in equilibrium moisture content of blue bricks 
under three different salt content conditions ranging from 74 to 601 ppm, all of 
which are consistent with the range of chloride ion concentration in brick and stone 
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cultural relics under actual conditions. Chen et al. [23] measured the salt content of 
various walls in the Mogao Grottoes, with the chloride ion concentration ranging 
from about 100 to 4217 ppm. Baptista et al. [24] measured the salt content of ma-
sonry at different locations on the exterior walls of historic buildings in downtown 
Rio de Janeiro, with the chloride ion concentration being less than 850 ppm. There-
fore, the salt content conditions used in this article are within the range of actual 
engineering backgrounds of brick and stone cultural relics. 

In actual historical buildings, the blue bricks, due to long-term invasion by ground-
water and rainwater, contain different kinds and degrees of salt, and under the in-
fluence of these salts, the equilibrium moisture absorption of the bricks will be 
considerably higher than that of the bricks with lower salt content after being baked. 
Abuku et al. [14] conducted isothermal hygroscopic experiments of autoclaved aer-
ated concrete immersed magnesium chloride solution, and showed that autoclaved 
aerated concrete in the environment above 32% of the equilibrium water content 
increases. This is due to the conditions of 20 , magnesium chloride in the equi-
librium relative humidity higher than 32% will be deliquescent hygroscopic. 

5 CONCLUSION 

In this study, the differences in isothermal moisture adsorption performance of 
bricks containing 0.07%, 0.4%, and 0.6% NaCl content were measured and ana-
lyzed. The main results are as follows: 

(1) When the relative humidity exceeds 75%, the NaCl crystals within the blue 
bricks absorbs moisture from the air and deliquesces, resulting in a rapid in-
crease in the moisture content of the sample, which is greater than that of the 
blue brick samples that do not contain NaCl. 

(2) At a relative humidity of less than 75%, the effect of salt concentration on the 
moisture absorption of blue bricks is not obvious. However, at a relative hu-
midity greater than 75%, the higher the salt content, the greater the equilibrium 
moisture content of the blue bricks. At 20°C and 93% RH ambient condition, 
the moisture absorption of bricks with 0.4% NaCl concentration was 30 times 
that of bricks without NaCl, and that of bricks with 0.6% NaCl concentration 
was 54 times that of bricks without NaCl. 

(3) The fitted relational equation with good performance on NaCl-containing con-
crete materials does not apply to the salt-containing blue bricks that were the 
subject of this experiment, and it may be necessary to consider relative humid-
ity segmentation. 
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EXTENDED ABSTRACT  

Salt crystallization is among the most harmful deterioration mechanisms impacting 
the preservation of porous building materials worldwide. Therefore, predicting the 
materials’ response to salt damage is crucial in the conservation practice and build-
ing sector to guarantee adequate performance and durability. These, in turn, are 
instrumental to achieving sustainable interventions. Numerical models have been 
developed to describe the salt decay susceptibility quantitatively, but the most dif-
fused approach still relies on performing accelerated weathering tests in laboratory 
conditions. 

So far, the main limitations associated with most of the available experimental and 
standard accelerated weathering tests arise from the generally long time they re-
quire, the lack of consensus on the methods for assessing the damage progression 
and extent, and the use of testing scenarios hardly representative of real-world con-
ditions. These include simulating unrealistic accumulation and salt transport pro-
cesses, which in turn significantly affect the resulting deterioration patterns and the 
final damage extent, and the use of remarkably high salt solution concentrations. 

The RILEM Technical Committee (TC) 271-ASC, active between 2016 and 2022, 
pursued an innovative direction to simulate more realistic salt crystallization path-
ways to test single porous materials (stone and fired-clay brick units). The TC 
aimed to develop a reliable accelerated aging procedure for laboratories in the ar-
chitectural heritage conservation and construction sectors. The requirements for the 
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new procedure focused on achieving realistic results in a relatively limited time, 
without significantly altering the deterioration process and allowing for a simple 
damage assessment based on readily available and non-sophisticated techniques. 
The test simulates the deterioration effects induced by capillary transport of sodium 
sulfate and sodium chloride aqueous solutions, considered as single salts, toward 
the evaporative surface of cylindrical specimens.  

Building on the experience of reinforced concrete durability research, the TC has 
explored the feasibility of a two-stage approach (Fig. 1) to trigger damage devel-
opment and progression, only after a certain degree of pore filling – as a result of 
salt accumulation – is reached.  

 

 

Figure 1: Two-step damage development of stone/brick substrates due to salt 
crystallization (from [1]) 

The new procedure translates this theoretical assumption into two distinct testing 
phases: a preliminary salt accumulation phase, during which the porous substrate 
is contaminated with a salt solution with fixed concentration and capillary transport 
promotes its accumulation close to the evaporation surface without causing visible 
damage, followed by a propagation phase (Fig. 2).  

 

 

Figure 2: Photographic documentation of stone specimens (Tuffeau limestone) 
during the accumulation phase (a), after two propagation cycles (b), and at the 
end of the accelerated aging procedure (c). 

a) b) c) 
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The propagation phase activates the damage development due to repeated crystal-
lization and dissolution cycles. The testing conditions for the accumulation phase 
are the same for both salts. Specimens are subjected to capillary absorption of 5% 
and 10% concentrations (mass %) of sodium sulfate and sodium chloride solutions 
and then dried until the evaporation of at least 80% of the absorbed water. 

The propagation phase follows, based on four 3-week cycles. Differently from the 
accumulation phase, the set conditions of such cycles differ (i.e., T and RH values, 
duration, and use of rewetting stages) depending on the type of salt employed. In 
brief, each single 3-week cycle of the propagation phase of NaCl employs a series 
of high relative humidity adsorption sub-cycles alternated with drying stages, fol-
lowed by a rewetting step and a final drying (Fig. 3a). Each Na2SO4 propagation 
phase starts with a cooling and rewetting sub-cycle at room conditions, followed 
by drying (Fig. 3b). The rewetting steps for both salts are carried out with deionized 
water only. 
  

 

 

Figure 3: Testing conditions (propagation phase) characterizing each 3-week cy-
cle of the NaCl (a) and Na2SO4 (b) testing procedure. 

Two round-robin testing programs have been conducted to validate the accelerated 
weathering procedure, involving ten research laboratories across Europe and the 
US [2]. The substrates tested during the validation phase include five stones (Lecce, 
Massangis and Migné limestone, Tuffeau, and Mšené “Prague” sandstone) and two 

a) 

b) 

223



The new RILEM TC 271-ASC recommendation for the durability assessment of 
porous building materials against salt crystallization 

 SWBSS ASIA 2023 – Nara, Japan. September 20-22, 2023. 

fired-clay bricks. The physical characteristics of such substrates cover an open po-
rosity range between 13% and 50% (vol %) and a capillary water absorption inter-
val between 50 and 1070 g/m2s0.5. 

The new accelerated aging procedure has been recently published as a RILEM rec-
ommendation [3]. The document details the two procedures for testing single po-
rous materials and includes a simplified methodology based on visual observations, 
photographic documentation, and mass loss recording to guide the evaluation of 
the salt crystallization results. A damage glossary for identifying the deterioration 
patterns is also provided, derived from selected terms of the ICOMOS-ISCS Stone 
Deterioration Glossary [4] and the MDCS Damage Atlas [5]. 
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ABSTRACT  

Environmental factors control salt destruction characteristics in porous materials 
and determine the salt weathering mode and salt-action mechanism. The article 
focuses on the influence of cultural heritage microclimate on salt weathering, and 
the study aims to understand the weathering mechanism by combining the theory 
of crystalline weathering with temperature and humidity variation. Studies include 
sandstone salt solution immersion and simulation of salt deterioration under on-site 
cyclic variable temperature and humidity conditions. The article designs the accu-
mulation of salt crystallization at the sandstone surface under the effect of salt evap-
oration and visualizes the water-salt migration and crystallization process by ion 
chromatography (IC), microelectrode, and hyperspectral techniques. The corre-
sponding types of sulfate deterioration under different weathering simulation con-
ditions are investigated to probe the mechanism behind different weathering pat-
terns. In the first part, we construct a water-salt migration test, combining hyper-
spectral techniques and microelectrodes to visualize the weathering patterns, com-
positional characteristics, and spatial and temporal changes of water-salt transport 
based on Fick's law to establish a mathematical model and simulate it in COMSOL 
multi-physics field simulation software. Then, variable temperature and humidity 
tests of sulfate solution were conducted on sandstone to simulate the salt weather-
ing process. It was demonstrated that different salt solutions, such as Na2SO4 and 
MgSO4, exhibit different weathering patterns after multiple weathering cycles, and 
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the salt crystallization patterns under variable temperature and after the cycle of 
variable humidity differ significantly. 

1 INTRODUCTION 

Salt crystallization is one of the most critical factors affecting the preservation of 
stone cultural heritage, and the repeated dissolution and crystallization of soluble 
salts and the migration and crystallization of salt solutions in rock pores with water 
precipitation are the leading root causes of salt weathering of stone cultural heritage 
[1]. 

The critical factor affecting salt weathering is water-salt migration, where soluble 
salts from the natural environment rise by capillary action, and the movement of 
water salts through porous materials also disperses and deposits the salts into the 
pores and cracks of the sandstone, resulting in sandstone destruction [2]. Salt 
weathering is usually reproduced in the laboratory by accelerated aging tests, and 
the combination of in situ deterioration samples, microscopic characterization of 
associated damage patterns, and chemical and mineralogical analysis is a hot re-
search topic. Regarding the laboratory simulation of salt weathering, there is no 
universally accepted aging test; in addition, the analysis and evaluation of samples 
after salt aging tests usually vary with demand, and multiple visualization tools 
such as CT, NMR, and SEM have been used to study the deterioration of sandstone 
caused by salt crystallization. 

The dynamic changes of water-salt distribution and sandstone properties during 
salt weathering involve complex mass transfer mechanisms. Existing studies on 
water-salt capillary transport mechanisms indicate that the lower the relative hu-
midity of air with microenvironmental changes, the more water migrates to air dur-
ing capillary ascent, while crystalline stratification of soluble salts occurs during 
capillary water ascent [3]. The simulation study of water-salt migration kinetics is 
a means to predict the change and spatial distribution of soluble salt content. In 
mathematical modeling, advanced visualization tools and physicochemical meth-
ods are used to obtain model parameters to explore ion migration phenomena dur-
ing salt transport in sandstone. The standard approach to studying the effect of en-
vironmental conditions and salt weathering on sandstones is to simulate the salt 
weathering process under laboratory conditions, usually based on "cyclic immer-
sion" conditions, which is very different from the in situ salt weathering model of 
stone artifacts [4]. The partial immersion is based on the phenomenon of capillary 
rise of the salt solution, which is more reasonable. The samples were subjected to 
various environmental conditions by controlling the temperature and humidity, and 
various techniques were used to test the samples while obtaining the relationship 
between salt crystallization and sandstone deterioration. 

In this study, the microenvironmental reconstruction of the endowment environ-
ment of stone artifacts was carried out in the laboratory, and the salt concentration 
of sulfate solution in Yungang sandstone under natural immersion conditions was 
experimentally analyzed [5]. Microelectrode equipment, hyperspectral and ion 
chromatography were used to detect the sandstone samples to obtain the distribu-
tion of continuous elemental content and the diffusion coefficient of aqueous salt 
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at the sampling points; Fick's law was introduced to establish the diffusion coeffi-
cient of sulfate ions in the sandstone, and finite element analysis was carried out to 
intuitively understand the content and distribution state of salt in the sandstone. 
The effect of aqueous salt migration to the sandstone surface on the damage pattern 
of sandstone was investigated, and the salt damage triggered by capillary migration 
of sulfate solution to the evaporated surface of sandstone was reproduced by setting 
up a temperature and humidity cycling group in the laboratory [6]. The deteriora-
tion mechanism of the grotto sandstone under the action of sulfate was revealed by 
analyzing the evolution law of ultrasonic velocity, porosity, and other physicome-
chanical indexes with cycling [7]. 

2 MATERIALS AND METHODS 

2.1 Sandstone materials and characterisation 

The samples used in this experiment were taken from sandstone from the Yungang 
Grottoes and were dry-cut. Only Yungang sandstone was used for the salt immer-
sion test and cut into rectangular sizes of 50 × 10 × 200 mm; sandstone was selected 
for the salt temperature and humidity cycling test and processed into sizes of 50 × 
50 × 50 mm. Lithologically the Yungang sandstone is a medium to coarse-grained 
feldspathic quartz sandstone with predominantly calcareous cementation. The 
physical properties and chemical composition of the sandstones used in the tests 
are shown in Table 1 and Table 2. According to Figure 1b X-ray diffraction, the 
sandstone detects a characteristic peak of KAlSi3O8, which from the results of Fig-
ure 1a and b, is because the sandstones all contain some amount of orthoclase 
(KAlSi3O8) and the sandstones all have a high specific gravity of clay minerals, 
dominated by limonite, illite, and kaolinite. 

Figure  1: Characterization of fresh Yungang sandstone: a) Polarimetric petro-
graphic images; b) XRD. 
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Table 1: Physical properties of the sandstones. 

 
Table 2: Chemical properties of the sandstones. 

2.2 WATER-SALT MIGRATION TESTS AND FINITE 
ELEMENT ANALYSIS 

2.2.1 Salt immersion test 
In order to study the mechanism of water salt migration in sandstone specimens set 
up for evaporation conditions while visualizing the migration model set up for ca-
pillary absorption experiments, the natural immersion method was used to charac-
terize the movement of sulfate ions and indirectly obtain the diffusion coefficients 
of sulfate in Yungang sandstone, the test method is shown in Figure 2. The test 
temperature was 22 °C, 66% RH, and the immersion time (2 d, 4 d, 6 d, 8 d, and 
10 d) to simulate the water-salt migration time in the field. The sandstone size was 
50 × 100 × 200 mm, and the bottom was immersed in 1 mol/L saturated sodium 
sulfate solution for 20 mm, and the solution was replenished with the same con-
centration every five days. Microelectrode, hyperspectral, and ion chromatography 
tests were performed on the test samples at every 2 d. Microelectrode and hyper 
spectroscopy were non-destructive, and ion chromatography was used to collect 
samples in the form of boreholes, and the sandstone was analyzed by taking a total 
of 4 points at a depth of 25 mm internal sandstone at 50 mm height intervals at the 
midline position of the sandstone. 
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Figure  2: Salt immersion test processing procedures. 

2.2.2 Basic theory of ion diffusion 

Fick's law is the fundamental law followed by the diffusion of substances. Fick's 
second law applies to steady-state and transient solutions and considers the rela-
tionship between concentration and distance. In this study, the effective diffusion 
coefficient of Na2SO4 in the Yungang sandstone was calculated by substituting 
the content of different sites at different moments in time into the mathematical 
model of Fick's second law. The model assumes that the sandstone is rectangular, 
the salt solution migrates in one direction, the diffusion coefficient is constant, re-
sistance and temperature variations are neglected, and the mathematical expression 
is shown in equation (1). 

 

here , ,  and  is Ionic content of Na2SO4 in sandstone at 
initial state, equilibrium and time ;  is Maintenance time;  is half of the 
thickness of the sample (cm); and  is Eigenvalue . 

The diffusion coefficient D describes the ratio between the flux and the concentra-
tion gradient and is related to Fick's law. The concentration of ions passing through 
a unit area of sandstone sample per unit of time is expressed as the diffusion flux, 
as in equation (2): 

 

Where A is the area of diffusion and is the cross-sectional area of the specimen 

(m2);  is the rate of salt solution loss during the experiment. Based on Fick's 

first law, the following equation (3) for the variation of ion concentration with dis-
tance at each location during diffusion: 
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where D is the effective diffusion coefficient of the sandstone,  /  is the ionic 
concentration gradient of the soluble salt, with the negative sign indicating the dif-
fusion of sulfate ions from higher to lower concentrations. 

As the thickness of the sandstone specimen used in the steady-state test was taught 
to be thin, the differential rewriting of equation (2) gives equation (4): 

 

The effective diffusion coefficient D can be obtained from equations (2) and (4), 
see equation (5): 

 

The diffusion coefficients were calculated according to Eq. (5) and brought into 
COMSOL Multiphysics, finite element analysis-based multiphysics field simula-
tion software with multiphysics field modeling of complex points, to model ion 
diffusion. 

2.3 Assessment of sandstone salt ageing under evaporative 
conditions 

2.3.1 Variable temperature and humidity salt ageing test 
In order to simulate the deterioration mechanism of sandstone sulfate caused by 
water-salt migration under different ambient temperatures and humidity, the aging 
test of soluble salt crystallization under variable temperature and humidity condi-
tions was carried out in the laboratory. The test procedure is shown in Figure 3. 
Based on the reproduction of the climate microenvironment at the Yungang Grot-
toes site in China, two test conditions, temperature and humidity cycling, were set 
to investigate the specific effects of individual environmental factors on the crys-
tallization behavior of sulfate in porous media. Different soluble salt solutions used 
for capillary absorption, corresponding to the specimen names in Table 3, were 
infiltrated by different sulfates with a solution concentration of 1 mol/L, setting up 
humidity and temperature groups. In the relative temperature group, only the rela-
tive humidity conditions were varied from 30% to 80%, with a total of nine 96-h 
cycles (80% high RH for 72 h and 30% low RH for 24 h), and the temperature was 
set at a constant 25 °C. In the relative temperature group, the humidity was con-
trolled to be 60%, and the relative temperature was varied between high and low, 
with a relatively low temperature of 15 °C for 72 h and a relatively high tempera-
ture of 50 °C for 24 h. The same setup was performed for nine cycles. The bottom 
of the specimen was immersed into the salt solution for 5 mm, and the temperature 
and humidity were changed every 2 h. Surface photographs were taken to measure 
the ultrasonic velocity and mass change; the same specimen was taken to do a nu-
clear magnetic resonance (NMR) test every three cycles.  
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Figure  3: Variable temperature and humidity cycling tests on Yungang sand-
stone under sulphate Na2SO4 MgSO4 solution. 

Table 3: Experimental scheme. 

 Sample solutions 
Relative humidity (%) Temperature (℃) 
a) Low 
RH  

b) High 
RH 

c) Low 
Temp 

d) High 
Temp 

Relative humidity cycles 
N-H Na2SO4 30 80 25 25 

M-H MgSO4 30 80 25 25 

Relative temperature cycles 
N-T Na2SO4 60 60 15 50 
M-T MgSO4 60 60 15 50 

3 RESULTS AND DISCUSSION 

3.1 Water-salt migration and salt assessment 

3.1.1 Water-salt migration and diffusion coefficients 

Figure 4 shows the dry and wet interface depths for different days of the salt im-
mersion test. The spatial and temporal evolution characteristics of capillary rise 
and salt accumulation were determined by resistivity.  

The distribution of sulfate ions in different cross-sections of sandstone with time 
was obtained by hyperspectral image analysis combined with resistivity and ion 
chromatography. Among the 2 d test days, the diffusion of Na2SO4 in the sandstone 
is shown in Figure 4. According to the high resistivity with hyperspectral imaging 
to define the location of water salt, with the increase of test days, the surface salt 
cover of sandstone thickened, resulting in the absorption of a large amount of salt 
solution in the middle of sandstone at 6 d, and the salt migration rate slowed down, 
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and the change of salt with days is shown in Figure 5. Figure 4(d) results show that 
the content of sulfate ions at different locations, with the time increase, the 40 mm, 
80 mm, and 120 mm locations of sulfate ion concentrations had the same trend, 
increasing with increasing immersion time. By 6 d, the increase in concentration at 
the top increased, and the ion concentration at the middle shifted due to the replen-
ishment of sulfate ions from the top by the middle during immersion. 

The rate of salt migration has a similar transmission time at different depths, and 
the sandstone surface is firstly aggregated, and then the rate of aqueous salt rise is 
gradually stabilized, and the effective diffusion coefficient D of Na2SO4 in sand-
stone is calculated as 3.937×10-7 m2/s according to The Fick's law. 

Figure  4: Measurement of capillary rise of water salts over time: 2 d immersion 
test a) Visible light images; b) Hyperspectral images; c) Resistivity images; d) 
Sulphate ion content at different locations. 

2D 6D 10D 

Figure  5: 10 d sodium sulphate solution immersion test. 

3.1.2 Analysis of COMSOL simulation results 

As shown in Figure 6, Na2SO4 gradually decreases with increasing diffusion dis-
tance, and the trend of sodium sulfate content changes with increasing maintenance 
time in the region of flat and uniform distribution. The sandstone model was used 
to verify further the effective diffusion coefficient in the sandstone obtained from 

232



 F. Wang, J. Huang, and Q. Zhou 

SWBSS ASIA 2023 – Nara, Japan. September 20-22, 2023. 

the test. The initial Na2SO4 content was 0 mol/m3, and the contact surface Na2SO4 
content was 1 mol/L. The diffusion coefficient of Na2SO4 in the sandstone was set 
to 3.937×10-7 m2/s. The initial Na2SO4 content was 0 mol/m3, and the contact sur-
face Na2SO4 content was 1 mol/L. The changes in water salt distribution with time 
were analyzed using COMSOL for porous sandstone immersed in Na2SO4 concen-
tration of 1 mol/L for 10 d. Figure 6b plots the variation of ion concentration with 
time for sandstone at different distances from the bottom position. The diffusion 
process of Na2SO4 in sandstone with an increasing number of days had a similar 
trend. The Na2SO4 content in the sandstone for the same number of days gradually 
decreases with increasing distance of Na2SO4 diffusion, and the salt concentration 
grows faster in the first 4 d, and the increasing trend becomes slower with time. 
Tests were conducted to collect soluble salt crystallization data to be used for fur-
ther validation of the model, and a comparison of the model results for salt migra-
tion over time and the test results is shown in Figure 6b, where it can be seen that 
there is a good agreement at the specimen 150 mm and 200 mm, where some de-
viation is due to the asynchronous migration between the surface and the interior 
of the specimen at 100 mm, but the final trend is consistent. 

Figure  6: Schematic diagram of the COMSOL simulation: a) Sandstone flow 
diagram after 10 d of simulation; b) 1D line diagram of Na2SO4 concentration; c) 
Comparison of experimental data and modeling results on the migration of so-
dium sulfate solutions 

3.2 Sandstone properties under variable temperature and 
humidity tests 

3.2.1 Ultrasonic velocity and Mass loss rate 

The changes in the ultrasonic velocity of the specimens during the temperature and 
humidity cycling test are shown in Figure 7. In Figure 7a, for the humidity cycling 
group, the ultrasonic velocity of the specimens in the N-H group was reduced to 
60% of the wave velocity of fresh sandstone after nine humidity cycles, and that of 
the specimens in the M-H group was reduced to 72%; the ultrasonic velocity 
changes of the temperature cycling specimens are shown in Figure 8b, and the N-
T and M-T groups were 78% and 88% of the initial sandstone wave velocity after 
temperature cycling, respectively. 
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The initial mass measured varies between fresh specimens, and the rate of mass 
loss, C, is used to express the flaking of the specimens, see equation (6): 

 

where  is the mass lost, and is the mass of fresh sandstone. The variation 
of specimen mass loss rate with the number of humidity cycles during humidity 
cycling is shown in Figure 7c. It can be seen that the sandstone exfoliated mass in 
the sulfate solution saturated over specimens under the action of humidity cycling 
keeps rising, and the rate of rise gradually increases, and the temperature cycling 
group, as shown in Figure 7d, shows the same trend as the humidity cycling group. 
It can be seen that the mass loss rate of sandstone in sodium sulfate solution satu-
rated over is higher than the value of magnesium sulfate solution saturated over, 
which indicates that the destructive effect of sodium sulfate crystallization on sand-
stone under humidity cycle is greater than that of magnesium sulfate. Figure 7e 
shows the surface morphology of the sandstone for different numbers of cycles, 
with a more severe loss of specimen surface details under the relative temperature 
group, which corresponds to the wave speed and mass results. 

Figure  7: Variation of ultrasonic velocity and mass of specimens under different 
temperature and humidity cycles: a) Humidity group wave speed variation; b) 
Temperature group wave speed change; c) Moisture cycle group mass loss; d) 
Temperature cycling group mass loss; e) Surface morphology of sandstone during 
temperature and humidity cycling. 

3.2.2 Nuclear Magnetic Resonance 

The T2 distribution curves of the sandstones at different numbers of wet humidity 
cycles are shown in Figure 8. The T2 distribution curves of the fresh sandstone 
specimens from the caves all have only one prominent peak, and the T2 time points 
at which the peaks are located vary with the model signal intensities, which indi-
cates the differences in the overall porosity and pore structure of the fresh sandstone 
from the caves. The NMR signal intensities of all sandstone specimens showed an 
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increasing trend with the increase in humidity cycles. The T2 distribution curves 
of the Yungang sandstone specimens gradually showed double peaks, which indi-
cated that large pores began to appear and increase in the specimens, while the peak 
increase of the T2 distribution curves of the specimens from the sodium sulfate 
group was more evident than that of the magnesium sulfate group. 

Figure  8: NMR T2 distribution of sandstone specimens: a) Humidity cycling 
under Na2SO4 solution; b) Humidity cycling under MgSO4 solution; c) Tempera-
ture cycling under Na2SO4 solution; d) Temperature cycling under MgSO4 solu-
tion. 

4 CONCLUSION 

In this study, a water-salt migration test and variable temperature and humidity salt 
ageing test were used to show the water-salt migration mechanism and damage 
mechanism, and salt weathering characteristics evaluated the effect of microenvi-
ronment on sandstone deterioration under multiple environmental conditions, and 
the results are as follows: 

(1) The sulfate ion migration rate decreases with increasing immersion time. The 
salt in the sandstone with aqueous salt migration will gradually precipitate until the 
sulfate ion diffusion behavior is exhausted in the long term time. The simulation 
results of diffusion can be extended to the kinetic diffusion behavior of the remain-
ing soluble salts in the sandstone. 

(2) The humidity varied cyclically between 30% and 85%. The results show that 
changes in ambient humidity lead to changes in the amount of crystalline water 
contained in the salts in the sandstone specimens. The cyclic variation in humidity 
accelerates the weathering of the grotto sandstone by sulphate. 

(3) Relative temperature changes exacerbated sulfate damage to sandstones, and 
sulfate crystallization cycles conducted in the humidity cycling group produced 
less damage than the relative temperature cycles; Sandstone porosity increased un-
der cycling in the temperature group, along with higher wave velocity decline and 
mass loss rates than in the humidity group. This finding emphasizes the critical role 
of temperature factors in studying sandstone susceptibility to salt crystallization 
decay. 
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ABSTRACT  

Several techniques used for the desalination of salt laden brick masonry can require 
laborious preparations and bring with them practical difficulties, while only 
slightly lowering the salt content. When faced with brick masonry that is suffering 
both from high salt contents and a moisture source, the drying process can be uti-
lized in the desalination of the brickwork. The application of a traditional lime 
plaster shortly after cutting off the water supply, such as rising damp, allows for 
the migration of salts to the plaster during the drying period, and consequently a 
slow and effective desalination of the brickwork. This technique can be carried out 
during the overall restoration period. Once the drying process is completed the salt 
laden plaster can be removed. Large sections of the brick masonry of the 17th cen-
tury farmstead Hof te Bree-Eik in Lennik, Belgium, were subject to high salt con-
tents and rising damp. Ion analysis of the brickwork in the 18th century stable before 
the treatment and after the complete drying of the plaster reveals a considerable 
decrease of the salt content in the original masonry, also in depth. This trend was 
also seen for equimolar contents of calcium and sulfate ions (considered as the 
gypsum content), which has a much lower solubility compared to other common 
salts. Besides bringing little risk to harm the original masonry, this desalination 
technique is economically favourable and does not require an elaborate set-up. 
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1 INTRODUCTION 

Building materials such as brick masonry inevitably contain a certain amount 
of salts, but in historic masonry these contents are often higher as a result of the 
build-up over time. While the mere presence of salts does not necessarily cause an 
issue for the building materials or even a visual hinderance, their presence does 
hold a risk for the future. Salts that come into contact with moisture, in liquid or 
vapour form, can dissolve depending on their solubility and equilibrium relative 
humidity. Subsequent changes in climate conditions, such as a rise in temperature 
or a reduction of the relative humidity can cause the salts to undergo phase changes, 
such as crystallisations [1]. When crystallisation occurs on the surface of a porous 
material, that is efflorescence, which mainly causes visual hinderance [2]. When 
crystallisation takes place inside the pore structure, that is subflorescence. In the 
latter, when pore filling is sufficient and salt crystal pressure exceeds the strength 
of the pore walls, damage can occur [2], [3]. While damage caused by a one-off 
crystallisation is limited, repeated cycles of dissolution and crystallisation are more 
relevant. Even though all processes involved are not fully understood, it is known 
that multiple factors play a role, such as, the nature and amount of ions, degree of 
supersaturation, kinetics, and material characteristics [2]-[4]. Another issue that 
arises with the dissolution of salts is their transport. Once dissolved the ions can 
migrate through the building materials. While salts can be inherent to the building 
materials themselves, the influx of water might bring along more ions, as is often 
the case with rising damp and leaking pipes and gutters [3]. The new salt solution, 
with dissolved salts from the building materials and the additional salt ions from 
the moisture source will migrate to the drying front leading to the accumulation of 
salts in certain locations [1], [3]. Certain materials lend themselves to better absorb 
water and are thus more susceptible to salt accumulation. In historic brick masonry 
this is often the case for mortar and plaster, since these materials usually have finer 
and more pores and a higher capillary absorption coefficient compared to brick or 
stone [5]. 

In many historic buildings rising damp is one of the main moisture sources. 
Decades or even centuries of recurring rising damp will have often led to water 
damage and the accumulation of salts in the building materials. To avoid further 
damage the occurrence of cycles of dissolution and crystallisation needs to be 
halted. This can partly be obtained by preventing the influx of water in the con-
struction by cutting off all water sources. Moisture from the ambient air, however, 
can still be absorbed by certain salts present at the surface and subsurface of the 
wall, which can lead to moisture stains. Therefore, climate control might be neces-
sary to avoid further damage [6]. However, climate control brings with it certain 
difficulties and feasibility issues. Another strategy is to attempt desalination. None-
theless, several desalination techniques can require laborious preparations or an 
impractical set-up, without the guarantee that the salt contents will decrease suffi-
ciently [7]. By addressing both problems simultaneously, the drying process can be 
used advantageously for the desalination. Here the results are presented of a case 
study carried out on the stable of the 17th century farmstead Hof te Bree-Eik in 
Lennik in Belgium. The 18th century stable (figure 1) showed both signs of rising 
damp and several types of damage related to salt crystallisation, such as, powdering 
of the brick and mortar joints, severe loss of material, staining, and efflorescence 
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[8]. The stable wall was treated against rising damp and simultaneously the process 
of desalination was initiated by the application of a traditional lime plaster to the 
masonry. The goal was to allow dissolved salts to migrate to the plaster during the 
entire restoration campaign, thus allowing a long drying process. For the plaster to 
be effective in the extraction of salts it must comply with two requirements. The 
first is the presence of pores with a bigger diameter than the mean pore diameter of 
the original building materials, so water can migrate into the brick and mortar in 
areas where the masonry is not wet enough. The second being an adequate amount 
of fine pores smaller than those of the original building materials to allow for the 
migration of water and dissolved salts to the plaster (by advection [9]) and the sub-
sequent storage of the crystallised salts there. 

 
Figure 1: The 18th century stable wall before the treatment. Samples were taken in 
the three indicated zones at 20, 115 and 200 cm above floor level. 

2 METHODOLOGY 

A small sample of brick and two samples of the mortar were taken from the 
stable wall to evaluate the accessible porosity, density, median pore diameter and 
pore size distribution by mercury intrusion porosimetry (MIP) (Micrometitics Au-
topore IV). For the extraction plaster, a non-direct measurement has been done. Its 
data properties were obtained by taking three samples of two different plasters with 
a composition that is quite similar to the plaster used for this case. The mean values 
obtained for these six samples are considered to be a good approximation of the 
values for the used extraction plaster. Powder drill samples were taken of the brick 
and mortar at three different heights (20, 115 and 200 cm) on two depths (0-2 cm 
and 2-5 cm) before the desalination procedure (figure 1). Of these samples the ac-
tual moisture content (AMC) was determined gravimetrically after drying at 60 °C. 
Ultrapure water was added to the dried samples to extract the salts. This extract 
was analysed by ion chromatography (Metrohm) to quantify the amount of Na+, 
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K+, Mg2+, Ca2+, Cl-, NO3
- and SO4

2-. After a correction for the detected excess of 
cations the amount of carbonates was calculated. ECOS/RUNSALT [10]-[12] was 
used to model the crystallisation behaviour of the salts at 15 °C (the average tem-
perature in the stable) between 15 and 95 % relative humidity (%RH), based on the 
ion contents. After the removal of the paint layer, the wall was treated against rising 
damp by injecting a damp-proofing agent based on silanes and siloxanes under light 
pressure into horizontally drilled holes in the mortar joints, right above ground 
level. After injection, the holes were plugged with hydrophobic cement (figure 2). 
Shortly after the salt laden mortars were removed as deep as possible, and a layer 
of 1 to 1.5 cm of a traditional lime plaster was applied on the wall. The plaster 
consisted of 1 part hydrated lime (Tradical – Lhoist), 1 part natural hydraulic lime 
(NHL) 2.0 (Saint-Astier) and 5 parts river sand. After seven months the plaster was 
removed and powder drill samples were taken of the brick at the same heights and 
on the same depths as before the treatment as well as of the plaster on the same 
heights. The AMC and ion content were determined in the same manner as before 
the treatment. 

 

Figure 2: The stable wall showing the drill holes used for the injection with the 
damp-proofing agent after they were plugged with hydrophobic cement. 

3 RESULTS AND DISCUSSION 

The results of the MIP measurements for brick, mortar and the extraction plas-
ter are shown in table 1 and figure 3. The bricks have a high accessible porosity of 
30.7 vol.% and a small median pore diameter of 5.27 μm. The pore size distribution 
of the brick shows a bimodal distribution with most of the pores in the range of 1 
to 10 μm, especially between 1 and 4 μm and between 5 and 7 μm. A small amount 
of the pores has a size between 0.1 and 1 μm. The contributions to the porosity of 
pores smaller than 0.1 μm and larger than 10 μm are neglectable. The values for 
the brick are consistent with those found for bricks in other parts of the farmstead, 
of which the results are not discussed here. The mortar has a higher accessible po-
rosity and smaller median pore diameter than the brick, as expected. The distribu-
tion of the pore diameter is unimodal with a small amount of pores smaller than 0.1 
μm, the majority of the pores in the size range from 0.1 to 10 μm and a neglectable 
amount of the pores having a size larger than 10 μm. The extraction plaster shows 
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a bimodal distribution with the majority of the pores having a size below 1 μm or 
above 4 μm. As is shown in figure 4 the pore size distribution of the extraction 
plaster shows an overlap with that of the mortar below 0.3 μm. In the range of 0.3 
to 0.7 μm there are more pores in the extraction plaster than in the mortar. The 
comparison between pore size distribution of the plaster and the brick shows that 
below a pore size of 0.8 μm there is a larger amount of pores in the plaster. These 
pores will allow transport by advection of the salts dissolved in water from both 
the brick and the mortar toward the plaster. The plaster also contains a small 
amount of pores in the range of 1 to 4 μm and a larger amount of pores with a 
diameter above 4 μm. These pores will allow the storage of salts in solid state. 

Table 1: Results of the mercury intrusion porosimetry (MIP) measurements on one 
brick and two mortar samples taken from the stable and estimated values for the 
extraction plaster based on two plasters with a composition similar to the used plas-
ter. Density (ρ), accessible porosity (Φ0) and the median diameter of the pores (dme-

dian). 

 ρ 
kg/dm3 

Φ0 
vol.% 

dmedian 
μm 

Brick 1.564 30.7 5.27 
Mortarmean 1.566 ± 0.014 37.8 ± 0.5 1.78 ± 0.10 
Extraction plastermean 1.843 ± 0.035 29.4 ± 1.2 3.64 ± 3.71 
 

 
Figure 3: Pore size distribution of the brick, mean pore size distribution of the 
mortar and mean pore size distribution of the extraction plaster estimated based 
on two plasters with a composition similar to the used plaster. 

Before the treatment, the high AMC of the bricks and the mortar that decreases 
with height (figure 4) indicates the presence of rising damp. The AMC is consid-
erably higher for the mortar compared to the brick, as expected. A treatment against 
rising damp was deemed necessary in this case to prevent further damage. 
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Figure 4: Actual moisture contents (AMC) in the bricks and mortar at several 
heights (20, 115 and 200 cm above floor level) and depths (0-2 and 2-5 cm) be-
fore the treatment. The values on the x-axis are expressed as wt.% of the dried 
sample. 

Before the treatment against rising damp the salt contents including equimolar 
contents of calcium and sulfate ions (regarded as the gypsum content) are high in 
both brick and mortar. These values, excluding gypsum, as well as the values for 
gypsum are illustrated for the bricks in figure 5. The highest values for the ions are 
found in the samples taken at a height of 115 cm. The increase of salt contents with 
height is symptomatic for the occurrence of rising damp and salt deposit. The build-
up of gypsum at 115 cm above the floor level, despite its low solubility compared 
to other common salts, indicates moisture contents must have been very high until 
this height. Rising damp will have also reached above 115 cm as is indicated by 
the high salt contents at 200 cm. 

Modelling the crystallisation behaviour of the salt mixtures before desalination 
shows small differences between samples but nearly all samples show crystallisa-
tion behaviour as shown in figure 6. The crystallisation of KNO3 starts above 
85 %RH and continues until 35 %RH, with most of the crystal formation occurring 
above 50 %RH. Between 65 and 50 %RH most of the NaCl, NaNO3 and MgSO4 
hydrates are formed. The range of relative humidity in which most of the crystal 
formation takes place is quite wide and overlaps with the range in which fluctua-
tions in relative humidity occur in buildings, leading to a high number of dissolu-
tion/crystallisation cycles and consequently the heavily deteriorated state.  
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Figure 5: Total ion contents, excluding gypsum (equimolar contents of calcium 
and sulfate ions), and the equimolar contents of calcium and sulfate ions in the 
bricks at several heights (20, 115 and 200 cm above floor level) and depths (0-2 
and 2-5 cm) before and seven months after the application of the lime plaster. The 
values on the x-axis are expressed as wt.% of the dried sample. 

Table 2: Percentual decrease of gypsum contents and salt contents excluding gyp-
sum in the bricks at several heights (20, 115 and 200 cm above floor level) and 
depths (0-2 and 2-5 cm). 
Height 
(cm) 

Salts, exclud-
ing gypsum 

0-2 cm 

Salts, exclud-
ing gypsum 

2-5 cm 

Gypsum 
0-2 cm 

Gypsum 
2-5 cm 

20 74.6 52.0 36.4 0.0 
115 92.8 87.1 94.3 89.1 

200 79.4 87.8 / 41.7 

Seven months after the treatment against rising damp and the application of 
the plaster, the lime plaster and the brickwork had completely dried, and the plaster 
was removed to expose the original brick masonry again without any damage to 
the wall. The ion data showed that salt contents, excluding gypsum as well as the 
gypsum contents had drastically decreased for the bricks on both depths on all three 
heights (table 2). For the salt contents excluding gypsum the decline exceeds 52 % 
for all samples, with the highest percentual decrease generally occurring in the first 
two centimeters of the brick. The greatest decrease is measured in the first two 
centimeters of the brick at 115 cm and equals a reduction of 92.8 % of the original 
salt content. This sample also displayed the largest decrease in gypsum content, 
with a reduction of 94.3 % of the original gypsum content. The salt contents in the 
bricks do not require further reduction. This observation also applies to the gypsum 
contents. The amounts of salts that were measured in the lime plaster (0.26 wt.% 
at a height of 20 cm, 0.54 wt.% for a height of 115 cm and 0.43 wt.% at a height of 
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200 cm) appear to be lower than would be expected to account for the decline of 
salt contents in the brick. This is the result of the large quantity of plaster that was 
applied on the wall up until great height. The salts from the masonry will have 
spread over the entirety of the plaster, thereby resulting in a lower weight percent-
age of salts in the samples taken from the plaster. 

 

Figure 6: ECOS/RUNSALT output for the crystallisation behaviour at 15 °C of 
the ion mixture in the first two centimetres of the brick at 115 cm above floor 
level, excluding equimolar contents of calcium and sulfate ions. 

4 CONCLUSIONS  

Despite the high contents of gypsum and salts excluding gypsum the applica-
tion of a simple traditional lime plaster during the drying of the wall sufficed to 
accumulate the majority of the ions from the bricks and reduce the salt and gypsum 
contents to acceptable levels. In cases where masonry suffers from high moisture 
contents, such as rising damp, which need treatment and also require desalination, 
the method of eliminating the water source and applying a lime plaster to the ma-
sonry might prove useful as an intervention. To fulfil the task of an extraction plas-
ter, the lime plaster needs to have an adequate amount of pores that are finer than 
those of the original building materials as well as pores that are large enough to 
store the crystallised salts that are extracted. The knowledge of the pore size distri-
bution of the original building materials is therefore imperative in choosing the 
correct plaster. When these simple conditions are met this offers a low-cost tech-
nique that does not require an elaborate set-up, brings little risk to the masonry, and 
can be executed during the restoration process. 
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ABSTRACT  

Hydrogels are increasingly used by conservators for cleaning of water-sensitive 
and delicate objects due to their high water retention and non-abrasive properties. 
Previously it has been shown that some hydrogels are additionally capable of ex-
tracting near-surface salts from porous materials. This combination makes hydro-
gels an interesting poultice material for desalination of fragile porous materials 
with a high concentration of salts in the surface area. It is believed that with the use 
of hydrogels as desalination poultices, a shallow water intrusion will be obtained 
due to their high water retention. By only bringing near-surface salts into solution, 
a local and controlled treatment can be achieved, without salt ions relocating deeper 
into the masonry. 

The transportation of salt ions during application of hydrogels to salt contaminated 
porous substrates, was investigated in laboratory experiments performed on speci-
mens of clay brick contaminated with sodium chloride. The ion content stratigra-
phy of the specimens was analyzed before and after gel application. One or two 
applications of two commercially available gels commonly used in conservation, 
Nanorestore Gel® Peggy 6 and Agar Art were tested.  

The experiments showed that the agar gel with two applications performed a very 
satisfactory extraction of near-surface salts without substantial redistribution of 
ions to deeper parts of the specimens. The Peggy 6 gel was found to perform more 
undesirably as a desalination poultice, as a substantial relocation of salt ions to 
subsurface areas of the specimens was achieved by the treatment. 

 
1 The National Museum of Denmark, Kgs. Lyngby, Denmark, 
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1 INTRODUCTION 

Salts embedded in the paint layer constitute one of the primary threats to the preser-
vation of wall paintings of high cultural value in Danish medieval churches [1]. 
Two different strategies are used in parallel or separately when preventing salt de-
terioration: keeping a constant relative humidity (RH), thereby avoiding repeated 
crystallization of salts, or carrying out salt-reducing treatments. In recent years, the 
first-mentioned strategy has been the dominant approach in relation to Danish me-
dieval wall paintings [2]. However, most churches are still actively used for ser-
vices, and in many cases, it has proven to be a great challenge to maintain a stable 
RH. Unfortunately, the inappropriate climate has in several cases caused a dramatic 
and rapid fading of the paintings due to salt efflorescence, as illustrated in fig. 1. 

Figure 1: Wall painting in the vault of Sejerø Church photographed in 1998 (left) 
and before restauration in 2022 (right). A high content of salts in the masonry and 
an inappropriate climate have caused a serious fading and loss of the pictorial 
contents and detachment of plaster. Photo: Roberto Fortuna 

As a supplement to RH stabilization, a suitable desalination method is therefore 
sought to decelerate the deterioration. The most common desalination method for 
immobile cultural heritage is to extract salt ions into a moist poultice of clay min-
erals or cellulose pulp applied to the wall paintings, plaster or masonry [3]. For 
effective salt reduction to occur, the poultice material must contain pores of a 
smaller size than the salt-containing substrate, thereby inducing advection-based 
salt transport towards the drying surface [4]. Due to the high content of fine pores 
in medieval lime plaster, only clay-containing poultices are in theory suitable. 
However, since surface contamination by clay particles is unavoidable, and subse-
quent cleaning would cause serious harm to the paint layer, clay is avoided as poul-
tice material for wall paintings. Cellulose pulp has, therefore, been used for desal-
ination of Danish medieval wall paintings [5], even though it is well known that 
the porosity of the material is not suitable. The drawback of cellulose poulticing is 
the large influx of moisture into the plaster and masonry, causing mold growth, 
redistribution of salt to areas not previously salt contaminated and a poor long-term 
effectiveness of the treatment [6].  

In the search for more suitable poultice materials for wall paintings, interest has 
recently fallen on hydrogels, which are increasingly used in conservation treat-
ments of water-sensitive and delicate objects due to their high water retention and 
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non-abrasive properties [7]. Recent studies have shown that hydrogels have very 
good properties regarding cleaning of Danish medieval wall paintings [8]. This es-
pecially pertains to gels with high flexibility that ensure good adhesion to lime 
plaster, and where application and removal are performed without abrasive action, 
greatly reducing or eliminating mechanical damage on frail surfaces. Previous 
studies have shown that hydrogels can also absorb salts to a degree that make them 
suitable as poultice materials for desalination [9].  

In this present study an in-depth examination the ion content stratigraphy of brick 
specimens before and after gel application was accomplished, thereby investigating 
the salt extraction abilities of different gels. In the experiment, brick was substi-
tuted for wall painting plaster replicas to avoid the time-consuming and challenging 
task of replicating medieval plaster [10]. The hypothesis was that the limited mois-
ture release from the gels, combined with good ion absorption abilities would result 
in an effective desalination of surface and near-surface salts without redistribution 
of ions deeper into the matrix. Two different gels, representing different water re-
tention and polyelectrolytic properties were examined. 

1.1 Salt extraction by hydrogels – theory in short 
Hydrogels consist of networks of interconnected polymers, which can hold a very 
large amount of water. The swelling capacity of gels is controlled by the balance 
between the elasticity of the polymer network, determined by the density of cross-
links, and the interaction energy between the polymer and the solvent [11]. The 
polymers are either polyelectrolytes possessing dissociable functional groups 
(ionic gels) or non-polyelectrolytes with no dissociable functional groups (non-
ionic gels). When the functional groups of a polyelectrolyte polymer dissociate, 
they form non-mobile charged ions along the chain, as well as oppositely charged 
mobile counter ions that act as solutes in the gel water [12]. Ionic gels thereby 
absorb water, not only as a matter of the hydrophilicity of the polymer, but also as 
a matter of the osmotic pressure difference obtained between ion-containing water 
inside the gel, and deionized water outside.  

An important property of gels in desalination is obviously the ability to absorb ionic 
solutions. A recently published modified theory of thermodynamics of hydrogels 
[13] shows how the pressure gained by the retractive forces of the polymer network 
allows the gel water in non-ionic gels to achieve a corresponding or even higher 
ion content than in the external solution. Non-ionic gels, on the other hand, will, 
due to disturbances of the osmotic pressure in the gel, repel ions and thereby 
achieve a lower ion content than in the external solution. For weak polyelectrolytes, 
the salt repelling effect will decline with increasing salt concentration in the exter-
nal solution and for very weak polyelectrolytes, the salt content in the gel will be 
approximately the same as in the external solution.  

Another variable property affecting the gels’ performance as poultices in desalina-
tion is their ability to retain water. It is the hypothesis that high water retention 
causing a limited moisture release from the gels will be an advantage, as this will 
result in a controlled local dissolution and extraction of salts, without advection of 
ions with the water flow to deeper parts of the masonry. Also, a retained large res-
ervoir of water in the gel throughout application will allow for the diffusion of more 
ions into the gel before the gel water is saturated. 
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2 MATERIALS  

2.1 Gels 

Desalination was tested with two gels, each representing different gel types, com-
mercially available and commonly used in conservation.  

Nanorestore Gel® Peggy 6 (PG6) is a poly(vinyl alcohol) gel produced by CSGI. 
In the manufacturing process, gelation is initiated by freezing the polymers (cryo-
gelation), whereby physical crosslinks are formed. The gel was specially developed 
for application on rough and/or irregular surfaces and has high flexibility and ri-
gidity [14]. PG6 gels have a thickness of approx. 1 mm when obtained from the 
supplier. 

Agar gels (AA3%) were prepared from the commercially available product Agar 
Art supplied by CTS. Agar (or agar-agar) comprises two polysaccharides, agarose 
and agaropectin, extracted from red algae. Gelation is obtained from a network of 
double helix structures formed by agarose when heated to above 85°C and subse-
quently cooled [15]. Agar is weakly ionic, as agaropectin contains groups of sul-
fated galactouronide and a smaller number of ester sulfate groups, D-glucuronic 
acid and pyruvic acid. Counter ions to the acid groups are either Ca or Mg ions or 
a combination of both. The ratio of the compounds can vary, as it is a natural prod-
uct, but usually agarose makes up approximately 70 %. Agar gels were prepared 
for experiments by mixing agar powder (Agar Art) in UPW water at a concentra-
tion of 3% (w/v). The suspension was heated to boiling point while stirring, and 
after a short cooling, it was reheated to boiling point. The warm homogeneous and 
translucent liquid was poured into a plastic container and left to cool, whereby ge-
lation took place. The AA3% gels were prepared with a thickness of approx. 3 mm. 

2.2 Brick specimens  

Specimens for laboratory tests were made from Falkenløwe brick, which is a type 
of brick made for restauration purposes using traditional fabrication methods. The 
selection of this brick was based on previous studies that have shown similar hygro-
physical properties to those of Danish medieval bricks [16] (table 1). Consequently, 
this brick has been used several times in desalination experiments regarding Danish 
medieval wall paintings [1, 17], which provides a basis for comparing the effec-
tiveness of the method. 

Table 1: Physical properties of Falkenløwe brick. Porosity (open), WAC (Water 
Absorption Coefficient) and CMC (Capillary Moisture Content) of the bricks as 
described in [18]. Porosity calculated from the maximum water absorption, WAC 
being the slope of the first, linear part of the absorption curve, and CMC being the 
water content in percentage of total weight of specimens at the end of the first stage 
of water absorption. 

Porosity (vol%) Density (kg/m3) WAC (kg/m2 s0.5) CMC (wt%) 
25.5% 1676 0.29 12.5 

The specimens were cylindrically shaped with height and diameter of 50 mm. 
Cores were drilled from bricks with sufficient supply of water and cut with a saw 
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to the specified height. The specimens were then dried to constant mass in a venti-
lated oven at 105° and brick dust was removed with compressed air. The upper 
surface of the specimen, constituting the test surface, was the water stroked bed 
face of the brick and the bottom was the cut face.  

3 METHOD 

3.1 Salt contamination of specimens 

Salt contamination of brick specimens was implemented by capillary absorption of 
5% (w/w) NaCl solution in accordance with the salt introduction phase described 
by Nunes et al. [19]. During absorption sides of the specimens were sealed with 
para-film and duct tape. After full saturation, the underside was also sealed, and 
the specimens were dried at 40°C / 15 % RH (+/- 5 %). After evaporation of at least 
90% of the absorbed water (approx. 30 days), the specimens were transferred to a 
climate chamber and stored at 20°C / 65% RH (+/- 5 %) until the desalination test 
was performed.  

With the use of the referred salt contamination protocol, a high surface salt content 
was achieved, concentration then declining with distance from the surface, regu-
larly following a decreasing power function (fig. 1). With an average salt content 
of 1,9% (w/w) in the upper 1 cm layer of the brick the salt distribution in the spec-
imens was considered to reflect a realistic level. 

3.2 Desalination tests 

Prior to the experiments, the gels were stored in UPW water, which was changed 
three times at intervals of at least 24 h to wash out any unbound polymers. Before 
application to the horizontally positioned face of the brick specimens, gels were 
dabbed with paper towels until they appeared dry on the surface. The application 
procedure involved holding the gels in place while rubbing the gel surface with a 
finger for some seconds to improve adhesion. The gels were detached after 30 
minutes. The effective contact time of 30 minutes was chosen, based on prelimi-
nary studies that have shown, that a contact time between 5 and 60 minutes gave 
the most efficient salt extraction [9]. Moisture release from gels during contact time 
to specimens was determined by weighing gels and specimens before and after gel 
application. One series of specimens was only desalinated once, whereas another 
series was desalinated twice. The second treatment was accomplished repeating the 
same procedure after an interval of one week, where an average of 80% of moisture 
had evaporated after application of AA3% and 97% after application of PG6. Spec-
imens were stored at 20°C / 65% RH (+/- 5%) throughout the experiment.  

Samples were extracted one week after finishing the treatment by grinding layers 
every 1 mm for the first 10 mm and then for every 5 mm to a depth of 30 mm. The 
grinding powder was then analyzed for ion content. As a destructive measurement 
method was used, the reference measurement was done on a non-desalinated spec-
imen and results therefore do not represent the salt content in the same specimen 
before and after desalination. The experiments were performed in triplicates, how-
ever, the series desalinated twice only in duplicate. The reported results represent 
the average of the outcomes. 
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3.3 Salt analyses 

The Ion content in the sampled brick was determined by ion chromatography (IC) 
on a Thermo Fischer Scientific Dionex ICS1100. Drilling powder was suspended 
in UPW water for 24 hours after which the slurries were filtered, and the ion content 
of the water was analyzed. Only anions were analyzed, and the total content of 
NaCl was thereby an assumption calculated from the Cl- content. 

Salt content was also analyzed in gels using the same instruments. Salts absorbed 
in the gels were leached out by immersing the gels in 100 ml UPW water for 7 days, 
after which IC-analyses of ion content in the water were carried out. 

4 RESULTS AND DISCUSSION 

 

Figure 3: The total salt content in brick before and after laboratory desalination 
with PG6 gel (left) and agar gel (right). Ref indicates non-desalinated specimens, 
1x indicates desalinated once, 2x indicates desalinated twice.  

 

Figure 4 (left): Mean and standard deviation of moisture transferred from gels to 
brick samples during 30 min contact time (each boxplot represents results from 4 
gel applications, all at the first desalination).  
Figure 5 (right): Mean and standard deviation of NaCl content in gels after appli-
cation to brick specimens. Dark- colored bars show salt content in gels after first 
desalination (each boxplot represents results from 5 gels), whereas light-colored 
bars show salt content in gels after second desalination (each boxplot represents 
results from 2 gels).  
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4.1 Desalination with PG6 

For specimens desalinated one time with PG6, the salt content in the outermost 
layer was considerably reduced from 6,5% to 4% (fig. 3), which constitutes a 40% 
reduction. However, the salt concentration slightly increased in the layers 2-6 mm 
from the surface, indicating that salts were redistributed deeper into the specimen 
by the treatment. The second desalination further reduced the salt content at the 
surface layer down to 2,2%, constituting a 66% reduction, but at the same time, the 
salt content in the deeper layers increases to an even more significant extent than 
after the first application. Salt content in the deeper layers of the specimens was 
not affected by the gel application, which indicates that the moisture did not pene-
trate deeper than appr. 6 mm into the brick matrix at the first gel application and 
15 mm at the second. 

Measurements of moisture release (fig 4) revealed that PG6 secretes a very small 
amount of water (average 1 ml.) into the brick. It was assumed this would prevent 
redistribution of ions in the deeper layers. Furthermore, because of PG6 gel’s non-
ionic nature, it was expected to have good salt extracting properties. This expecta-
tion was validated by the analyzes of salt content in gels measured after application 
(fig. 5), revealing a quite reasonable extraction of salts by the gels after first appli-
cation corresponding to a desalination of 23-31 g/m2. The second application 
showed a more limited result corresponding to 5-7 g/m2 desalination  

To sum up, good extraction of surface salts was shown for PG6. However, the sat-
isfying result was offset by an unsatisfactory increase in salt content in the layers 
just below the surface. An explanation for this unexpected redistribution of ions 
can be found in a contraction and thereby change in texture of the gels observed 
immediately upon contact with the surface salts on the specimens. The contraction 
happens as a result of water release caused by the osmotic pressure difference in 
the deionized gel water and the saturated salt solution formed on the surface of the 
specimen. The water release would theoretically be replaced by a withdrawal of 
water as ions diffuse into the gel, thereby equalizing the salt content in the gel and 
external solution. However, for poly(vinyl alcohol), the contraction leads to the 
formation of permanent crosslinks and thereby decreased water absorption abilities. 
Crosslinking of PVA by immersion in saturated solutions of NaCl is a known phe-
nomenon e.g. described by Choi et al [20]. The contraction instigates two phenom-
ena which may be important for the subsequent transport of salts. Firstly, it reduces 
the contact with the brick surface and thereby the diffusion of ions into the gel. 
Secondly, the influx of water released in a sudden pulse might push ions into the 
specimen.  

4.2 Desalination with AA3% 

Salt distribution in specimens desalinated one time with AA3% showed a de-
creased salt concentration in the outermost layer falling from 6,5% to 4% (fig. 3), 
corresponding to a 38% reduction, which is similar to PG6. Again, a slight increase 
in salt content was seen in the deeper layers, but compared to the specimens desal-
inated with PG6, the rise was less pronounced and appeared to be distributed over 
an extended area (appr. 4-17 mm from the surface). The second application of AA3% 
further reduced the salt content in the surface layer to 1,7%, corresponding to a 74% 
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reduction. In the subsurface layers, the salt content was also reduced by the second 
application and lied slightly below the content in the specimens desalinated once. 
For specimens both desalinated once and twice, the salt content from 17 mm depth 
and deeper seemed unaffected, indicating that this was the maximum penetration 
depth of moisture in the present experiment.  

Moisture release measurements (fig. 4) showed that AA3% emitted an average of 
more than twice the amount of water (about 2,1 ml) compared to PG6 during a 
contact time of 30 min., and that the amount highly variated. The latter could be 
explained by a greater variation in gel thickness, as the AA3% gels were prepared 
in the lab, contrary to the readymade PG6. A limited water release was expected to 
be an advantage, as a greater penetration depth in theory results in redistribution of 
salts rather than extraction. It was therefore surprising that the higher water release 
from AA3% apparently caused less redistribution of salts. An explanation for this 
result could be sought in the better adherence of the AA3% maintained throughout 
the contact period. As previously explained, PG6 loses adhesion upon application 
due to permanent contraction of the gel. For AA3%, the osmotic pressure differ-
ence between gel water and the saturated salt solution formed on the surface of the 
specimen apparently do not induce a sudden release of water. Instead, water is ap-
parently released more steadily, allowing a simultaneous diffusion of salt ions into 
the gel to occur. AA3% is a weakly ionic gel and theoretically this should not be 
an advantage in ion absorbance. However, the dissociation of functional groups in 
the polymers is probably so negligeable that the AA3% gels actually act as non-
ionic gels. This was seen in the analyzes of salt content in gels (fig. 5), where AA3% 
gels were shown to extract salts corresponding to a 6-28 g/m2 desalination, which 
is at levels similar to PG6. However, the measured salt content in the agar gels was 
much more inconsistent. This, in combination with the fact that the salt distribution 
in desalinated bricks showed a more effective salt extraction by AA3% when com-
pared to PG6, could indicate that the method used to leach salts from the gels might 
be problematic, and thus, the values of salts extracted in agar gels may not present 
the correct value. Salt ions may be bound more strongly in agar gels than in PG6 
and therefore they may be more difficult to leach out. This assumption is empha-
sized by the fact that an extraction of salts corresponding to a almost negligible 2-
3 g/m2 desalination is detected in the AA3% gels after the second application, alt-
hough the analyzes of the salt distribution in brick samples show a satisfactory 
desalination. 

5 CONCLUSION  

This study shows that hydrogels are indeed an interesting material for desalination 
of wall paintings. However, it also shows that application of different gels to salt-
contaminated bricks specimens for the purpose of desalination produces various 
levels of near-surface ion distribution. For the agar gel AA3%, the result after two 
applications was very satisfactory, as an effective (74%) reduction of the surface 
salts had been accomplished with only a negligible redistribution of ions to the sub-
surface layers. The gel desalination thereby changed the salt content in the brick 
from dangerously high in the surface layers to a stable approx. 1% salt content 
throughout the whole sample, which is not considered to be harmful. For the 
poly(vinyl alcohol) gel PG6, the result was less satisfactory, despite the reasonable 
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(66%) reduction of the surface salts after two gel applications, as this was accom-
panied by a more significant redistribution of ions to the sub-surface layers. 
Thereby, the gel desalination had the exact same side effect that the method sought 
avoided.   

The hypothesis that non-ionic gels with high water retention would be advanta-
geous in desalination was not entirely confirmed. However, this study shows that 
other properties of gels can have an even higher impact on their salt extraction 
ability than high water retention. First of all, the permanent contraction reaction of 
the poly(vinyl alcohol) gel seems to be crucial for the efficiency of desalination, as 
this reduced the contact with the brick surface and thereby the diffusion of ions into 
the gel. Secondly, it seems, that a very low moisture release from the gel is not 
unambiguously an advantage, as the significantly higher water release from AA3% 
compared to PG6 didn’t have a negative influence on the redistribution of ions. 

It is important to emphasize that the promising results achieved here for agar gels 
apply only to bricks. A very important next step will be to investigate whether gels 
are also suitable for desalination of lime plaster which, as described in the intro-
duction, might pose challenges due to the demands of matching porosity require-
ments between the substrate and poultice material. At the same time, whether the 
gels will be able to fulfil these requirements or not, a comparison of their effective-
ness in relation to traditional poultice materials will be useful. 
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ABSTRACT  

Continuous exposures to moisture and wetting-drying cycles lead to the concen-
tration of salts and salt-induced damage in many externally exposed monuments 
and objects made of stone. However, the same forces of nature can also be used 
specifically for desalination. 

In this case study a stone staircase with a balustrade was employed to perform a 
directed moisture. The procedure can be used with thin-walled parapets of histor-
ical buildings, which often have a decorative function as well. The treatment 
presented in this article was realized on the staircase of the medieval town hall of 
the UNESCO World Heritage city of Goslar in Germany. The staircase with or-
namental decoration was heavily affected by road salt.  

Here, too, a desalination process with a directed water transport was used over a 
large area. In this case a hot lime mortar was applied as the poultice material. 
The rock properties and preliminary investigations of the salt content are present-
ed and the desalination results are specified both qualitatively as well as quantita-
tively. 
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1. INTRODUCTION 

The damaging effect of salts on monuments and works of art made of stone and 
other mineral materials has been known since ancient times. Already the ancient 
Greek historian, geographer and ethnologist Herodotus of Halicarnassus (480 BC 
– 430/420 BC) described salt weathering of buildings.  

A scientific examination of the subject began as early as the 19th century. From 
the beginning of the 20th century, technical articles on stone weathering were 
published more frequently. Since then, numerous scientific articles have dealt 
with the phenomenon of salt weathering. Goudi and Viles presented an extensive 
standard work in 1997 [1]. Comprehensive overview articles were written by 
Charola [2] and Doene [3].  

The amount of scientific research into salt weathering is matched only by a dis-
proportionately smaller number of technical articles on salt reduction and desali-
nation techniques.  

When searching the Internet on a major search engine using the keywords "salt 
stone heritage," approximately 22 million results are displayed. With the key-
words “desalination stone heritage” only around 3.000.000 are listed. While the 
topic or the problem of salt weathering has been described in detail from a scien-
tific point of view, conservation solutions are rather scarce. 
Most publications focus on salt reduction using poultices the effectiveness of 
which is often limited. However, two publications should be mentioned here as 
representative examples: Vergès-Belmin, V. [4] and Heritage, A, Heritage A. and 
Zezza [5]. 

2. DESALINATION BY DIRECTED MOISTURE FLOW 

The mechanism used to desalinate porous materials in directional moisture flow 
is the convective transport of salts dissolved in water into another medium. Salt 
reduction and structural desalination via a directed moisture flow use solution and 
diffusion as well as convective water transport with the added effect of gravity as 
a pressure gradient and increased drying temperature. 

We can look back on many years of experience in the desalination of tomb mon-
uments and salt-contaminated architectural elements according to the principle of 
directed moisture flow [6, 7]. 

Numerous grave stelae have been treated for salt contamination by the application 
of permanent wet poultices to the back of the stelae. This created a moisture flow 
that drew out any concentrated salts from the drying side and into the poultice. 
The area on which the poultice was applied was then allowed to dry naturally. 
The rest of the stone object was wrapped with a plastic sheet. (Fig. 1). A compact 
pedestal cube of an obelisk tomb monument was also treated in a similar manner. 
In this case, distilled water was directed through boreholes and a drip, which was 
inserted deep into the contaminated areas [6]. A similar method was used to de-
salinate columns and deeply salt-contaminated masonry [8].  
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Figure 1: a) Three stelae desalinated by a directed moisture flow and b) weather-
ing model. 

3. THE MIDDLEAGE TOWN HALL 

The silver wealth of the Rammelsberg in Goslar, Germany, which had been 
tapped since 970, created the basis for Goslar's great economic and political im-
portance. Around the middle of the 15th century, the city experienced a second 
flowering. It was during this period that it acquired its splendid townscape and a 
new late Gothic town hall. It is a Gothic half-timbered building with a colorful 
facade. On a predecessor building of the 12th century, the present rectangular 
building on the market square was erected in the middle of the 15th century.  In 
1992, the historic old town of Goslar was inscribed on the UNESCO World Her-
itage List together with the Rammelsberg mine. Today, the town hall is the world 
heritage and visitor center of the historic town. 

The open staircase with a decorated balustrade adorns the entrance area to the 
town hall on the second floor. (Fig. 2a, Fig. 3b and 5a). The balustrade of the 
south facade features star-shaped tracery ornamentation consisting of six eight-
pointed and five four-pointed profile courses with a pear-shaped cross-section. 
Most importantly, the year 1537 is inscribed on the parapet, which suggests that 
the balcony was built at that time. On the staircase, there are additional tracery 
decorations and a figural relief. The relief depicts an animal resembling a monkey 
holding a mirror, which is a symbol of vanity (Fig. 2a, Fig. 3b and 5a). 

The main facade of the medieval town hall of Goslar is not oriented to the market 
side (northeast) but to the southeast. The most representative architectural ele-
ment is the staircase leading to the large council chamber on the second floor. 
The balustrade of this staircase is decorated with figural reliefs and ornaments. 
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The individual balustrade elements are made of "on gap" stone coffers of Hils-
sandstein and Lutter sandstone and have a height of about one meter and a vary-
ing width between 17 and 20 cm. 

4. STONE MATERIAL 

The bedrock of the Hilssandstein of the Goslar region is thick-bedded and light 
grey to whitish yellow in color. It is a medium to fine-grained sandstone. It con-
tains 88 % quartz, 11 % rock fragments, about 1 % glauconite grains in some 
places, and accessory minerals of less than 1 % of tourmaline, and zircon [9]. It is 
clayey-kaolinitic and rarely calcareous-bound. The Lutter sandstone is brownish, 
reddish and greenish, furthermore, cross-bedded as well as obliquely bedded. It is 
highly porous and moderately weathering resistant. Its porosity is high at 21 % 
and its compressive strength is low. A larger fragment was examined in the com-
pany's own laboratory: The water absorption value ranges between 15.6 to 20.3 
kg/(m2 · √h) with an anisotropy of 23 %.  

5. PRESERVATION AND THE CAUSES FOR DAMAGE  

Damage caused by road salt to historic buildings and staircases is a common 
occurrence in Goslar. This can also be observed on the monumental stairways to 
the Imperial Palace (Fig. 2). It can be seen here that the contamination and salt 
efflorescence can change greatly depending on the season and a progressive loss 
of substance can be traced (Fig 2 a – c). 

 
Figure 2: a) the Staircase in summer 2009, b) in summer 2020 and c) during 
springtime 2021. d) Detail area in summer 2009 and e) the same area in 2021. 

The outer wall of the south-facing staircase of the town hall has been showing 
clear signs of weathering for a long time. Cracks and damage were noticed on the 
balustrade and walls as early as ten years ago. The stone damage on the balcony 
was attributed solely to moisture and the need for proper drainage was highlight-
ed (Goslarsche Zeitung, 10.09.2011): "Wind and weather have left their mark on 
the historic town hall". The town hall would have "wet feet" stated the local 
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newspaper (Goslarsche Zeitung, 8.05.2010). However, "salt" as a possible dam-
age-contributing factor was not mentioned, neither in the daily press nor in a 
survey of a local engineering company which was tasked with investigating the 
situation (Fig. 2a).  

The cracking is primarily a result of rust formation on iron elements. The 
wrought-iron brackets, with which the parapet elements were connected to each 
other and to the parapet cornice, showed significant corrosion. This led to a vol-
ume increase of up to 200 % (Fig. 3b and c). 

Figure 3: a) A damage mapping by the mentioned engineering firm showing 
cracks (red) and moisture areas (blue) and b) cracks, broken areas and salt efflo-
rescence c) Corroded iron brace with a volume increase of about 200 %. 

In addition, salt exposure accelerates iron corrosion. This was evidently the case 
here, but it has not been the subject of expert opinion or more detailed investiga-
tion in the past. The cracks were so big that the upper elements of the parapet had 
to be removed and repositioned (Fig. 3c). Only in an expert opinion by an aca-
demic restorer, the salt weathering was pointed out and a large-scale stone re-
placement was recommended [10]. 

6. PRELIMINARY INVESTIGATION

Preliminary investigation of the monuments included measurements of the elec-
trical capacity with a portable Protimeter Surveymaster (General Electric) on the 
tomb stela and the outer facade of the staircase. The results ranged from around 
100 REL to nearly 1000 REL (Fig. 4). The instrument manufacturer specifies 
values 70-169 as dry, values 170-199 as risky, and values 200 - 999 as wet. 

The Lower Saxony State Office for the Preservation of Monuments (NLD), De-
partment of Specialist Services - Unit for the Preservation of Monuments, Build-
ings and Art - Materials Analysis, had carried out a salt analysis [11]. For this 
purpose drill dust samples in the depth profile at various areas of the masonry 
surfaces were taken. The report states: "The sampled efflorescence (…) on the 
natural stones of the staircase facade (boreholes 2 and 3, see Fig. 4, marked in 
red) consists predominantly of sodium chloride. As can already be assumed from 
the damage pattern, the masonry in the area of the outdoor staircase contains a 
very high salt content. On the basis of the drillings it can be seen that the salt 
contents decrease into the masonry, but are still high at a depth of 3 - 5cm." 
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Figure 4: Electrical capacity measurements on the staircase and balustrade of the 
town hall in Goslar with boreholes of the drill dust samples (red).  

7. DESALINATION TREATMENT 

Before the restoration project began, the grout of the joints on the salt-
contaminated components had already been removed, which is a common mis-
take. The work was obviously carried out in the hope that the masonry will dry 
out and this goal was indeed achieved. As a result, however, the damaging salts 
crystallized not in the joint mortar (typically the weakest link in the masonry 
bond) but on the historic surface (Fig. 5b and c). 

 
Figure 5: a) The staircase and balustrade in 2018 and b) and c) the stone elements 
right before desalination treatment.  
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The masonry below the parapet was also found to be permeable to moisture and 
heavily contaminated with salts. Here, the mechanism that had led to stone dam-
age was used for the desalination and a directed moisture flow was set up. For 
this purpose, a second wall of polystyrene panels was built in front of the inner 
parapet side (Fig. 6a and b). The sand was poured in between the wall and the 
parapet to a height of about 50 cm, and this was filled with 10 liters of water per 
segment and working day. A hot lime mortar was applied to the south-facing 
exterior wall, and its surface was covered after hardening to increase its surface 
area.  

 
Figure 6: a) The design of the desalination procedure and b) a polystyrene panel 
behind the balustrade. 

The moisture now continuously diffused from the inside to the outside, and the 
salts were systematically leached out and accumulated in the poultice-plaster 
which led to visible efflorescence (Fig. 7 a-d). The salt efflorescence was concen-
trated in the joint areas (Fig. 7 d). This efflorescence was swept off weekly, 
loosely during the first two weeks, and from the third week onward they were 
removed with a wire brush and analyzed (Fig. 7 e-g) because, at about this time, a 
dense salt crust had formed on the plaster surface. 

The results of the preliminary investigation clearly showed that the soluble salts 
concentrated along the footpaths of the people (Fig. 3a and 4). The location of the 
salt contamination and the type of salt suggests that the source of the damage is 
road salt that was either spread on the staircase or introduced into the historic 
fabric by visitors of the town hall. 

The heavily salt-contaminated areas can be specified as about 8-10 square meters 
of the object's surface. The attached diagram 2e illustrates the amount of plas-
ter/salt material removed, 2g shows the percentage amount of salt in this material, 
and 2f expresses the amount of salt in grams. The amount of salt removed in-
creased enormously due to the scraping of the plaster surface in the course of the 
third manual salt reduction (Fig. 6e). Manual salt removal over the seven cycles 
led to the extraction of approximately 2 kg of light soluble salts from the plaster 
surface. In addition, the plaster was taken from a sample area of 80 x 80 cm and 
examined to determine its salt content. For this, a content of 120 grams per square 
meter can be given. 
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Figure 7: a-c) A section during one month of treatment. d) Salt efflorescence 
shows the intense concentration along the joints. e) The extracted salt and sand 
mixture according to the treatment cycles, f) the salt content in weight by gram 
and g) the salt content in percent. 
 
In total, about 2000 grams could be extracted from the heavily contaminated 
areas. Repeated analyses of drill dust samples in the immediate vicinity of sam-
pling points 2 and 3 showed a salt reduction of up to almost 75% compared to the 
results before desalination. 

8. CONCLUSIONS  

In the assessment of structural damage, the role of salts harmful to the building is 
still insufficiently understood, even among experts. The Goslar case study is just 
one example of this. Damage is usually attributed to moisture and the remedy is 
seen in the drying of historic building materials, which subsequently leads to salt 
crystallization and further deterioration of the monument. This is also the reason 
why in many projects the problem of salt weathering is not taken into account and 
possible solutions are only found during project execution, in many cases rather 
counterproductive measures being taken. 

The measurement of electrical capacity suitable for a quick and preliminary over-
view of the distribution of salts and moisture in the near-surface area of mineral 
surfaces, although it must be taken into account that the results are also strongly 
dependent on the density of the materials. 

Hot lime mortars are excellent as storage plasters for salts harmful to the building. 
This is due to their particularly intensive bond to the treated substrate as well as 
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to the favorable pore structure [12]. Hot lime mortars are well suited as poultice 
mortars for long-term application under alternating humid conditions. Conven-
tional poultices made of cellulose and sand tend to detach and develop mould. 

Utilizing the preexisting moisture transport pathways in stone that are naturally 
present or are a result of secondary porosity during weathering processes is an 
obvious strategy. It facilitates and promotes the desalination process. Almost total 
desalination is possible, largely independent of the size of the object even if there 
is a high salt contamination. A large-scale stone replacement is not necessary. 
This minimizes costs and preserves the historic substance. The method is particu-
larly suitable in the case of high structural salt contamination.  
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ABSTRACT  

Tuff is used as a stone material because of its rich colours, and it is also a rock that 
forms a unique landscape in volcanic Japan. However, it is generally a fragile rock 
susceptible to weathering and deterioration. In this study, salt weathering experi-
ments were conducted to confirm the effectiveness of water repellent coating on 
rocks using a sodium sulfate solution on five tuff types with various pore size dis-
tributions and different tensile strengths. The experiment was repeated at 20°C- 
40°C for 48 hours up to 20 cycles. The weight and P-wave velocity of each speci-
men were measured after each cycle. In the case of the uncoated specimen, the P-
wave velocity decreased gradually as the solution reached the surface. The salt 
crystals precipitated, and the surface of the specimen peeled off. On the other hand, 
in the case of the stone coated with the repellent, no salt crystallization and no 
decrease in P-wave velocity were observed soon after the start of the experiment. 
However, as the experiment progressed, cracks propagated and the P-wave velocity 
began to decrease, and the surface layer peeled off.  

1 INTRODUCTION 

Tuff has long been used as cultural heritage and building stone in Japan because it 
is fire-resistant, easy to cut. It has a wide range of colours, which is also the one of 
the reasons to be popular usage. However, it is generally a fragile rock and there-
fore susceptible to weathering and deterioration. Many experiments using water 
repellents have been studied to protect rocks, however, most of those studies eval-
uate by water absorption 1), which is not enough because rock properties have not 
been evaluated during experiments. The purpose of this study is to evaluate the 

1 Graduate School of Science and Engineering, Saitama University, Japan 
2 Civil and Environmental Engineering Course, Saitama University, Japan 
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weathering phenomena of various types of tuffs through laboratory experiments 
and to verify the effectiveness of using water repellents coating on the surface of 
those stones. 

2 METHODS 

In this study, five tuff types (Oya-ishi2), Nikka-ishi3), Ashino-ishi4), Tatsuyama-
ishi5), and Towada-ishi6)) with various pore size distributions and different tensile 
strengths were used. Physical and mechanical tests (true density, bulk density, po-
rosity, pore size distribution, echo chip hardness, elastic wave (P-wave) velocity, 
compressive tensile strength, uniaxial compressive strength) were carried out.  

These tuffs were cut with a size of 5 cm × 5 cm × 15 cm for the starting materials. 
Water-repellent specimens were prepared by alkyl-alkoxysilane coating on the five 
surfaces except for bottom. As a control, non-treatment specimens were also pre-
pared. Both specimens were oven-dried at 110°C, and then partially immersed 
lower 2 cm from the bottom in a sodium sulphate solution with the 1/2 solubility 
at 20°C. This partial immersion test was performed in 48h cycles, i.e., immersion 
at 20°C for 24h and drying at 40°C for 24 hours. At each drying period, weight of 
each specimen and replenishment of saline solution, P-wave velocity, and Equotip 
hardness values were measured. This experiment was continued up to 20 cycles. 

 

3 RESULTS AND DISCUSSION 

3.1 P-wave velocity, Equotip hardness and salt susceptibility 
index  

P-wave velocity (Vp) and Equotip hardness (L) is common non-destructive tests 
that reflects the fracture and void conditions within a rock. In this study, the de-
crease rates of those changes are considered as the salt weathering rate, the number 
of cycles is  and the rate of weathering is , which is approximated as Equation 
(1): higher values of  indicate greater degradation at the end of the cycle.  

 

 

Table 1: Initial surface flaking occurred for stones with/without water repellent 
coating. 

Rock Cp CL Initial surface flaking 
Non-

Coating 
Coating Non-

Coating 
Coating Non- 

Coating 
Coating 

OY 0.1100 0.1100 0.190 0.130 2 2 
NK 0.0100 0.0210 0.030 0.028 7 14 
TY 0.0100 0.0130 0.040 0.020 9 11 
AN 0.0035 0.0035 0.018 0.014 - 15 
TW 0.0060 0.0055 0.014 0.016 8 4 
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Figure 1. Observation after the salt weathering experiment. The coating speci-
mens show before the exfoliation. OY: Oya-ishi, NK: Nikka-ishi, TY: Tatsu-
yama-ishi, TW: Towada-ishi, and AN: Ashino-ishi. 

 

 

Figure 2. Example of the results of P-wave velocity during weathering experi-
ment for Nikka tuff (NK). 
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Figure 3. Example of the results of Equotip hardness (L) during weathering ex-
periment for Nikka tuff (NK). 

 

Figure 1 shows the observation after the salt weathering experiment. The coating 
specimens show before the exfoliation. The timing of the initial weathering (flak-
ing, exfoliation, etc) was determined from the appearance of the stone and the tim-
ing at which the P-waves or Equotip hardness started to decrease, respectively in 
Figures 2 and 3. It was defined as when initial surface flaking occurred for stones 
with/without water repellent coating, indicating with arrows.  

Rock deterioration due to salt weathering is influenced by the stress (crystalisation 
pressure) associated with salt precipitation in the pore space, which depends on the 
pore size. However, the Salt Susceptibility Index (SSI) 7) can estimate the degree of 
influence of salt weathering on rocks based on pore properties alone (Table 2). 

=( + 0.1)( 5 )

 

Table 2: Salt Susceptibility Index (SSI)7) for tuffs. 
Parameter Rock 

OY NK TY AN TW 

Pc (%) 37.1 41.3 14.3 20.1 23.8 

IPc 9 10 4 6 6 

Pm0.1 (%) 18.9 13.6 12.4 3.1 17.3 

IPm0.1 9 7 6 3 8 

Pm5 (%) 34.0 34.6 13.1 19.0 22.8 

Pm5/Pc 0.92 0.84 0.92 0.95 0.96 

SSI 16.5 14.3 9.2 8.5 13.4 

OY: Oya-ishi, NK: Nikka-ishi, TY: Tatsuyama-ishi, TW: Towada-ishi, and AN: 
Ashino-ishi. 
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Figure 4. Relationships between SSI and initial surface flaking. OY: Oya-ishi, 
NK: Nikka-ishi, TY: Tatsuyama-ishi, TW: Towada-ishi, and AN: Ashino-ishi. 

 

3.2 Effect of water repellent coating 

Compared to uncoated stone, the part of the water repellent coating part is less 
crystalline and less aesthetically pleasing than uncoated stone. The applied stone 
was found to be more effective in maintaining the aesthetic appearance of the stone 
than the uncoated stone, as no crystals were deposited on the surface (Figure 1). 
The weathering of the stone was delayed by the protective agent (Figures 2 and 3). 
The weathering of some stones (NK, TY) was delayed by the protective agent, 
while others (AN, TW) were accelerated. The weathering of some stones (NK, TY) 
was delayed by the protective agent, while others (AN, TW) were accelerated (Ta-
ble 1). The coated stones except for OY were not affected by weathering. The 
coated stones except for OY deteriorated more rapidly than the uncoated stones 
once weathering had started. The appearance and P-wave velocity values of the 
coated stones except for OY, showed that they deteriorated more rapidly than the 
uncoated stones once weathering started. The appearance and P-wave velocity val-
ues showed that the stones coated with OY deteriorated more rapidly than those 
without OY once weathering started. 

All these stones had a more severely degraded and reduced appearance and P-wave 
velocity at the end of the cycle than the stones without coating. P-wave velocity at 
the end of the cycle was more severely degraded and reduced than that of the un-
coated stone (Table 1). The applied stone is consequently more severely degraded 
than the uncoated stone. The resulting degradation is due to the larger crystalline 
pressure that breaks the surface-hardening zone formed by the protectant. The rea-
son for this is that the salt crystal pressure is large enough to break the surface 
hardening zone formed by the protectant, which occurs before the hardening zone.
This is because the salt crystal pressure is large enough to break the surface hard-
ening zone formed by the protectant. In other words, the total salt crystal pressure 
is greater before the hardening zone than the total force of the crystalline pressure 
of the uncoated stone. The total salt crystalline pressure accumulated before the 
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hardening zone is consequently greater than the total crystalline pressure of the 
uncoated stone. The total force of the crystalline pressure of the salt accumulated 
before the hardening zone is consequently greater than the total force of the crys-
talline pressure of the uncoated stone, which can cause severe fracture. If the pro-
tective agent is left in place for a longer period than this, the presence of the pro-
tective agent may cause deterioration. This suggests that the presence of a protec-
tive agent may contribute to degradation if the protective agent is left on for a long 
period of time. The results of this study suggest that the presence of a protective 
agent may instead contribute to degradation if the protective agent is left applied 
for a long time.  

 

4 CONCLUSION  

The use of a protective agent is a major risk when using a rock When using a pro-
tective agent, it is important to consider the rock It is important to understand the 
combination of rock properties such as pore size distribution, strength and miner-
alogy of the rock sample and crystal pressure when using a protectant.  
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ABSTRACT  

Some of brick chimneys built after modern times in Japan have been deteriorated 
due to salt weathering. Although dissolution and removal of salts by water is gen-
erally useful for desalination to inhibit salt weathering of bricks, previous studies 
[1-2] have shown that salt crystals change the strength of the porous material and 
cause cracks. When structural materials of buildings are desalinated, careful atten-
tion needs to be paid to the structural strength. 

Desalination of brick walls is usually done mainly by two methods: desalination 
by poulticing [3-4] and electric desalination [5-8]. In both methods, diffusion and 
advection of salt ions would play an important role. Our previous experimental 
study of desalination of a brick specimen containing sodium sulfate [9], which was 
done for purpose of desalination of brick chimneys, showed that 75 % of the salt 
contained in the specimen was desalted after 15 days during which the specimen 
was dried once a day, then absorbed pure water, and was immersed in pure water. 
This experiment also showed that the rate of desalination significantly decreased 
when the process of pure water absorption was omitted. This means that advection 
of salt ions during pure water absorption played an important role in the desalina-
tion. In the experimental study presented here, we quantified the rate of desalina-
tion during which either diffusion or advection would mainly occur, in order to 
compare desalination due to diffusion and advection. 
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 abuku@arch.kindai.ac.jp

2  Faculty of Science and Engineering, Kindai University, Osaka, Japan
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Specimens were cut from a brick (100 × 60 × 210 mm3), resulting in the dimensions 
of 50 × 60 × 30 mm3. All the surfaces of the specimens except the two 60 × 30 mm2 
surfaces were made vapor-proofed. 

Two different desalination experiments were conducted as illustrated in Figure 1. 
In the former case (case A), the specimen was completely immersed into pure water, 
so that salt ion diffusion from the inside of the specimen to the surrounding water 
would occur. In the latter case (case B), only the bottom of the specimen was im-
mersed, so that pure water is continuously absorbed into the specimen and evapo-
rates at and near the top surface and, as a result, ion advection from the bottom to 
the top surface and salt crystallization on and near the top surface would occur. In 
case A, three specimens A1-A3 were desalinated at 24 °C, while A4-A6 were at 
40 °C; in case B, four specimens A1-A4 were desalinated at 24 °C, while A5-A8 
were at 34 °C. The average density and porosity of the specimens are 1877 kg/m3 
and 0.28 (-) for case A and 1843 kg/m3 and 0.27 (-) for case B. The capillary ab-
sorption coefficients of specimens for pure water Acap,w and for saturated salt solu-
tion Acap,s were measured at 24 °C (Figure 2). After the salt solution uptake tests, 
the specimens were desalinated. The temperature and time of desalination and the 
final percentage of desalination of the specimens are summarized in Table 1. 

Figure 1: Schematic diagram of experiments of desalination due to (a) diffusion 
(case A) and (b) advection (case B). 

Figure 2: Capillary absorption coefficients of specimens for pure water Acap,w 
compared to that for saturated salt solution Acap,s. (a) Case A and (b) case B. 
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Table 1: Desalination temperature, desalination time, and final percentage of de-
salination. 

specimen desalination temperature 
(°C) 

desalination time (h) final percentage of 
desalination (%) 

A1 
24 

480 62.1 
A2 480 60.7 
A3 336 50.5 
A4 

40 
480 77.7 

A5 480 81.8 
A6 168 45.3 
B1 

24 

24 19.7 
B2 192 70.3 
B3 192 66.7 
B4 72 32.2 
B5 

34 

24 7.7 
B6 72 54.3 
B7 222 67.9 
B8 312 97.9 

The measured desalination rate and percentage of desalination of the two cases at 
two different ambient air temperatures are plotted in Figure 3. Each line in Figure 
3 shows the average value of three specimens for case A and four specimens for 
base B. The results show that desalination due to advection is much faster than that 
due to diffusion and desalination is faster at the higher temperatures. However, 
specimens B2 and B3 were cracked at 192 hours. Figure 4(a) shows a photograph 
of the top surface of specimen B2 taken after desalination; Figure 4(b) and Figure 
4(c) display X-ray CT images near the top surface and approximately 3.5 mm be-
low the top surface. The crack of specimen B3 was similar to that of specimen B2. 
Comparison of Figure 4(b) and Figure 4(c) shows that the crack is larger near the 
top surface of the specimen. Desalination at a higher temperature does not only 
lead to a high desalination rate but also to avoiding cracking during desalination. 

 

Figure 3: (a) The average desalination rate and (b) percentage of desalination of 
the two cases at two different ambient air temperatures.  
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Figure 4: (a) A photograph of the top surface of specimen B2 taken after desalina-
tion and X-ray CT images (b) near the top surface and (c) approximately 3.5 mm 
below the top surface. The number 3 written on the top surface does not mean the 
number of the specimen used in this paper and thus should be omitted. 
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ABSTRACT  

Outdoor immovable sandstone grotto sites are abundant in number and type in 
China. Despite the great historical, artistic and scientific value, they generally suf-
fer from severe weathering damage. For example, salt weathering has been impli-
cated as a cause of disintegration of the Leshan Giant Buddha, a world cultural and 
natural heritage in Sichuan province, due to the salt crystallization pressure and 
hydration. Salt damage could be weakened by protective materials that reinforce 
the fragile sandstone and simultaneously promote the migration of soluble salts 
towards the sandstone surface via water without crystallization inside the sandstone. 
However, the reported protective materials accelerate sandstone deterioration by 
hindering water/salt migration or peel from the sandstone to reduce their service 
life. To address this issue, our project proposed to design and synthesize a novel 
zwitterionic polymer-terminated CaCO3 oligomer. Specifically, the water/salt af-
finity of zwitterionic polymer facilitated the water/salt migration and the small size 
effect and crosslinking property of CaCO3 oligomer facilitated the interfacial ad-
hesion towards sandstone. The specific research work and main research results are 
as follows: 
 
(1) Methacryloyloxyethyl phosphorylcholine (MPC) containing zwitterionic 
groups and methacryloxypropyl trimethoxylsilane (MPS) containing Si-OR active 
groups were used as functional monomers to prepare the zwitterionic copolymer 
P(MPC-ran-MPS) by free radical polymerization. Meanwhile, CaCO3 oligomers 
were prepared by using triethylamine (TEA) as end-capping agent. Subsequently, 
zwitterionic polymer-terminated CaCO3 oligomer [P(MPC-ran-MPS)/CaCO3] 
(Figure 1) was obtained by replacing end-capping agent TEA of CaCO3 oligomers 
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with P(MPC-ran-MPS). Specifically, P(MPC-ran-MPS)/CaCO3 was further cross-
linked by tetramethoxysilane (TMOS) to create P(MPC-ran-MPS)/CaCO3-TMOS 
composite. The results showed that the adhesion strength of composite first in-
creased and then decreased with increasing MPS or CaCO3 content. The maximum 
adhesion strength of composite was 1.176 MPa (Figure 2). In addition, it was found 
that the wettability of the composite coatings could change from hydrophobicity 
with a contact angle of 108.4° to hydrophilicity with a contact angle of 12.5° as the 
molar ratio of MPC to MPS in zwitterionic polymer increased from 4:6 to 8:2. 

 
Figure 1: Synthetic routes to P(MPC-ran-MPS)/CaCO3. 

 
Figure 2: The effect of MPC: MPS feed molar ratios (a) and content of CaCO3 (b) 
on the adhesion strength of P(MPC-ran-MPS)/CaCO3-TMOS coating towards the 
glass plate. 

(2) To further improve the adhesion strength of P(MPC-ran-MPS)/CaCO3-based 
coatings, methacryloyl POSS (MA-POSS) and diethylenetriamine (DETA) were 
selected to synthesis POSS-DETA through Michael addition reaction, followed by 
replacing end-capping agent TEA of CaCO3 oligomers in P(MPC-ran-
MPS)/CaCO3 with DETA to obtain P(MPC-ran-MPS)/CaCO3-POSS (Figure 3). 
The results revealed that the P(MPC-ran-MPS)/CaCO3-POSS exhibited an adhe-
sion strength of 1.303 MPa due to the hydrogen bonding provided by a large num-
ber of -NH2 groups in POSS-DETA. However, the presence of hydrophobic POSS-
DETA induced an increase in water contact angle of P(MPC-ran-MPS)/CaCO3-
POSS coating.  
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Figure 3: Structural depiction of P(MPC-ran-MPS)/CaCO3-POSS. 

(3) Obtained P(MPC-ran-MPS)/CaCO3, P(MPC-ran-MPS)/CaCO3-TMOS, 
P(MPC-ran-MPS)/ CaCO3-POSS and POSS-DETA were used as protective mate-
rials to resist salt weathering of sandstone. The physical properties, surface micro-
structure and the resistance to freeze-thaw and salt crystallization aging cycle for 
sandstone before and after protection were evaluated at lab-scale. It demonstrated 
that the surface microstructures of sandstones protected by P(MPC-ran-
MPS)/CaCO3-TMOS and P(MPC-ran-MPS)/CaCO3-POSS were most similar to 
that of original sandstones. The protective materials all enabled the sandstone to 
perform good water permeability except for POSS-DETA (Figure 4). The cholin-
esterase-inhibition assay indicated that the P(MPC-ran-MPS)/CaCO3-based com-
posite could be dissolved out after treated sandstone samples was immersed in wa-
ter and the dissolution rate was 5.2-5.6 wt% within a week. However, the number 
of freeze-thaw cycles and salt-resistant crystallization aging cycles on the sand-
stone treated with these four protective materials was more than double those on 
the untreated sandstone.  

 
Figure 4: The observation of water permeability on untreated sandstone and treated 
sandstone by different P(MPC-ran-MPS)/CaCO3-based materials and POSS-
DETA material. 

(4) The ability of protective coatings to delay and inhibit salt crystallization, to 
reduce salt crystallization pressure and to promote water and salt migration was 
elaborately evaluated by investigating the salt crystallization characteristics in air 
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and in a limited region, and testing the salt migration rate inside the sandstone after 
protection. Obviously, the Na2SO4 crystallization started at 50 min on the surface 
of glass plate but started at 80 min on the surfaces of P(MPC-ran-MPS)/CaCO3-
based coatings. Moreover, Na2SO4 crystals were dispersed on the surfaces of pro-
tective coatings. Importantly, the protective coating could also induce a lower crys-
tallization force of 35.7 mN (3.64 g) and a shorter crystallization duration of 100 
min than the glass plate with a crystallization force of 459.1 mN (46.85 g) and a 
crystallization duration of 24 h (Figure 5). In addition, P(MPC-ran-MPS)/CaCO3 
and P(MPC-ran-MPS)/CaCO3-TMOS could significantly enhance the salt migra-
tion towards the surface of sandstone (Figure 6). Typically, the salt migration rates 
of treated sandstone samples were measured as 97.7 mg/d and 91.3 mg /d, respec-
tively. In contrast, the sandstone treated with P(MPC-ran-MPS)/CaCO3-POSS had 
a lower salt migration rate at 14.2 mg/d than untreated sandstone with a salt migra-
tion rate at 78.0 mg/d. 

 
Figure 5: (a) Schematic representation of a self-made device used for evaluating 
the salt crystallization pressure; (b) the salt crystallization pressure of three coat-
ings. 

 
Figure 6: Enhanced water/salt migration for sandstone treated by P(MPC-ran-
MPS)/CaCO3 and P(MPC-ran-MPS)/CaCO3-TMOS. 
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ABSTRACT  

In 2017, a major retrofitting and restoration exercise was commissioned to be car-
ried out for the oldest and iconic colonial heritage hotel in Singapore. The Hotel 
with colonial architecture was opened in 1887 and remains to be one of the few 
surviving greatest 19th century hotels in the world. It has welcomed many famous 
personalities over the decades, from celebrities to politicians, and members of roy-
alty. With its significant history for the country, it has been gazetted as a National 
Monument.  
Inevitably, there were a number of technical challenges encountered during the 
restoration stage, and one of the toughest were the sub-floor spaces present below 
the guestrooms of the Hotel. The sub-floor was constructed of old brick masonry 
walls with arched openings. The brick masonry walls extended up to 2 storeys 
above and served as the load bearing walls between guestrooms. Though salt dam-
age and uprising damp problem were evident the existing building construction 
complicated the design of intervention approach to address the issues. The access 
to the sub-floor space is highly limited with the lowest height/headroom clearance 
of only about 0.7m. There was also no thorough connectivity in the sub-floor spaces 
among all the guestrooms. In addition, active condensation occurred on the soffit 
of structural steel decking slab (“BONDEK”) inside the sub-floor space, where the 
excessive moisture aggravated salt crystallization attack on the old brick walls. 
While it was viable to perform necessary treatment to eliminate the penetration of 
uprising water and address the salt damage for the brick walls at the first storey, 
application of any repair required for the sub-floor appeared to be comparatively 

 
1 MAEK Consulting Pte Ltd, 18 Boon Lay Way #07-101, Singapore 
609966, ryannetang@maek.com.sg 
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unfeasible. With the findings from the detailed condition assessment completed 
using combined methods of non-destructive equipment and laboratory tests, this 
paper discusses few options of intervention strategy which were developed and 
evolved then to overcome the site constraint and technical challenges in the sub-
floor restoration. 
Consideration had been given for application of electrokinetic desalination method 
to extract soluble salts from the wall surface under influence of an applied voltage 
gradient, so as to minimize the need of labour-intensive work in the sub-floor. On 
the other hand, an option had also been explored to introduce sacrificial plaster 
system designed with macro-pore structure for the walls, to accommodate any re-
sidual salt crystals formed in the future instead of allowing them to deposit and 
damage the brick substrate. 
The other aspect was to understand the risk of further salt attack on and within the 
old brick walls during hotel operation in future, given the possibilities that thorough 
and substantial removal of salts from the sub-floor walls would be difficult to 
achieve. The risk assessment was made using salt simulation software “RUNSALT” 
based on the sub-floor microclimate as established by hygrothermal monitoring 
across the periods of hotel in operation and closure. This presents a clearer picture 
for the potential threat and increased severity in salt-related damages on the sub-
floor walls over time. A monitoring program was also developed for mitigation 
measure to protect the heritage fabrics. 
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1 INTRODUCTION 

The 135-year-old iconic colonial heritage hotel comprises of different blocks 
within its compound. While all the blocks appeared with grand presentation on 
their façade, there were unexpected deterioration going on inside the historic build-
ing elements, concealed behind the heavily loaded interior fit-out in the hotel, over 
the past decades. After dismantling of surface finishes from the walls and floors as 
part of the preparation for the subsequent restoration work, all the petrifying prob-
lems from which the old building materials were suffering were eventually re-
vealed.  

Amongst all the blocks, one of the buildings was constructed of load bearing ma-
sonry columns and walls, which had extended downwards with arch-openings in 
the subfloor and likely continued to the footing in the ground. The existence of sub-
floor was first uncovered by the presence of a row of ceramic perforated vents lo-
cated along the bottom edge of the inner façade walls, which were likely designed 
for cross-ventilation to provide cooling to the internal space. This is a common 
vernacular design for hot humid tropical climate. The actual construction system 
was only unearthed fully after an opening was made on the level 1 flooring for a 
breakout inspection to the sub-floor. Unfortunately, there was no as-built drawing 
or archival documentation record showing more structural details of the building. 
Besides, it was also noted from the breakout inspection to the subfloor that, some 
alterations were made in the past upgrading work for the flooring at Level 1 where 
structural steel decking slab (“BONDEK”) had been introduced. See Figure 1. 

 

Figure 1: Cross-sectional view showing the actual construction of the historic 
two-storey building. 

Through the pre-restoration inspection made to the sub-floor, signs of severe salt 
attack and moisture damage were evident on the surface of historic brick walls [1]. 
This led to the suspection of prolonged rising dampness and salt attack. Other de-
fects like corrosion were noticed on the Bondek system. There were also other 
walls with clay brick units in different dimensions and colour from those historic 
ones, remaining in good condition without any visual defect. These were latter-day 
added, likely to support the added Bondek slab system. 
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Figure 2: Typical view of a narrow space between the old and new masonry 
walls. Note also the corroded Bondek slab along the side with the historic ma-
sonry wall.  

The restricted height clearance inside the subfloor which ranged from 0.7m to 1.4m 
only made any subsequent restoration strategy to tackle the salt crystallization at-
tack and rising dampness issue of the brick masonry structure rather challenging. 
Moreover, the existence of newly erected brick walls next to the historic structure 
had further narrowed the working space inside the sub-floor, adding to the poor 
accessibility for restoration work. 

This paper discusses the investigative assessment and design consideration for the 
restorative treatment in view of the challenges highlighted earlier. The likely causes 
and extent of the salt crystallization attack and moisture-related problems such as 
rising damp and condensation issues were determined with the aids of some non-
destructive testing on site and laboratory tests of extracted samples [2]. With the 
spatial challenges in addressing the problems in the sub-floor, several treatment 
options with minimum requirement of access had then been explored for execution 
in consideration of the established condition of walls. Apart from that, as part of 
the effectiveness monitoring program for the completed restoration work, the risk 
of salt recurrence during the hotel operation was also studied via salt simulation 
model in consideration of micro-climate of the involved spaces.  

2 UNCOVERED SALT AND OTHER DETERIORATIONS 
IN THE SUB-FLOOR 

During the visual inspection inside the sub-floor, efflorescence was evident on 
some bricks of the historic walls, as observed from the formation of whitish salt 
crystals on their surfaces. Such whitish salts mostly manifested as cluster or bundle 
of needle-like crystals, growing out of and breaking through the surface of clay 
bricks. As a result, the integrity of brick surface had been compromised with flaky 
and friable surfaces. This is often attributed to uprising dampness when moisture 
is transported from the ground upwards via capillary. In the process soluble salts 
from the ground are dissolved and carried up the wall which then re-crystallizes 
when water evaporates. The zone where water evaporates is governed by numerous 
factors which include, the pore characteristics of the substrate, surface finishes, 
environmental conditions. In this Hotel, the distribution of salt crystallization at-
tack appeared to be random without a distinct pattern. They are found widespread 
in the sub-floor and at various heights and locations above the sub-floor. The micro 
climate in the sub-floor with ventilated air flow and yet at times humid condition 
as seen from the condensation depending the external weather could indeed have 
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resulted in the formation of efflorescence at one time and crypto-fluorescence at 
another in the wall. These could have also led to salt crystallizing out from the wall 
above the sub-floor space, in the air conditioned guest rooms. 

    

Figure 3: Left image - Efflorescence on the surface of the bricks accompanied by 
flaking or stratification of the surface layers. Middle image - Large crusts of salt 
crystals which have crystallized out from the surface of the bricks. Right image - 
Typical symptoms of friable clay and flaking of the bricks caused by salt crystal-
lization. 

Condensation found on the underside of the Bondek are indications of humid en-
vironment within the sub-floor which impedes drying. However, the presence of 
efflorescence infers that there could have been local drying for salts with high equi-
librium relative humidity, possibly contributed by a fluctuating microclimate in the 
sub-floor. Severe corrosion of the galvanized steel Bondek along the edges that is 
supported by the old masonry wall indicates prolonged dampness. 

Figure 4: Left image shows 
condensation on the Bondek at the 
historic masonry wall side. The 
condensate water could lead to 
more water being absorbed by the 
historic wall. Right image shows 
the corrosion of the galvanised 
steel of the bondek especially 
where the deck buts the wall. 

3 SCIENTIFIC ASSESSMENT OF SALT RELATED 
PROBLEM 

3.1 Moisture Distribution 

A non-destructive equipment, microwave moisture sensor was deployed to map the 
moisture distribution within the walls. Since water has a very high dielectric con-
stant, the electric field generated by the microwave will result in the molecules of 
water trapped inside the materials to vibrate and rearrange. Probe with 110 mm 
detection depth was used. After all readings were collected, the measurement 
points were mapped with software to generate a tomographical matrix showing the 
moisture distribution and any trapped moisture. 

287



Challenges & intervention strategy in managing salt damage for the brick walls 
hidden in the subfloor of the 135-YO colonial heritage hotel In S’pore 

 SWBSS ASIA 2023 – Nara, Japan. September 20-22, 2023. 

Trend of rising damp could be captured from within the walls inside the sub-floor, 
as higher concentration of moisture was encountered within the bottom half of the 
wall. See Figure 5. 

 
Figure 5: Microwave tomograph of location with rising damp trend detected. 

At another wall in the sub-floor, higher moisture content was determined at both 
the bottom edge, as well as just below the underside of the Bondek. See Figure 6. 
The latter suggested the possibility of brick wall absorbing the condensate water 
from the Bondek surface.  

 
Figure 6: Microwave tomograph of location with moisture concentration at the 
bottom edge of wall as well as near the underside of Bondek. 

Brick powders were drilled from the mid-depth of the walls across different heights 
spanning from within the sub-floor to Level 1 of the hotel room. Total and hygro-
scopic moisture contents (TMC and HMC) of the samples were then determined in 
accordance with BRE Digest 245 [3], whereby 2g of brick powder was conditioned 
under relative humidity above 75% and temperature of 30◦C for 3 days to obtain 
HMC of the sample. From the example of results as shown in Figure 7, the total 
moisture content in the brick wall within the sub-floor is much higher than that in 
Level 1. Nevertheless, the total moisture content above at Level 1 slab is still high, 
which is above 5%. This finding implies the presence of rising damp affecting the 
walls from sub-floor up to Level 1. At location MW10, higher total moisture con-
tent was found just below the Bondek slab, possibly attributed to moisture absorbed 
from the ground through capillary and condensation from the Bondek slab. The 
absorption of moisture from the condensate at the underside of the Bondek slab and 
any resulting downward migration of moisture will alter the pattern of salt distri-
bution. This makes tracing the salt pattern and distribution difficult. At location 
MW8, the higher HMC as compared to the TMC in the sub-floor may indicate that 
the relative humidity within the masonry is higher than the test condition as speci-
fied in BRE Digest 245 of 75% RH. This shows that within the sub-floor, the ma-
sonry wall will remain at elevated degree of dampness over prolonged duration.  

Relative mass % 

Relative mass % 
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Figure 7: TMC and HMC results of the walls MW8 and MW10 inside sub-floor. 

3.2 Salt Analysis 

Powder samples within the brick surface zone at locations where high hygroscopic 
moisture content was found, were extracted for ion chromatography. 1g of sample 
was adequately mixed with 50ml of deionized water, where the solution was ex-
tracted by filtration before the test. This was to check for salt species and concen-
tration, which included cations of sodium, potassium, magnesium and calcium, and 
anions of chloride, sulphate and nitrate. The results from locations MW8 and MW 
10 with HMC ranging from 15%-18% at the mid-depth are shown in Table 1. 

Table 1: Ion chromatography result of powder samples MW8 and MW10. 

Unit #/ Loca-
tion 

Height/ 
mm 

Ion concentration (weight %) 

Cl- SO4 
2- NO3 

- K+ Na+ Ca2+ Mg2+ 

111/MW8 300 0.13 1.14 0.09 0.44 0.70 1.38 0.08 

118/MW10 300 0.01 1.67 0.01 0.43 0.10 2.25 0.09 

The key salt species present is likely sulphate. These salts could well originate from 
the ground and be carried upward into the bricks via uprising damp as they are 
commonly encountered in the soil. However, it is also possible that there was some 
salt inherent within the clay used in the bricks manufacturing. The salt may be 
water soluble especially when the clay has not been sufficiently fired or vitrified.   

4 DESIGN CONSIDERATION FOR TREATMENT 

It had been established that the brick walls in the sub-floor were suffering from 
rising dampness and severe salt attack. The pattern and distribution of salt attack 
within the sub-floor could not be clearly identified due to the rife dampness. The 
salt damage above the sub-floor at Level 1 on the other hand could be defined be-
cause of the drier and controlled air conditioned environment, and certainly needed 
to be treated as these are the locations of the guest rooms. Rising damp treatment 
was subsequently executed by chemical injection to the foot of the wall at Level 1, 
just above the sub-floor. Salt treatment was also carried out on the walls at Level 
1. However, the dampness and accumulated salt within the wall in the sub-floor 
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could not be tackled without adequate work access. To do this would require com-
plete ripping out the entire Level 1 floor.   

As it was not possible to treat the uprising damp and dampness in the sub-floor 
wall due to the poor access, several options of treatment had been considered in 
order to manage the salt crystallization issue. Due to the construction and layout of 
the building, no practical method to address the uprising dampness and moisture 
problem in the sub-floor such as drying stone and wall based ventilation is feasible. 
Instead, it was decided to at least focus on managing the salt problem. The options 
deliberated included electrokinetic desalination method and application of sacrifi-
cial plaster. Moreover, any attempt to arrest the uprising damp and dampness issue 
without addressing the salt problem could lead to greater damage when the salt 
crystallizes when the wall dries [4].  

4.1 Electrokinetic Desalination Method 

Electrokinetic desalination is designed to remove salts by applying direct current 
electric field to the brick substrate, which allows electric current to transport the 
ions to the respective electrodes [5]. Nonetheless, pH change during the electrolysis 
of water could retard electrical transport process and thus desalination efficiency 
[6]. Furthermore, acidification built up at the anode could decay the lime bedding 
mortar of the walls. Hence, pH neutralization control is very crucial. 

There were a number of benefits to consider this option. Firstly, there was no ne-
cessity to cover the entire surface of brick walls for this treatment, where only some 
parts of the walls were involved for electrode installation. Secondly, the efficiency 
to remove salts from the brick surface is supposed to be high, without any specific 
climatic condition such as relative humidity and temperature. It could also work 
for clay bricks with different porosities. Lastly, it should have a possibly deeper 
effective zone of the brick surface thickness to remove salts.  

Notwithstanding, this technique was considered too new and thus not mature lo-
cally for application in the construction field. This was particularly challenging 
when the balanced pH of the electrical transport process needs to be controlled. 
Besides, while active rising damp in the brick wall may benefit the electrolysis 
process, the harmful gases formed during the process could also be a critical safety 
hazard in the confined space of the sub-floor. In addition, rising dampness within 
the walls at the sub-floor were unable to be treated and eliminated due to the floor 
difference between the sub-floor and the front of house. Moisture supply from the 
ground in the wall at the sub-floor was then expected to continue, and same applied 
to salt transport in the walls.  

Given the circumstances above, the alternative treatment was then considered. 

4.2 Sacrificial Plaster Method 

Since it was technically impossible to halt the moisture movement inside the walls 
at the sub-floor, application of sacrificial plaster became a more feasible method to 
address salt attack issue in this case [7]. Consideration was given for natural hy-
draulic lime mortar with specially designed macro-pore structure. The macro pores 
in this sacrificial plaster are meant to promote water evaporation and thus accom-
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modate salt crystallization if it occurs. This helps to prevent any salt-related dam-
age on the historic brick substrate. Such structure also moderates transportation of 
vapors so as to make the plaster layer “breathable” and allow excessive moisture 
to escape from the brick substrate. Renewal of such sacrificial plaster is anticipated 
after cycle of several years once the layer is saturated and loaded with salts. One 
example of application of lime-based sacrificial plaster for salt accommodation is 
presented in Figure 8. 

Given the tight project timeline, limited resources to be deployed for treatment and 
restrained headroom for complex work execution, application of one layer of sac-
rificial plaster over the existing historic brick walls directly was chosen as the best 
and most viable option to mitigate salt recurrence and attack on the historic brick 
fabric at the point of the project progress. 

 

Figure 8: Microscopic view showing one example of salt formation in the sacrifi-
cial plaster with macro pores applied onto a historic building with salt problem.  

5 MONITORING PROGRAM FOR EFFECTIVENESS 

Risk of salt recurrence remained an unanswered question, even with sacrificial 
plaster applied onto the brick surface in the sub-floor. Further monitoring program 
of salt recurrence was therefore instituted to facilitate the essential maintenance of 
the building health after treatment was completed. 

5.1 Temperature and Relative Humidity (RH) Logging 

Environmental condition of the sub-floor was monitored before and after handover 
of the hotel to the Contractor for restoration works. Changes in relative humidity 
and temperature were first logged. See the logged results in Figure 9.

 

Formation of salts 
around the sacrificial 
plaster with macro 
pores 

Before site hando- After site hando-
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Figure 9: RH and temperature logged before and after site handover. 

It was established that temperature in the sub-floor had risen from 23oC (with air-
conditioned hotel room situated above) gradually to 27oC after hotel has ceased 
operation for commencement of restoration. However, relative humidity in the sub-
floor remained unchanged and high above 90% throughout the transition process. 
This was despite the natural ventilation of the sub-floor, possibly due to the con-
tinued supply of humid air within the confined space. 

5.2 Runsalt Model 
Taking consideration of the environmental condition in the sub-floor during hotel 
operation, a salt simulation model [8] [9] was made to check for the risk of salt 
formation on the historic walls in the future.  

With reference to the data logged in Figure 9, the temperature was set as 23oC for 
operational hotel condition, while the exposed relative humidity was anticipated to 
range from 90% to 98% in accordance with the logged data. In the prediction model, 
influence of calcite and gypsum was not considered fully due to their low water 
solubility. Nonetheless, given the extremely high humidity present in the tropical 
climate, it is also possible to have gypsum salts crystallized. See salt models made 
for locations MW8 and MW10 are shown in Figure 10. 

  

Figure 10: Salt simulation models for locations MW8 (left) and MW10 (right). 

According to the models, aphthitalite (Na2SO4●3K2SO4) was predicted to form at 
both locations, while growth of potassium sulphate hydrate and picromerite 
(K2SO4●MgSO4● 6H2O) was also possible at location MW10. Risk of salt recur-
rence in the future is thus present.  

Some easing measures were proposed to monitor the growth of salt crystals on the 
brick surface. It included making provision to have openable inspection panel at 
certain intervals on the level 1 flooring, to check sign of salt attack periodically. 

6 DISCUSSION AND RECOMMENDATION  

The effectiveness of sacrificial plaster to accommodate salt formation had been 
proven in other local restoration projects. While it remained to be the most feasible 
option at the time of project, its efficiency should be monitored in a longer term 
due to the dynamic climatologic condition inside the sub-floor and its connection 
with the hotel room condition above. This includes periodic visual inspection via 
inspection panel, and occasional sampling of sacrificial plaster from the sub-floor 
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brick wall to check for salt content. On the other hand, it would be also beneficial 
to be able to make known the porosity of the clay bricks, in order to validate the 
anticipated capillary movement of salts from bricks into the sacrificial plaster. 
When time permits, salt profile at different depths of the brick wall should also be 
assessed to understand salt movement for better risk assessment of salt recurrence. 
It is seen from this project, it is not always possible to implement the usual methods 
of addressing uprising damp and salt attack in historic building. Occasionally, there 
will be cases where different tacks are required. This case also demonstrated the 
importance of having post-restoration monitoring program which should be de-
signed into at the onset of the project and not as an after-thought.  
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IMPROVEMENT 

Xiaogu Zhang1 and Shuang Zhang2 

KEYWORDS  

Brick Weathering, Environment Monitoring and Control, Simulation, Preservation 

ABSTRACT  

The deterioration caused by salting out is a common occurrence of brick materials. 
Most of the heritage buildings inside the Palace Museum were paved with bricks. 
In the buildings with living function, the heating facilities were also set up below 
the indoor ground. They were called “kang and flues”. All of them have been no 
longer in use for more than 100 years and in poor condition. Due to the water and 
salt transport through the kang and flue structure, the indoor environment is not 
conducive to the preservation of cultural relics and the floor bricks and other build-
ing materials are also damaged. In order to improve the environment inside the 
building and in the kang and flues, we have chosen Tihe Hall as an experimental 
and study case and put a ventilation equipment inside the flues to reduce the hu-
midity. Based on real-time monitoring data of the exterior and internal environment 
and CFD simulation and modeling analysis, we can dynamically adjust the air cir-
culation direction throughout a 2-way fan and optimized the equipment parameters 
so as to effectively improve the internal environment while protecting the original 
structure. 
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1 INTRODUCTION 

In the ancient Chinese architecture with wood, brick and stone as the main archi-
tectural structure system, porous materials such as stone and brick are often af-
fected by salt damage. Under the action of capillarity, the water transfer inside and 
outside the material will precipitate the soluble salt in the form of crystalline salt, 
then form a white or yellow powder or flocculent crystal on the surface of the ma-
sonry [1][2]. The accumulation of crystalline salt will produce accumulated stress 
inside the material, destroy the microporous structure of the material, and cause 
cracking and pulverization on the surface of the material, resulting in material dam-
age and strength reduction.  

In the process of surveying and protecting the heritage buildings of the Palace Mu-
seum in Beijing, we found a kind of typical phenomenon of salt damage of indoor 
floor bricks, which showed seasonal regularity: it repeatedly appeared in the spring 
and autumn seasons every year, and in summer the floor bricks were very wet. 
Because there are precious cultural relics on display in the room, salt crystals on 
the ground will also erode the parts of the cultural relics in contact with the ground 
(figure 1).  

Figure 1: Indoor damages of building material: salt damage of floor bricks, crack-
ing and mildew of wallpaper. 

Since we’ve already known that the most important environmental impact factor 
of crystalline salt is water and salt transport, salt damage can cause sustained, long-
term and irreversible damage to cultural heritage if the environmental problems are 
not solved [3]. In order to understand the source of water, through site investigation, 
ground penetrating radar, local excavation and other methods, we found that there 
were similar underground building structures in such buildings with salt damage of 
indoor floor bricks: Kang and flues (figure 2).  

Kang and flues were heating facilities widely used in the imperial palaces during 
Ming and Qing dynasties [4]. Due to the change of building function, the kang and 
flues has long been abandoned and no longer assumes the function of heating. Be-
cause the they are located below the indoor floor, it is easy to be ignored and not 
easy to repair, and most of them are in poor preservation condition. Meanwhile, 
due to their structural characteristics, building environment problems have been 
caused, resulting in rising water vapor and indoor humidity. 
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Figure 2: Structure diagram of kang and flues underneath the heritage buildings 
inside the Palace Museum [5]. 

In order to solve the above problems, we decided to choose Tihe Hall as a study 
case to carry out environmental analysis and assessment work, and use the internal 
channel of its kang and flues to carry out environmental treatment, and designed a 
set of ventilation experiment method, in order to improve the indoor environment 
of the building and protect the heritage buildings and cultural relics. 

2 SITE SURVEY AND ENVIRONMENTAL ASSESSMENT 

2.1 Survey of the Current State of Kang and Flues of Tihe 
Hall 

Using ground penetrating radar, photogrammetry, endoscope shooting, local exca-
vation and other technical means, we investigated the preservation status of the 
kangs and flues in Ti He Hall. According to the investigation results, there are a set 
of kang and flues on both east and west ends of the building (figure 3). After partial 
excavation, the operation pit and the furnace opening can be seen under the eaves 
in front of the building (figure 4). 

 

Figure 3: Ground penetrating radar mapping of kang and flues of Tihe Hall. 

297



Conservation approaches of the heritage buildings inside the palace museum: 
against salt damages of the floor bricks by environmental improvement  

 SWBSS ASIA 2023 – Nara, Japan. September 20-22, 2023. 

 

Figure 4: Photo of operation pit and the furnace. 

2.2 Monitoring of the Interior Environment 
In order to continuously monitor the environmental changes inside the Tihe Hall, 
we set up a three-dimensional grid temperature and humidity monitoring instru-
ment inside the building (figure 5). 

 

Figure 5: Diagram of three-dimensional grid environmental monitoring instru-
ments layout inside the building 

2.3 Environmental Analysis and Impact Assessment of Tihe 
Hall 

Through the analysis of a year of environmental data, the following conclusions 
can be drawn  

1. The east-west side of Tihe Hall is 5 rooms wide, and the doors are in the center 
room (both north and south side, but normally the building is not open), and the 
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kangs and flues is located underneath the east-end and west-end rooms, so the in-
terior temperature and RH are obviously uneven. That is because the kang and flues 
are hollow and have poor moisture insulation performance. In addition, the under-
ground structure has high moisture content, deep depth and high heat capacity, es-
pecially in winter, the ability to maintain high temperature is strong, and the ground 
moisture evaporation is large, so the temperature and relative humidity are high. In 
the east and west, due to the lateral migration of underground water in the east and 
west, the underground moisture content is high, but the depth is shallow, the high 
moisture volume is small, the heat capacity is relatively small, and the ability of 
insulation and evaporation in winter is relatively weak. The center room is not af-
fected by the kangs and flues, the underground moisture content is the smallest, 
and the ventilation condition is better than other rooms, so the temperature and 
humidity are the lowest in winter. From the monitoring data, the temperature dif-
ference between the east-end and west-end rooms and the center room can reach 3-
4 degrees Celsius, and the relative humidity difference may reach 25% (figure 6). 

 

Figure 6: Plane distribution of four seasons of temperature and relative humidity 
near the ground (left: temperature distribution, right: humidity distribution) 

2. The circulation of moisture in the building environment, combined with fluctu-
ations in environmental conditions, leads to a concentrated outbreak of salt dam-
ages during autumn and winter. This is because during autumn and winter, the un-
derground space of the kang and flue structure has an average temperature higher 
than the indoor average temperature, and the underground space remains in a high 
relative humidity state exceeding 95%. This relatively high temperature and hu-
midity create an environment with strong condensation and weak evaporation. 

3. The analysis of the surrounding environment showed that if the rainwater from 
the courtyard is not quickly drained away by the ground surface, the rainwater 
would gradually seep into the ground, which is easy to form shallow underground 
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water retention, resulting in the long-term wet foundation environment of the an-
cient building foundation. Meanwhile, the natural ventilation and infiltration wind 
inside and outside the building drive the migration of water and heat in the building 
envelope, and the water and heat in the foundation migrate upward and enter the 
building through the floor bricks, resulting in changes in the indoor temperature 
and humidity environment (figure 7). In the process of repeated evaporation and 
water and salt transport, salt crystallization of the floor bricks resulted in repeated 
salt damage and continuous deterioration of building materials [6]. 

 

Figure 7: Environmental impact analysis and assessment 

3 ENVIRONMENTAL IMPROVEMENT APPROACHES 

Based on a clear understanding of the interaction mechanism between the kang, 
flues and the environment, we have developed a comprehensive environmental im-
provement plan. Utilizing the flues as an existing passage, we progressively reduce 
the high humidity inside the kang and flues through air ventilation and circulation, 
aiming to reduce the indoor dampness from its source. 

3.1 Ventilation System and Ways of Air Circulation 

Starting from 2021, the ventilation experiment was carried out on the kang and 
flues on the east side of Tihe Hall. Based on the real-time monitoring data of the 
external and internal environment of the flue, we dynamically adjusted the air cir-
culation pattern: (1) when the ambient temperature and relative humidity exceed 
the threshold, such as in the case of high humidity, the fan equipment will use pos-
itive pressure form to transport air to the flue with relative humidity below 50% 
(RH) and temperature above 10°C (T) until the internal environment of the flue and 
the indoor environment of the building reach the ideal state; (2) when the outdoor 
ambient temperature and relative humidity conditions are good, such as in the case 
of dry and warm external environment, the form of negative pressure is used to 
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extract the humid air inside the flue, while driving the air circulation in the flue, 
and the outdoor dry air is introduced into the flue by the exhaust port, thus forming 
an air circulation and replacement cycle (figure 8). 

 

Figure 8: Ventilation experiment diagram of kang and flues 

3.2 CFD Simulation and Calculation of the Environment 
Aiming at the key external environment variables, CFD modeling, simulation and 
calculation analysis of the interior space of the kang and flue structure are carried 
out. Firstly, the ventilation effect under different wind speed is simulated. The re-
sults show that when the inlet wind speed is 1, 5 and 10m/s respectively, the aver-
age air flow velocity in the whole space inside is 0.31m/s, 1.59m/s and 3.23m/s 
respectively. On the one hand, this indicates that the double-layer structure of the 
flue will bring greater friction and return resistance to the internal air flow. On the 
other hand, it also shows that increasing the inlet wind speed can significantly im-
prove the displacement efficiency. Secondly, the ventilation effect at different tem-
peratures is simulated. The results showed that the dehumidification efficiency of 
the flue’s internal environment can be improved by increasing the input air tem-
perature. The higher inlet air temperature reduces the inlet air humidity, and when 
the mixture with the air inside the flue reaches a steady state, the low humidity area 
underground is larger, the average humidity level in the flues is lower, and the re-
moval effect of the condensation is improved. However, due to the electricity 
power restrictions in the Palace Museum, ventilation cannot be continued after 
closing the museum everyday, so in order to ensure the environmental balance in-
side the flues and avoid temperature and humidity fluctuations or condensation 
caused by violent hot and cold alternation, the medium intake air temperature is 
selected in actual operation to keep the dew point temperature of the mixed state 
air lower than the inner surface temperature. (figure 9) 
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Figure 9: CFD modeling and simulation of the interior space in the flues (left upper 
and down: temperature and relative humidity changes under different velocity of 
ventilation; right: temperature changes under different ventilation temperature). 

3.3 Results of Improvement Effect 
After nearly two year of air ventilation and circulation inside the kang and flues, 
there has been some improvement of the indoor environment of Tihe Hall. When 
comparing to the west part of the building, there has been a significant reduction 
in the floor bricks’ humidity of the east-end room. Correspondingly, the relative 
humidity of the interior environment has also significantly decreased, and temper-
ature fluctuations have been reduced. 

4 CONCLUSION  

At present, we still actively optimize the ventilation and air circulation measures 
of kang and flues according to the site working conditions, the environmental mon-
itoring data, the CFD simulation and analysis results. We believe that it is a scien-
tific, reasonable and sustainable preventive protection mode for heritage buildings 
to make full use of the positive utilization value of the kang and flues by using the 
structural characteristics of the building itself without destroying the building itself. 
This is also a worthy concept of cultural heritage protection, in line with the prin-
ciple of minimal intervention. In the future, we hope to promote this set of methods 
and concepts in the Palace Museum and even other heritage sites, so as to realize 
the scientific and effective protection and utilization of cultural heritage. 
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EFFECT OF INTERIOR AND EXTERIOR 
ENVIRONMENTS ON SALT MIXTURE 
PRECIPITATION IN BRICK MASONRY WITH 
WALL PAINTINGS 
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ABSTRACT  

The deterioration of walls in Hagia Sophia caused by the precipitation of several 
types of salts and the environmental factors that affected this deterioration were 
investigated by comparing the phase diagrams, temperature, and relative humidity 
for the building and within the walls. The temperature and relative humidity within 
the walls were calculated using a numerical model that considered the indoor and 
outdoor temperatures, humidity, sunlight, and rainfall. For two types of salt, so-
dium nitrate and sodium sulfate, the timings of salt deposition and disappearance 
and the damage patterns on the wall surface were confirmed to be dependent on the 
type of salt precipitated. Differences of rain loads on the wall surface were shown 
to have influenced the location and timing of the two types of precipitation. The 
results yield fundamental information for the development of effective conserva-
tion and restoration protocols for historical buildings. 
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1 INTRODUCTION 

Salt precipitation is one of the main causes of deterioration in buildings made of 
porous materials, such as bricks, stones, and mortar. Multiple types of salt precip-
itation are usually observed at sites where salt weathering occurs, owing to the 
presence of several types of soluble ions resulting from rain, groundwater, and ma-
terial contamination. The impact of material damage depends on the type of pre-
cipitated salt on material damage which are affected by the composition of the dis-
solved ions and environmental factors. Therefore, developing appropriate conser-
vation and restoration protocols for historical sites and buildings facing salt weath-
ering needs to consider the characteristics of the precipitating salts and the causes 
of their precipitation.  

Hagia Sophia (Ayasofya Camii) in Istanbul, which is the subject of this study, has 
suffered damage to wall surfaces from salt precipitation. Wall conditions and dete-
rioration factors in the northwest exedra wall at the second cornice, where spalling 
of the inner finishing materials is particularly noticeable, have been scientifically 
investigated [1,2]. 

The following studies were carried out with the aim of understanding the deterio-
ration of properties due to salt precipitation in the walls of Hagia Sophia and iden-
tifying the environmental factors that affect salt precipitation. 

First, the distribution of precipitate salts and the pattern of wall damage in the 
northwest exedra were summarised based on the results of the chemical analysis of 
the precipitates and visual observation of wall conditions. Second, the measured 
indoor temperature and humidity and the phase diagram were compared to inves-
tigate their effects on seasonal changes in salt precipitation. Furthermore, to eluci-
date the influence of the outdoor environment on the temperature and humidity of 
the wall and the salt precipitation properties, the temperature and humidity distri-
butions within the wall were calculated for a numerical model with simultaneous 
heat and moisture transfer equations, and the degradation mechanism was investi-
gated by comparing it with the phase diagram. 

2 FIELD SURVEY OF THE WALL DAMAGE IN AYA 
SOPHIA 

2.1 Outline of Hagia Sophia and its wall structure  

Hagia Sophia is located in a historically important area of Istanbul and is sur-
rounded by the sea on all sides except the west. It has four floors, as illustrated in 
Figure 1: ground floor, gallery, second cornice, and dome cornice. The central 
dome measures 55.6 m from the floor and is approximately 33 m in diameter. The 
second cornice has semicircular walls called exedras, which are the focus of this 
study. Hagia Sophia has a brick masonry architecture with inner and outer finishing 
materials, as shown in Figure 2. The inner surface is decorated with paint and mo-
saics. In general modern masonry, the connection mortar is approximately 1 cm 
thick, whereas that in Hagia Sophia has a considerable thickness of 3–5 cm. The 
brick was approximately 3–5 cm thick and thus thinner than the typical bricks cur-
rently in use. The mortar used in Hagia Sophia is pozzolanic mortar, which does 
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not react with water-yield cementitious phases, and is not a pure lime mortar; poz-
zolanic mortar comprises crushed brick [3]. 

 

Figure 1 (a) A section of the Aya Sophia and (b) plan of the second cornice [3] 

 

Figure 2: (a) Wall components in the exedra walls and (b) outer appearance of the 
wall in 2012 

2.2 Types of precipitated salts 

A total of 55 samples of salt deposited on the inner walls of the northwestern exedra 
were collected in 2011 and 2012, and the relationship between the distribution of 
salt on the walls and the distribution of the wall material was studied in detail. The 
salt types were identified by elemental detection using X-ray fluorescence (XRF), 
followed by identification of the crystalline phase by X-ray diffraction (XRD). 
Among the identified salts, Na2SO4 (thenardite) and CaSO4 2H2O (gypsum) were 
the most widely deposited. Other identified salts included NaNO3 (nitrite), CaCO3 

(calcite), and MgSO4 (epsomite). Based on the relationship between the type of 
precipitate and the distribution of restoration materials, MgSO4 (epsomite) has been 
identified among the precipitates in areas where the restoration material has been 
used, and an influence of the elements derived from this material is suspected [4]. 

2.3 Deterioration patterns and seasonal change of the wall in the 
northwest exedra 

Visual surveys of the degradation and identification of the precipitated salts have 
been continuously conducted since 2010. Visual inspection revealed that the dete-
rioration progressed over time, especially at the precipitation points of sodium ni-
trate and sodium sulfate. Figure 3 shows examples of the conditions of the inner 
wall surfaces under which sodium nitrate and sodium sulfate precipitate. Sodium 
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nitrate precipitated mainly in the easternmost part of the northwest exedra indicated 
by (i) in Figure 1, where the paint layer had peeled off. Observations at the same 
locations also showed seasonal changes, with precipitation in February 2011 and 
November 2013, disappearance of the precipitate in August 2014, and re-precipi-
tation in December 2014, confirming a gradual thinning of the paint. Sodium sul-
fate precipitated over a wide area of the northwest exedra, not only on the surface 
paint but also between the stucco and middle layer mortar, with many instances of 
stucco exfoliation seemingly associated with this. In some areas, the middle layer 
mortar has also been exfoliated [2, 4]. 

Figure 3 Wall conditions of the (a) sodium nitrate precipitation site and (b) so-
dium sulfate precipitation site 

3 COMPARISON BETWEEN PHASE DIAGRAM AND 
INSIDE TEMPERATURE/HUMIDITY  

Salt crystallisation behaviour is quite complex because all factors, such as the 
changing climate conditions and the composition and ion concentration of the salt 
solution, influence it. A thermodynamic model, the environmental control of salts 
(ECOS), can analyse the crystallisation behaviour of mixed salt solutions as a func-
tion of temperature and relative humidity and has been used to study several salt 
weathering sites [5, 6]. One of the limitations of ECOS is that it is only compatible 
with electrically neutral solutions. Ion-chromatographic analysis of soluble chem-
ical components in the material stripped from the northwest exedra wall showed 
that the total number of anions analysed was approximately twice that of cations, 
probably because of the surface charge of the clay minerals and undetectable ions 
[2]. Therefore, the present study was designed to investigate the salt precipitation 
properties of two salts, sodium nitrate and sodium sulfate, by comparing their phase 
diagrams with the indoor temperature and humidity [7, 8]. The monthly average 
values of temperature and relative humidity in the second cornice are plotted 
against the phase diagrams of sodium nitrate and sodium sulfate in Figure 4. For 
the salt to precipitate, the ambient relative humidity must be below the equilibrium 
relative humidity of the saturated salt solution. Sodium nitrate is more likely to 
precipitate during autumn and winter because the ambient relative humidity is be-
low the equilibrium relative humidity, whereas deliquescence is more likely to oc-
cur during spring and summer. Sodium sulfate is likely to exist as mirabilite
(Na2SO4 10H2O) from January to May and as thenardite (Na2SO4) from June to 
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December. The ambient relative humidity did not exceed the equilibrium relative 
humidity of the saturated salt solution throughout the year. This means that only 
the hydration and efflorescence trends of sodium sulfate salts already deposited on 
the wall surface can be studied, and the mechanism by which salt precipitation oc-
curs is unknown. Therefore, for a more detailed study, the temperature and relative 
humidity within the walls were determined by numerical analysis, considering the 
outdoor and indoor environment. 

 

Figure 4: Comparison of the phase diagrams of (a) sodium nitrate and (b) sodium 
sulfate with the monthly average values of indoor temperature and relative hu-
midity 

4 ANALYTICAL INVESTIGATION ON THE EFFECT OF 
THE INTERIOR AND EXTERIOR CLIMATE ON SALT 
PRECIPITATION 

4.1 Governing equations 

In this section, we describe the simulations performed for heat and moisture trans-
fer in porous materials, where the simultaneous heat and moisture transfer equa-
tions [9] are applied as the fundamental equations. The heat and moisture balance 
equations are as follows: 

Tg
t Tw      (1) 

   (2) 

Where , , c app, T, , r, , w, and  refer to the specific heat capacity [J/(kgK)], 
the density[kg/m3], the apparent specific heat capacity for volume [J/(m3K)], tem-
perature [K], thermal conductivity [W/(mK)], latent heat of water [J/kg], water 
chemical potential [J/kg], water density [kg/m3], and moisture content [m3/m3], re-
spectively; ' and ' are the moisture conductivity related to the temperature and 
water chemical potential gradient [kg/(ms(J/kg))], respectively; and subscripts g 
and l indicate water vapor and liquid water. 

309



Effects of interior and exterior environments on salt mixture precipitation in brick 
masonry with wall paintings 

 SWBSS ASIA 2023 – Nara, Japan. September 20-22, 2023. 

4.2 Simulated wall structure and boundary conditions 

The severely deteriorated vertical walls of the exedra facing north were analysed. 
Figure 5 shows a schematic of the exedra wall and the boundary conditions. During 
the analysis, the outer finishing materials of the northwest exedra wall were re-
moved; therefore, the numerical wall model assumed no outer finishing materials. 

The third boundary condition is applied to the inner and outer surfaces of the walls. 
The air temperature and relative humidity were measured every 30 min inside and 
outside Hagia Sophia between 26 September 2012 and 25 September 2013; these 
measurement data were used as the boundary conditions. The horizontal rainfall 
intensity and total horizontal solar radiation were measured simultaneously. The 
vertical surface solar radiation for walls facing north was derived using Bouguer’s 
and Berlarge’s equations by dividing the total horizontal solar radiation into direct 
and diffuse components. 

 

Figure 5: schematic diagram of the wall of the exedra and boundary conditions 

4.3 Material properties 

The liquid water diffusivity and moisture retention curve of the connection mortar, 
which is the main component of the wall, were determined for the material used in 
Hagia Sophia. Other hydrothermal properties were obtained from literature [10, 
11]. The moisture diffusivities of general stucco and mortar reported by Kumaran 
[10, 11] were used for the stucco and middle-layer mortar. These moisture diffu-
sivities fall below the lower limit identified by the infiltrometer. Thus, the relative 
ease of liquid water transfer in the inner finishing materials can be reproduced [2, 
12].  

4.4 Results and discussion 

The hourly calculated values of the temperature and relative humidity within the 
wall at depths of 0 to 3.5 cm from the inner wall surface are plotted as a phase 
diagram in Figure 6. The analysis was performed by assuming locations where 
rainwater runoff was concentrated on the exterior wall surface. A comparison with 
the phase diagram of sodium nitrate shows that the calculated values do not fall 
below the relative humidity at which the saturated salt solution equilibrates. There-
fore, precipitation is unlikely in areas where a large amount of rainwater infiltrates, 
as assumed in the present analysis. The area where deterioration due to the precip-
itation of sodium nitrate has been observed is the easternmost part of the northwest 
exedra, labelled as (i) in Figure 1b. This location protrudes from the inner side of 
the wall, where rainwater runoff is concentrated. Therefore, the amount of moisture 
infiltration is assumed to be low. 
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Comparison of calculated temperatures and relative humidity with the phase dia-
gram of sodium sulfate shows that the calculated relative humidity from the surface 
to the middle-layer mortar is below the equilibrium relative humidity of the satu-
rated salt solution, indicating that salt can precipitate at these depths. The results 
agree with visual observations showing that not only the surface paint layer but 
also the stucco and middle layer mortar are peeled off in areas with sodium sulfate 
precipitates, suggesting that sodium sulfate precipitates more easily at higher hu-
midity and therefore tends to precipitate internally, possibly causing the interior 
materials to peel off. The analysis results suggest the following timing of salt pre-
cipitation: from September to November, mirabilite (Na2SO4 10H2O) precipitates 
in the stucco and the middle layer mortar as the wall dries out; in late November, 
dissolution or deliquescence occurs once as the wall becomes more humid; and 
when the temperature drops in early December, mirabilite (Na2SO4 10H2O) precip-
itates again in the stucco (see b and c in Figure 6). Therefore, salt precipitation 
within the wall may occur as a result of drying of the wall body and a temperature 
decrease in areas where rainwater infiltration is concentrated. 

 

Figure 6: Comparison of the calculated values of temperature and relative humid-
ity in the wall and the phase diagrams: (a) sodium nitrate and (b-d) sodium sulfate 
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5 CONCLUSION 

To elucidate the deterioration mechanism of the wall paintings in Hagia Sophia 
due to salt precipitation, the relationship between the indoor and outdoor environ-
ments and salt precipitation properties was investigated using phase diagrams for 
sodium nitrate and sodium sulfate, which were found to deteriorate at the precipi-
tation points for the salts. It was shown that the internal temperature, humidity, and 
exterior environment affect the type and location of salts precipitated as well as the 
precipitation time. In the future, detailed studies will likely be carried out by con-
sidering differences in wall precipitation, the state of peeling of interior surfaces 
and salt transfer in the analytical model, which will be useful for proposing coun-
termeasures for each type of salt and for setting standards for temperature, humidity, 
and effective moisture penetration control. 
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ABSTRACT  

This study aimed to prevent salt deterioration and maintain a balance between the 
conservation and exhibition of remains in the Fukui Prefectural Ichijodani Asa-
kura Family Site Museum, Japan. The remains are exhibited in the museum, and 
consist of river stones and cohesive soil. There is no air-conditioning system in the 
exhibition room, but a louver has been installed to ensure natural ventilation. In 
consideration that salt precipitation is considered to be a major factor in the deteri-
oration of this site in the future, we measured the environmental conditions inside 
an exhibition room and attempted several reburying methods to suppress salt 
deterioration. The results showed that salt deterioration may occur in the exhibition 
room in the future because the temperature and humidity inside the room were af-
fected by air flowing through the louvers, and the soil moisture content on the sur-
face of the remains was always high. To suppress the precipitation of salts, it is 
effective to reduce the evaporation rate from the surface of the remains. Therefore, 
the surface of the remains was covered with materials (cohesive soil, sand, and 
gravel) of different water permeabilities, and the moisture content of each soil layer 
was measured. The results showed that covering the remains with cohesive soil and 
gravel was the most effective way to suppress water evaporation from the surface 
of the remains. This is due to the effect of the capillary barrier because the grain 
size of gravel is larger than that of other materials. 
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1 INTRODUCTION 

The Ichijodani Asakura Family Site was a castle town in the Sengoku period (15–
16th centuries A.C.). In 2022, new museum was opened to exhibit the remains of 
a river port for goods transported by river. Salt deterioration is often a problem in 
museum exhibitions. Salt precipitation and deliquescence are related to environ-
mental conditions, such as temperature, humidity, and soil moisture content. There-
fore, we conducted a field survey and analyzed ways to reduce the risk of salt de-
terioration in the future. 

2 THE REMAINS AND EXHIBITION ROOM 

The museum is located next to a river at the entrance of a valley. The remains on 
display consist of river stones (approximately 20 cm in diameter) and cohesive soil. 
The exhibition area is about 990m2, and in the center of the room, there are remains 
of river stones on cohesive soil (approximately 35m long and 3.5m wide), with 
cohesive soil spread around it. For exhibition, the stones are exposed and the soil 
around them reburied with cohesive soil from the excavation. There is no air-con-
ditioning system in the exhibition room; however, there is a louver always open to 
ensure natural ventilation. 

3 SURVEY METHODS 

Fig. 1 shows the measurement points in 
the room. Temperature and relative hu-
midity were measured using a tempera-
ture/relative humidity data logger (T & D 
corporation, TR-72nw). The chemical 
potential of the soil moisture inside the 
remains was measured using a soil water 
potential sensor (METER, MPS-2). The 
dissolved ion in groundwater was ana-
lyzed using ion chromatography 
(Thermo Fisher Scientific, ICS-2000). 
Furthermore, to protect the remains of 
the river from salt deterioration, we tried 
several reburying methods (Fig. 2). At 
the Ichijodani Asakura Family Site, the 
remains are reburied with sand and exca-
vated soil for protection (Condition B). 
Laying sandy soil with high water per-
meability on the exposed surface of the 
remains could suppress drying [1]; thus, 
the remains were covered with gravel 
(Condition C). The chemical potential of 
each soil layer was measured using a soil 
water potential sensor (METER, 

 

Fig. 1: Cross-sectional view of the 
exhibition room showing the facility 
and the data loggers 

 

Fig. 2: Cross-sectional view of a 
comparison test of reburying meth-
ods of the remains made of soils: A) 
exposing; B) reburying with cohesive 
soil and sand; C) reburying with co-
hesive soil, gravel, and sand 
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TEROS21). The coefficient of permeability of the soil of the remains and that used 
for reburying was obtained by a constant head permeability test. 

4 RESULTS AND DISCUSSION 

4.1 Micro-environmental factors inside the exhibition room 
 

In summer (Fig. 3A), the temperature inside the room was vertically stratified ow-
ing to the inflow of warm air from the louvers. The absolute humidity inside the 
room equaled or exceeded that of the outside air, indicating that water constantly 
evaporated from the surface of the soil. However, in winter (Fig. 3B), the temper-
ature difference between upper and lower of the room was reduced, suggesting that 
outside air promoted vertical mixing of indoor air. The absolute humidity in the 
room and outside decreased, possibly accelerating evaporation from the remains.
 

The water potential of the remains was high (Fig. 4). In particular, the upper part 
of the remains (Fig. 4, No. 1) appears to have been affected by precipitation. Alt-
hough the water supply route needs further consideration, it was found that the 
remains always maintained a high-water potential. 

Fig. 5 shows the results of quantitative analysis of the dissolved ions in the ground-
water and river water, which are almost the same as for the river. Additionally, Fig. 
3C shows that the relative humidity inside the room ranged 70%–100% during the 
year, which might cause precipitation of salts such as sodium chloride, magnesium 
chloride, sodium sulfate, and calcium sulfate on the surface of the remains. 

 
 

 

Fig. 4: Soil water potential of the re-
mains and precipitation  

 

Fig. 5: Dissolved ions of the ground-
water and river water 

4.2 Reburying methods to reduce evaporation 
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Fig. 3: Temperature and absolute humidity inside, and outside the exhibition 
room; A) in summer; B) in winter; C) Temperature and relative humidity of 
daily average inside the exhibition room 
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To reduce salt precipitation, it is effective 
to suppress evaporation from the surface 
of the remains, which were thus covered 
with materials (cohesive soil, sand, and 
gravel) of different water permeabilities 
(Fig. 2 and Table 1). Fig. 6 shows the wa-
ter potential of each soil layer. First, con-
dition C is the most effective of the three 
in suppressing evaporation from the re-
mains, because it maintains the highest 
potential. The water potential of cohe-
sive soil B increased more than C. This 
is because the sand under the cohesive 
soil B appears to have high water reten-
tion because it contains clayey soil and 
grain size is not sufficient to induce ca-
pillary barrier. Conversely, although the 
gravel under the cohesive soil C has 
larger particles and higher permeability 
than sand, its permeability decreases due 
to a significant decrease of the moisture 
content. we posit that the water potential 
of cohesive soil C on the gravel de-
creased owing to the capillary barrier of 
the gravel. Therefore, covering the remains with gravel and cohesive soil is the 
most effective way to control water evaporation from the surface of the remains. 

CONCLUSIONS 

We measured the environmental conditions inside an exhibition room and at-
tempted several reburying methods to suppress salt deterioration. According to the 
results of our field survey, the conditions inside the exhibition room may lead to 
salt deterioration of the remains in the future because of microclimate changes in-
side the exhibition room. The main factors are as follows: (1) the temperature and 
humidity inside the room are influenced by ventilation from the louver; (2) as 
groundwater is supplied to the remains throughout the year, the soil moisture con-
tent of the surface of the remains is high. According to the results of several rebur-
ying methods, covering the surface of the remains with cohesive soil and gravel is 
the most effective way to suppress water evaporation from the surface of the re-
mains. This is due to the effect of the capillary barrier because the grain size of 
gravel is larger than that of sand. In the future, it will be necessary to investigate 
ideal conditions and methods for operating exhibition rooms. 
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Table 1: Soil permeability coefficient 

Sample name Coefficient of per-
meability [m/s] 

Remains soil 1.35E−5 
Cohesive soil 3.62E−6 

Sand 1.11E−4 

 
 

Fig. 6: Water potential of each soil 
layer; A) exposing; B) reburying 
with cohesive soil and sand; C) re-
burying with cohesive soil, gravel, 
and sand 
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ABSTRACT  

The most basic survey of weathering features is to determine their geometry, and 
SfM photogrammetry and laser scanning are used specifically for three-dimen-
sional geometry surveys. The purpose of this paper is the verification of a 3D meas-
urement method with low-cost mobile LiDAR and SLAM (Simultaneous Locali-
zation and Mapping) technology. LiDAR-SLAM is a technology that acquires 
point cloud data while moving, self-positioning and mapping simultaneously. 

The targets for 3D modelling were tafone and honeycombed coastal cliff located 
on the south-east coast of the Boso Peninsula in central Japan. The point clouds 
were acquired using a low-cost mobile LiDAR scanner and a laptop PC. The ac-
quired point cloud data can be verified in real time. From the acquired point cloud 
data, we were able to identify tafoni of about 10 cm or more in width. Those of a 
few centimeters were difficult to identify. The distance to the target ranged from a 
few meters to about 100 meters and did not affect the size of the identified tafoni. 
In order to represent the complex structure of weathering features, it would be nec-
essary to optimize the modelling parameters for SLAM.  
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1 INTRODUCTION 

Geometry is one of the most fundamental elements in the study of weathered fea-
tures. A variety of methods have been used for a long time, and non-destructive 
methods such as photo-geometry and laser scanning have been widely used in re-
cent years [1], [2]. SLAM (Simultaneous Localization and Mapping) is a technol-
ogy that acquires point cloud data while moving, self-positioning and mapping 
simultaneously. SLAM technology has been widely used in the field of robotics, 
such as self-driving. Compared to SfM (Structure from Motion) photogrammetry, 
SLAM can acquire 3D models in a short time and the acquired point cloud data can 
be referenced in real time. In this study, we attempted to acquire 3D models of the 
coastal tafoni using a low-cost mobile laser scanner and SLAM technology. 

2 STUDY SITE AND METHOD 

The targets for 3D modelling were tafone and honeycombed coastal cliff, located 
on the south-east coast of the Boso Peninsula in central Japan. Marine terraces and 
rocky coasts formed by seismic uplift are widespread in the area. Kedoura, a rocky 
coast consists of a shelf platform with tens of meters wide and a rock cliff over ten 
meters high. The cliffs are composed of Neogene sandstones and mudstones, and 
honeycomb features have developed mainly on the sandstone layer. Another site is 
Nojimazaki, which located at the southern end of the Boso Peninsula. The small 
cape consists of a present-day shore-platform and several uplifted marine terraces. 
Tafoni of various sizes are found on the shore-platform and marine terraces [3]. 

 
Figure 1: Targets of Three-dimensional modelling. 

Point clouds of the weathering features were acquired using a mobile LiDAR scan-
ner (Livox Avia) and a laptop PC. The PC was running Ubuntu OS, and FAST-
LIO, a package of real-time odometry and mapping algorithms [4], was installed. 
If limited to LiDAR data collection without real-time SLAM, the laptop PC could 
be replaced by a RaspberryPi 4B, a low-cost single-board computer. The point 
cloud was acquired by moving parallel to the wall at a distance of about 10 m from 
the coastal cliff in Kedoura. In the case of Nojimazaki, we moved around the tafoni 
to obtain a point cloud in all directions. In each case, the data acquisition time was 
approximately five minutes. 

At the same time, photographs of the weathering features were taken for compari-
son between SLAM and SfM. The point cloud data were processed using Cloud-
Compare, a point cloud processing software. Agisoft's Metashape Pro was used for 
SfM processing. 
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Figure 2: Low-cost mobile LiDAR scanner (Livox Avia) and equipment. 

3 RESULT 

Figure 3. shows acquired point clouds of the honeycombed coastal cliff, which has 
several steps of uplifted bench. From the acquired point cloud data, we were able 
to identify depressions in the sandstone layers due to honeycomb weathering (Fig-
ure 3(b)). The depths of the depressions were 10 cm or more. Honeycomb features 
ranging in size from a few centimeters to tens of centimeters were developed on 
the surface of the sandstone. These could not be identified from the point cloud. 
Figure 3(c) shows point clouds obtained by fixed point observation. The surface 
structures were less clear than in the SLAM point cloud. 

 
Figure 3: Acquired point clouds of honeycombed coastal cliff in Kedoura. 

A comparison between SLAM and SfM is shown in Figure 4. The upper part of the 
tafoni is missing. This is because the photographs used for SfM were taken from 
the underside of the tafoni. There are three modes of LiDAR reflectance point se-
lection. Cross-sections were generated for each mode and compared to the SfM. 
The profile of the first return mode was most similar to that of SfM when compar-
ing the three modes. In the strongest return mode, there are fewer points in depres-
sions and complex geometries. 3D model based SfM showed the shape of the tafoni 
more clearly. The SLAM algorithm was optimised for self-driving. In order to rep-
resent the complex structure of weathering features, it would be necessary to opti-
mise the modelling parameters, as the range precision of the LiDAR used in this 
study is 2 cm at 20 m distance. 
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Figure 4: SLAM and SfM comparison. 

4 CONCLUSION 
We applied LiDAR SLAM technology and obtained a 3D point cloud of the hon-
eycombed coastal cliff and tafoni. From the acquired point cloud data, we were 
able to identify tafoni of about 10 cm or more in width. Those of a few centimetres 
were difficult to identify. Currently, SfM is superior in terms of model clarity, but 
it would be possible to identify tafoni less than 10 cm wide by revising the SLAM 
parameter. 
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