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Abstract 

Soluble salt and freeze–thaw are two significant weathering factors that contribute to the deterioration of rock-hewn 
heritages. Previous research has predominantly focused on the separate influences of salt weathering and freeze–
thaw. However, in a realistic scenario, these two processes can occur simultaneously in nature, leading to a more 
complex decay process for such heritage. The aim of this study was to assess the combined impact of salt weathering 
and freeze–thaw on the severity of deterioration in rock-hewn heritage through evaluation of the variation of stone 
samples’ appearance and physical–mechanical properties, such as deterioration patterns, pore structure, surface 
hardness and splitting tensile strength. A laboratory ageing test was conducted using materials and climatic condi-
tions representative of the West Lake Cultural Landscape of Hangzhou (WLCL), a UNESCO World Heritage Site located 
in Southeast China. Five different types of stones were collected from the WLCL area and its vicinity and subjected 
to 25 ageing cycles, each consisting of three phases: salt impregnation, freezing-thaw, and evaporation. The mix-
ture of Na2SO4−MgSO4 was used as the contaminant substance. Results show that stones with moderate porosity 
(~ 5%) and a higher proportion of micropores, like flint, were susceptible to the combined effects of salt weather-
ing and freeze–thaw, exhibiting significant surface deformation and strength decline. The porous tuff was primarily 
impacted by the development of a hard and thick crust on its surface, along with noticeable pore fill. The compact 
carbonate rock exhibited limited dimensional expansion with no discernible signs of deterioration patterns. Most 
rock specimens, except tuff, experienced a shift in their pore size distribution towards larger magnitudes, resulting 
in an increased average pore radius. This suggests that the inherent properties of rock-hewn heritages play a signifi-
cant role in determining their vulnerability to various weathering agents. Consequently, these properties should serve 
as the foundation for developing future preventive conservation measures.
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Graphical Abstract

Introduction
The deterioration of stone heritages, including stone 
buildings, rock-hewn sites and stone carvings, is associ-
ated with rock breakdown led by the natural weathering 
processes. Salt weathering and freeze–thaw are recog-
nised as the two leading causes of weathering and dete-
rioration of rock heritage [1–4]. The common soluble 
salts in nature, such as sodium carbonate, sodium sulfate, 
sodium nitrate, sodium chloride, and magnesium sul-
fate, can lead to rock breakdown by repeatedly generat-
ing crystallisation pressure to the rock’s pore wall when 
ambient temperature fluctuations [5–8]. Studies have 
shown that the degree of damage caused by salt weath-
ering is affected by the solution supersaturation ratio 
and location of crystallisation, and these two influencing 
factors are directly controlled by the solution properties 
and evaporation rate [9]. Salt weathering often forms 
typical deterioration patterns on the rock surface, such 
as efflorescence, alveolization and exfoliation [10]. The 
most devastating deterioration pattern was discovered 
to be the subflorescence, i.e. salt crystals precipitated 
underneath the rock surface, and it was considered that 
the mass transport of soluble salt inside the rock and 
the rhythmic nature of crystallisation front is a dissipa-
tive structure [11]. These deterioration patterns are the 
macroscopic manifestation of changes in rock properties, 
especially rock’s physical and mechanical properties [12, 
13].

Freeze–thaw is another crucial cause of rock herit-
age deterioration [14]. When the ambient temperature 

reaches around 0 ℃, the water in rock pores, fissures and 
voids can crystallise into ice and expands in volume (9 
vol.% under atmospheric conditions [15]. Previous stud-
ies have shown that the water inside the rock tends to 
flow from the small pores to the large pores, from the 
unfrozen area to the frozen area, and the capillary pres-
sure and hydraulic pressure are formed during the flow 
process, which weakens the intergranular cohesion of 
rock grains [16, 17]. Like salt weathering, the freeze–
thaw process also affects rocks’ physical and mechanical 
properties [18]. For instance, the decrease in compres-
sive strength and surface hardness occurs in sedimentary 
rock after freeze–thaw cycles [19], the volume increase 
of specifically oriented cracks induces the anisotropic 
response of elastic velocities [20], and changes in poros-
ity, pore volume, pore size distribution after frozen dam-
age [21].

Laboratory simulation is a typical means to study sol-
uble salt weathering and freeze–thaw effects. Several 
standardised protocols have been proposed. For example, 
the European standards for the determination of frost 
resistance of natural stone [22] employ the simulation 
condition that is a 12-h cycle with temperature fluctuat-
ing between 20 ℃ and – 12 ℃, besides require to reach 
every set temperature within 0.5 h and inject water into 
the environmental chamber to fully immersing samples 
in every cycle. Although the BS EN standard shortens 
the simulation duration, the complexity of its operation 
increases the requirements for the degree of automation 
of the equipment, especially the environmental chamber. 
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The American Society for Testing and Materials [23] 
provides a freeze–thaw condition with a cycle of 24  h. 
The range of temperature during a freeze–thaw cycle 
is − 18 ± 2.5 ℃ (16 h) to 32 ± 2.5 ℃ (8 h). This tempera-
ture range is more reflective of temperate to subtropical 
regions.

Similarly, some experimental standards have been 
published for laboratory simulations of salt damage. For 
instance, BS EN 12370 [24] proposes a salt resistance test 
method for natural rocks, which requires the rock sam-
ples to be completely immersed in sodium sulfate solu-
tion, then dried at 105  ℃, repeating the former steps 
until failure occurs on the samples. This test method can 
accelerate the ageing process. However, it is criticised for 
being less representative of the actual scenario because 
the drying temperature and the complete immersion 
with a salt solution are too extreme to be seen from 
stone structures in either natural or urban environments 
[25]. To ensure the reliability of the results, a new accel-
erated ageing test method has been proposed (RILEM 
TC 271-ASC [26]). It proposes to use sodium sulfate or 
sodium chloride as impregnating salts and simulate the 
salt weathering process by simultaneously controlling 
the temperature and humidity conditions during the age-
ing process. The simulation is conducive to investigating 
the salt damage induced by the deliquescence-recrystal-
lisation process under changing humidity conditions. 
To examine the soluble salts present in stone heritage 
structures, such as rock buildings, the European stand-
ard UNE EN 16455:2016 [27] has been established. The 
extraction of solid samples is necessary for the analy-
sis of soluble salts, and ion chromatography is recom-
mended for the determination of chloride, nitrite, nitrate, 
sulfate, sodium, potassium, calcium, magnesium, and 
ammonium ions. Compared to the previous standard-
ized method from NORMAL 13/83 [28], which involved 
stirring samples for 72  h, the latest standard specifies a 
shorter extraction time of 2 h. However, it is anticipated 
that the shorter extraction time may lead to lower extrac-
tion efficiency. To enhance the recovery of soluble salts, 
the use of ultrasound energy has been utilized [29–31].

The presence of soluble salts in nature and the varia-
tions in temperature and humidity across the four sea-
sons result in the combined impact of salt weathering 
and freeze–thaw on rock’s weathering and deterioration. 
As a result, the deterioration process of rocks is always 
more intricate compared to the standard simulation test 
that employs a single weathering factor [32–35]. The 
mixed saline solution, consisting of various anions and 
cations, is a common component of the hydrological 
system. This would lead to the precipitation of diverse 
salts from the solvent when temperature and humidity 
fluctuate. These include widely recognised single salts 

like mirabilite ( Na2SO4 · 10H2O ), thernadite (Na2SO4) , 
epsomite (MgSO4 ) and incongruently soluble double 
salts like bloedite ( Na2Mg(SO

4
)2 · 4H2O) and darapskite 

( Na3NO3SO4 ·H2O) [36, 37].
Rock-hewn heritages, such as cave temples, stone carv-

ings, and rock-cut Buddha statues, hold significant cul-
tural value in China. These artefacts provide valuable 
insight into Chinese history, religion, art, and the cul-
tural exchanges between China and the West [38]. China 
possesses a vast collection of rock-hewn heritages. The 
National Cultural Heritage Administration of China con-
ducted a comprehensive survey in 2020, revealing a total 
of 2155 cave temples and 3831 rock-cut statues in the 
country [39].

These remarkable cultural treasures face severe dete-
rioration issues. For instance, Zhang et al. [40] observed 
pronounced granular disintegration, fragmentation, and 
salt deposition on the façade (120 m long and 30 m tall) 
of the notable North Grottoes Temple, a representative 
example in Northwest China. Additionally, Yu et al. [41] 
discovered extensive surface degradation, characterised 
by powdering, scaling, and efflorescence, in carbonate 
rock-hewn heritages in Southeast China. It was deter-
mined that 51% of these sites had reached a level of "seri-
ous" damage.

However, there remains a lack of research concerning 
the mechanisms underlying the deterioration of rock-
hewn heritage, particularly the formation mechanisms 
of surface weathering driven by soluble salt and freeze–
thaw. Hence, this study aims to evaluate the synergic 
impact of the salt mixture and frost damage on rock-
hewn heritage and contribute to a comprehensive under-
standing of their weathering mechanism.

Methodology
An experimental workflow was developed to simulate 
the synergic effects of salt weathering and frost damage 
under realistic climatic conditions in a laboratory set-
ting (see Fig.  1). The experiment involved the following 
steps: preparation of experimental materials, preparation 
of experimental materials, simulation ageing test, appear-
ance observation and measurement of physic-mechanical 
properties.

To select the appropriate salts for the experiment, ion 
chromatography and the ECOS-RUNSALT thermody-
namic model [42, 43] were used to identify the soluble 
salts in the historic stone building named Chuyangtai, 
located north of the World Heritage Site ’West Lake Cul-
tural Landscape of Hangzhou’. Stone samples were col-
lected from both the mountains within the West Lake 
Cultural Landscape and a nearby quarry in Hangzhou.

These samples were cut and grouped at the begin-
ning of the experiment and then partially immersed 
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in the saline solution until they reached a stable weight 
to impregnate them with salt. The stone specimens 
were then wrapped in polyethene foil, with one vertical 
face exposed, to mimic the vertical facade of the rock-
hewn heritages. Subsequently, the samples underwent 
25 cycles of the combined salt and freeze–thaw ageing 
test, followed by appearance observation and physical–
mechanical properties determination. The original tex-
ture properties and mineral composition of rock were 
observed by a polarising microscope and determined 
by X-ray diffraction (Bruker SMART APEX II X-ray 

diffractometer, operating at 40 kV and 40 mA with a Cu 
source, in the State Key Laboratory of Silicon Materials at 
Zhejiang University).

Selection of soluble salt
To identify the types of salts potentially present in the 
stone heritages of the West Lake, a salt assessment trial 
was conducted on the southeastern facade of the Chuy-
angtai. Three loose rock debris samples were collected 
from the facade (Fig. 2d) when the administration imple-
mented a conservation project. The soluble salts in the 

Fig. 1  Experimental workflow used in the salt weathering & freeze–thaw lab simulation. WAC​ water absorption coefficient through capillarity
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debris samples were extracted and analysed by the fol-
lowing steps:

a. The rock samples were ground into a fine powder.
b. A 1.0 g portion of the powdered rock sample was 
weighed and placed into a 50 ml plastic sample pot.
c. 50 ml of deionised water was added to the sample 
pot.
d. The liquid sample was sonicated for 1 h at room 
temperature and agitated for 1 h on a flask-shaker 
at 250 strokes per minute, followed by filtered into 
100  ml volumetric flasks and made up to volume 
with deionised water.
f. Ion chromatography was used to determine the 
concentration of ions in the sample.
g. The ion content was inputted into the ECOS-
RUNSALT model to predict the type of salts present.

For this study, a mixture of sodium sulfate and magne-
sium sulfate (1.4 mol/1.5 mol/kg) was chosen, as it rep-
resents the most common salt types found in our salt 
assessment trial on the southeastern facade of the Chuy-
angtai through ion chromatography and ECOS-RUN-
SALT prediction (Fig.  2a–c). Furthermore, it is known 
that the crystal phase precipitated from them can have 
destructive effects on stone-built heritages [44], such as 
bloedite ( Na2Mg(SO

4
)2 · 4H2O) , which has been shown 

to have a high potential for damaging rock due to its 
characteristic of incongruent dissolution [37, 45].

Rock samples
The geological framework of the esteemed World Herit-
age Site ’Hangzhou West Lake Cultural Landscape’ pri-
marily consists of carbonate formations and volcanic 
formations [46]. Most of the rock-hewn heritages within 
this renowned site have been hewn from the cliffs of 

Fig. 2  Soluble salts extracted from the façade of the historic stone building (Chuyangtai) in Hangzhou, China. a ECOS-RUNSALT output diagram 
for the salts types predicted to be formed from the No.1 rock sample. b ECOS-RUNSALT output diagram for the salts types predicted to be formed 
from the No.2 rock sample. c ECOS-RUNSALT output diagram for the salts types predicted to be formed from the No.3 rock sample. d the image 
of Chuyangtai and its location. e ions concentration measured from the three rock samples through ion chromatography
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limestone and volcanic rock [47]. Consequently, to study 
the synergic effects of the soluble salts and freeze–thaw 
cycles on the weathering of these significant artefacts, the 
study has chosen five typical indigenous rocks (Table 1). 
The petrographic characteristics and mineral compo-
sition information of the rock were obtained through 
polarizing microscope observation and X-ray diffraction 
analysis.

YM is a Permian limestone with a greyish white 
appearance and a coarse crystalline structure. Its main 
components are calcite [CaCO3] and calcium magnesium 
carbonate [CaMg(CO3)2]. This limestone was collected 
from the top of Yuhuang mountain, located in the south-
ern part of the West Lake. The mountain is renowned for 
its ancient rock-hewn sites, including the Ciyunling rock-
hewn statues, which were originally carved during the 
Wuyue Kingdom (907–978 CE).

LA is a Sinian flint with a pale-brown color and a cryp-
tocrystalline structure. It consists mainly of quartz [SiO2], 
a small amount of muscovite [KAl2(AlSi3O10)(OH)2], 
and siderite [FeCO3]. It was obtained from the Lin’an 
district, which is abundant in mineral resources such as 

limestone, kaolinite, tuff, and fluorite [48]. This district is 
situated approximately 35 km away from the West Lake.

FL is a carboniferous limestone with a grey color, dis-
playing a microcrystalline matrix with sparite veins. Its 
primary constituents are calcite [CaCO3] and high Mg 
calcite [CaMg(CO3)2]. This limestone was sourced from 
the Feilai Feng peak, known for its ancient Buddha sculp-
tures that were carved during the North Song dynasty 
(1282 CE). The peak is located to the northwest of the 
West Lake.

LQ is a freshly quarried Sinian dolostone from Banqiao, 
Lin’an district. It has a dark grey appearance and a micro-
crystalline structure. Its main components are Fe-dolo-
mite [Ca(Mg,Fe)(CO3)2] and dolomite [CaMg(CO3)2]. 
This essential carbonate rock is extensively used in the 
architecture industry.

GM is a Jurassic tuff with a pink color and a porphy-
ritic texture of matrix. It consists mainly of quartz [SiO2], 
orthoclase [K(AlSi3O8)], and muscovite [KAl2(AlSi3O10)
(OH)2]. It was sampled from Gu Mountain, an island 
within the West Lake. This mountain shares a similar 

Table 1  Lithologic character, and basic Information about the stone samples

Sample name Image of sample stone type Lithologic character Age Origin

YM Limestone Greyish white, coarse crystalline 
struture;mineral composition: Calcite[CaCO3] 
and [CaMg(CO3)2]

Permian Yuhuang mountain, Hangzhou, CN

LA Flint Pale-brown, cryptocrystalline structure; min-
eral composition: mainly quartz [SiO2], a small 
amount of muscovite[KAl2(AlSi3O10)(OH)2], 
and siderite [FeCO3]

Sinian Rulong county, Lin’an, Hangzhou, CN

FL Limestone Grey colored, microcrystalline calcite 
matrix with sparite veins; mineral composi-
tion: Calcite [CaCO3] and high Mg calcite 
[CaMg(CO3)2]

Carboniferous Feilai peak,Hangzhou, CN

LQ Dolostone Dark grey, microcrytalline,;mineral composi-
tion: Fe-dolomite [Ca(Mg,Fe)(CO3)2], and dolo-
mite [CaMg(CO3)2]

Sinian Quarry, Banqiao, Lin’an, CN

GM Tuff Pink, porphyritic tuff with cryptocrystalline 
texture of matrix; mineral composition: quartz 
[SiO2], orthoclase [K(AlSi3O8)], muscovite 
KAl2(AlSi3O10)(OH)2

Jurassic Gu Mountain, Hangzhou, CN
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diagenetic process and formation of rock minerals as 
Baoshi Mountain, which is home to several stone herit-
ages [49].

Due to the limited availability of raw materials obtained 
from the field, YM was cut into four cuboids of dimen-
sions 2.5 cm in length, 2 cm in width, and 5 cm in height. 
Similarly, LA was cut into three cuboids measuring 
2.5 cm in length, 2 cm in width, and 3 cm in height. FL 
was cut into two cuboids with dimensions 4 cm in length, 
3 cm in width, and 7.3 cm in height. As for LQ and GM, 
three cuboids of dimensions 3  cm in length, 1.2  cm in 
width, and 3 cm in height were produced,respectively.

Experimental conditions
The selected ageing conditions for the experiment (Fig. 3) 
were based on the documented extreme heat wave event 
that occurred during the summer of 2022 in Hangzhou, 
China [50], as well as the environmental parameters and 
time duration outlined in the standard freeze–thaw test 
methods ASTM D5312/D5312M-21 [23]. The ageing 
cycle consists of three distinct phases. In the first phase, 
known as the cooling and salt impregnation phase, the 
rock samples were partially immersed in a saline solu-
tion for three hours at room temperature (20 ℃). Follow-
ing this, the frozen phase commenced, during which the 
samples were subjected to a temperature of –  10 ℃ for 
15  h. Finally, the high-temperature phase, also known 
as the evaporation phase, involved subjecting the sam-
ples to a temperature of 50 ℃ for 6 h. Upon completion 
of the high-temperature phase, the next cycle was initi-
ated from phase 1. The ageing testing procedure was car-
ried out using the JINGHONG DHG-9000 oven and the 
AUCMA BC/BD-143DNE lab fridge, with a total of 25 
cycles performed.

Dimensional change evaluation
The dimensional change coefficient ( ε ) of rock samples 
is determined by calculating the ratio of the change in 
length/width/height ( �x ) of the sample after the ageing 
test to the original length/width/height of the sample ( x0)
, as represented in the following equations:

where ε represents the dimensional change coefficient, x0 
denotes the sample’s original length/width/height, and xi 
refers to the sample’s length/width/height after the age-
ing test.

Physic‑mechanical properties measurement
Various measurements were conducted to assess the syn-
ergic impacts of salt weathering and frozen damage on 
the rock samples, including surface hardness, splitting 
tensile strength, water absorption coefficient by capillary 
(WAC), and pore structure analysis.

A Leeb hardness tester (BH200C, Guangzhou Botech 
Co., LTD) was used to measure the surface hardness. 
The BH200C is a high-precision Leeb hardness tester 
equipped with a D-type impact device. The impact device 
consists of a 3  mm diameter tungsten carbide ball with 
an impact energy of 11 mJ, which is consistent with the 
parameters of the widely recognized Equotip 550 (D-type 
impact head) Leeb hardness tester used in the field of 
rock heritage conservation [51]. Previous studies have 
demonstrated the reliability of this type of Leeb hardness 
tester for evaluating the extent of weathering on rock 
surfaces due to its portability, simplicity, low impact force 
(minimizing alterations to surface morphology), and 
sensitivity to the strength of the thin layer of weathered 
rock surface [52–54]. Therefore, we selected the BH200C 
Leeb hardness tester to assess the surface hardness of the 
rock samples in our study as a proxy for the degree of 
weathering. Following the sampling methods described 
by Aoki and Matsukura [55], ten rebound readings were 
obtained randomly hitting different points on the front 
vertical surface. The mean of these ten readings was then 
calculated.

The pore structures of YM, LA, FL, and GM were 
determined using the mercury intrusion porosimeter 
AutoPore IV 9510 (MIP) in the State Key Laboratory of 
Chemical Engineering at Zhejiang University. However, 
the porosity of LQ exceeded the minimum detection 
limit of the MIP, so the pore size distribution of LQ was 
instead analysed using the Quantachrome AUTOSORB-
1-C gas sorption analyser [3]. The pore size distribution 
analysis utilised both density functional theory (DFT) 
and the Barrett-Joyner-Halenda method (BJH) [56]. 

ε = �x/xo · 100

�x = xi − xo

Fig. 3  Temperature cycle utilised for the rock ageing simulation
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However, it was found that the BJH method significantly 
underestimated the pore size for narrow mesopores with 
a diameter below approximately 10 nm. In contrast, DFT, 
which can describe the configuration of the adsorbed 
phase at the molecular level, was considered to provide 
a more reliable assessment of the pore size distribution 
across the entire nanoscale range [57–59]. The aforemen-
tioned finding that the BJH method underestimated the 
pore sizes of narrow mesopores is also present in this 
study’s LA pore size distribution analysis. Therefore, the 
pore size distribution based on DFT was employed in 
this study.

The water absorption coefficient was measured accord-
ing to the standard test protocol BS EN 1925:1999 [60]. 
The splitting tensile strength was determined following 
the ASTM standard C1006/C1006m-20a [61]. Due to the 
restriction towards rock sampling at the cultural heritage 
site, the availability of YM, LA, FL, and GM samples is 
limited, thus resulting in an insufficient number of sam-
ples that can only cater to the ageing group’s require-
ments. Consequently, there is a lack of additional fresh 
samples that can be utilised for conducting the destruc-
tive splitting tensile strength test. In contrast, LQ sam-
ples were procured from non-heritage quarries, leading 
to a relatively abundant quantity of samples available for 
this destructive mechanical test. Thus, splitting tensile 
strength before and after the ageing test was obtained 
from LQ samples, while YM, LA, FL, and GM samples 
only obtained the properties after the ageing test.

Results and discussion
Appearance and dimensional changes
The vertical open surfaces in each group exhibit consist-
ent changes and patterns of deterioration. Therefore, one 
specimen was selected from each group for presentation 
in Fig. 4. Figure 4 depicts the various effects of the ageing 
test on the appearance of the exposed vertical surfaces of 
the stone samples. In particular, the flint and tuff sam-
ples, referred to as LA and GM, respectively, demonstrate 
the most distinct variations.

In the case of the LA samples (Fig.  4b), blistering 
occurs on the stone surface after the ageing test, result-
ing in the delamination of the outer stone layer and a rise 
of 3801  μm. Fine salt efflorescence and point-like milli-
metric shallow cavities can also be observed on the raised 
elevations. These deteriorations significantly deform the 
LA surface.

For the GM samples (Fig.  4e), a thick, whisker-like 
crystal crust forms on the upper two-thirds of the open 
surface after the ageing test. This crust has a thickness 
of 2006 μm and is tightly bound to the surface, requir-
ing a scalpel to be scraped off. Moreover, granular dis-
integration is also evident on the stone bottom.

On the contrary, the two limestone samples (YM 
and FL) and the dolostone sample (LQ) exhibit visually 
indistinguishable changes on their vertical exposed sur-
faces, with the exception of a small amount of salt efflo-
rescence precipitating on the surface.

Under the simulated weathering conditions outlined 
in this study, the salt solution inside the rock under-
went the following processes during the initial age-
ing cycle: capillary imbibition at room temperature, 
subzero freezing leading to the formation of ice crys-
tals, dissolution of crystals at elevated temperatures, 
evaporation at high temperatures, and supersaturation 
resulting in recrystallisation [62]. Two thermodynami-
cally stable phases, i.e. thenardite (NaSO4) and bloedite 
( Na2Mg(SO

4
)2 · 4H2O) , were preferentially precipi-

tated from [37, 63]. Bloedite generally appears as groups 
of plate-like crystals, forming spheroidal clusters [64]. 
On the other hand, thenardite has an elongated needle-
like morphology, often grouped as dendrites [65]. These 
crystals play a role in adhesion during the first ageing 
cycle, glueing together rock grains and forming a thin 
crust on the evaporation front [11].

As the subsequent ageing cycle began, rock sam-
ples were impregnated with the salt solution. This re-
impregnation of salt solution dissolves the thenardite and 
bloedite precipitated in the pores and increases the ion con-
centration, resulting in supersaturation within the pores and 
subsequent recrystallisation [66]. The dissolution of bloed-
ite allows for the formation of additional crystals such as 

Fig. 4  Appearance changes of the five types of stone 
before and after the ageing test
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hexahydrite ( MgSO
4
· 6H2O) , epsomite ( MgSO

4
· 7H2O) , 

bloedite ( Na2Mg(SO
4
)2 · 4H2O) , and konyaite 

( Na2Mg(SO
4
)2 · 5H2O) [37]. Although the aforementioned 

salt crystallisation may not co-occur, this will inevitably 
complicate the crystallisation process within the rock pores, 
leading to the generation of crystallisation pressures. Con-
sequently, destruction may occur more significantly in the 
stage of the saline solution re-imbibition due to the transient 
high supersaturation ratio induced by the dissolution of salt 
crystals [67]. During the subsequent freeze–thaw stage, the 
ice chips would form inside the rock pore, further exerting 
pressure on the pore walls and exacerbating the ageing pro-
cess. These repeated crystallisation-dissolution-supersatura-
tion-recrystallisation processes damage the cohesion of rock 
grains, resulting in deterioration.

However, it is essential to emphasise that these weath-
ering processes have distinct impacts on two different 
types of rocks, LA (flint) and GM (tuff). Based on the 
characteristics of destruction, it can be inferred that the 
deterioration patterns are related to the location of crys-
tallisation, specifically the evaporation front. The surfi-
cial layer of LA rock delaminates from the body, which 
is considered to be caused by crystals formed under-
neath the surface. In contrast, no delamination or peeling 
was observed on the surface of GM rocks, but rather an 
abundance of salt crystals was deposited, signifying that 
crystallisation primarily occurs on the rock surface. The 
location of crystallisation, in turn, is influenced by poros-
ity and pore size distribution, which will be further eluci-
dated in Sect. “Pore structure characterisation”.

According to the dimensional change coefficient ( ε ) 
results, different degrees of volume expansion were 
observed in all five groups of stone samples (Fig. 5). The 
GM samples (tuff) exhibited the highest dilation ratio ( ε 
= 0.084% in width), which can be attributed to the pre-
cipitation of thick efflorescence on the rock surface. The 
LA sample (flint) exhibited the second-largest volume 
expansion rate, which is associated with surface delami-
nation and deformation. It is worth noting that the three 
carbonate rocks, namely YM (limestone), FL (limestone), 
and LQ (dolostone), also showed relatively slight volume 
expansion, even though no visible signs of crust, erosion, 
or deformation were observed on their exposed vertical 
surfaces. This suggests the presence of residual strain in 
these carbonate rocks, potentially induced by the thermal 
expansion of calcite and dolomite during repeated heat-
ing [68]. Additionally, subflorescences may also be pre-
sent beneath the lower part of the rock surface [69], but 
their influence is limited due to the low porosity, which is 
known to be correlated with low salt uptake [70].

Mechanical properties
The surface hardness of each stone group is depicted in 
Fig. 6. As shown in the figure, all samples demonstrate a 
decrease in surface hardness following the simulated age-
ing test. The GM, LA, LQ, YM, and FL samples experi-
ence an average decrease of 45%, 37%, 35%, 6%, and 5% 
in surface hardness, respectively. In conjunction with 
Sect.  “Appearance and dimensional changes”, it is evi-
dent that the two types of rocks exhibiting the greatest 
decreases in surface hardness are the types with the most 
severe deterioration patterns and noticeable volume 
expansion, namely GM (tuff) and LA (flint). This suggests 
that the tuff and flint rocks examined in this study are 

Fig. 5  Ratio of the dimensional change

Fig. 6  The boxplot of surface hardness before and after the ageing 
test. PRE-before the ageing test, AFTA-after the ageing test)
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less resistant to salt damage and freeze–thaw combined 
weathering compared to carbonate rock.

Figure 7 illustrates the splitting tensile strength of rocks 
following an ageing test. Comparing the fresh LQ sam-
ples with the aged LQ samples, it is evident from the 
boxplot that the aged samples exhibit a narrower inter-
quartile range (0.0069 kPa), a lower average splitting ten-
sile strength (0.0049 kPa), and a shorter distance between 
the median and the maximum (0.0055 kPa). These find-
ings indicate a significant decrease in the splitting tensile 
strength of LQ samples after undergoing the simulation 
ageing test. Furthermore, it is expected that the splitting 
tensile strength of the other more porous rocks used in 
this study should theoretically decrease after ageing. 
However, due to the lack of direct data, the exact extent 
of this decline cannot be determined, thus necessitating 
further research in future experiments.

Pore structure characterisation
Table  2 presents the porosity, average pore diameter 
(APD), water absorption coefficient by capillary (WAC), 
and specific surface area (SAMBET) for the five rock types. 
The table reveals that LA, FL, and LQ experienced an 
increase in porosity, with LA samples showing a nearly 
100% increase after the ageing test. Furthermore, the 
APD of LA, FL, and LQ also enlarged following the 

simulated ageing test. In contrast, both YM and GM 
showed a decrease in porosity after ageing. It should be 
noted, however, that the porosity of YM samples was 
extremely low, possibly falling below the minimum detec-
tion limit of mercury intrusion porosimetry, hence over-
estimating the initial porosity derived from this method. 
Considering the similar lower porosity of the LQ sample 
obtained through the nitrogen adsorption method, it can 
be assumed that YM’s initial porosity is likely lower than 
0.35% obtained after ageing, and the APD are expected 
to increase rather than decrease. Based on this inference, 
it can be concluded that only the GM samples (tuff) pre-
sent a significant decrease in porosity attributed to pore 
filling by salt crystals during ageing.

As depicted in Fig.  8, the specimens were compared 
before and after the ageing test to observe changes in 
the type of pore size distribution. For LA (Fig.  8c, d), 
the unequal bimodal pore size distribution transforms 
into a relatively equal unimodal pore size distribution, 
with a significant increase in the average pore size. In 
the case of LQ (Fig.  8g, h), the unequal bimodal pore 
size distribution shifts to an unequal trimodal pore size 
distribution, with a distinct new peak at 6.5 nm and an 
increase in the mean pore size. This suggests that pores 
with this diameter grow within the stone after under-
going the simulated ageing test. On the other hand, FL 

Fig. 7  Splitting tensile strength

Table 2  Pore structure analysis results and water absorption coefficient by capillary for the studied rocks

APD Average Pore Diameter, PRE before the salt and freeze–thaw test, WAC​ water absorption coefficient by capillary, AFTA after the salt and freeze–thaw test, SAMBET 
multipoint BET surface area

*determined by Gas adsorption (nitrogen) method

Sample name Porosity (%) APD (nm) WAC (g m2 s−0.5) SAMBET (m2/g)*

PRE AFTA PRE AFTA PRE AFTA AFTA

YM 1.54 0.35* 1095.925 38.05* 0.54829 0.77706 0.14

LA 5.93 11.50 19.8 97 3.36822 3.59301 16.03

FL 4.04 5.64 625.1 1778.7 0.3621 0.55393 0.12

LQ 0.32* 0.38* 18.79* 37.99* 1.04907 0.7139 0.40

GM 27.00 14.75 18.785 162.4 15.18607 8.40156 2.05
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(Fig.  8e, f ) maintains an unequal unimodal distribu-
tion after the ageing test, with a significant increase 
in the mean pore size. GM (Fig.  8i, j) undergoes a 
similar transformation in pore size distribution as LA, 
and the prominent peak shifts to a higher magnitude. 
Additionally, the proportion of larger pores (> 50  nm) 
and smaller pores (< 10 nm) in GM decreases, indicat-
ing that these pores, located near the upper and lower 

limits of the pore size distribution, tend to be preferen-
tially filled during crystallisation.

Based on the analysis of two types of salt deposition 
patterns (subflorescence on LA flint and the efflores-
cence on GM tuff) in Sect. “Appearance and dimensional 
changes ” and the pore structure of these two rocks, 
porosity and pore size distribution have been found to 
affect the deterioration patterns and destructive effects 

Fig. 8  Schematic presentation of pore size distribution in the five types of rock (YM, LA, FL, LQ, GM) before (PRE) and after (AFTA) the simulation 
ageing test. APD average pore diameter, MIP determined through mercury intrusion porosimeter, GS determined through gas sorption analyser 
[nitrogen adsorption]
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significantly. According to Darcy’s law, fluid flow speed 
is primarily determined by the porosity, permeability 
and density of porous media. In the same environment, 
a medium with lower porosity generally exhibits a lower 
flow rate than a medium with higher porosity [71, 72]. 
When the flow rate of the solution is lower than the 
evaporation rate, the front of evaporation will continue 
to recede, leading to the precipitation of crystals within 
the internal pores and the formation of more destructive 
subflorescence [9]. This could be a vital reason for the 
occurrence of subflorescence and surface deformation in 
LA rocks with lower porosity and relatively larger specific 
surface area. On the other hand, in GM rocks with higher 
porosity and larger average pore size, although this leads 
to increased salt absorption [70], a faster flow rate of the 
solution allows the salt solution to reach the rock surface 
more quickly, leading to deposition and the formation of 
efflorescence with less damage to the rock [73].

In addition, the size variations among the five differ-
ent types of rock samples do have some impact on the 
total amount of soluble salt absorbed into the rock, i.e. 
salt uptake, although it is not a decisive factor. More pre-
cisely, as mentioned above, salt uptake is associated with 
the rock’s porosity and pore size. For instance, under the 
same experimental conditions, rocks with a larger vol-
ume but low porosity and small pore diameter (such as 
YM and FL) may absorb less salt solution than rocks with 
a smaller volume but larger porosity and pore diameter 
(such as GM). Consequently, when there are fluctuations 
in ambient temperature and humidity, the larger-size 
rocks have fewer substances that can undergo the process 
of freezing, dissolving, crystallization, and recrystalliza-
tion. As a result, the intensity of weathering is weakened. 
However, rocks with smaller sizes generally exhibit lower 
mechanical properties, such as surface hardness, than 
larger ones. Therefore, when evaluating the degree of 
rock weathering based on surface hardness, it is recom-
mended to compare the rate of properties change before 
and after weathering rather than using direct data. All in 
all, numerous factors influence the resistance of rocks to 
weathering. For soluble salt and freeze–thaw combined 
weathering, the sample size affects the absorption of 
the salt solution by influencing the overall pore volume; 
besides, it also affects the initial mechanical strength. 
However, the type of deterioration patterns and ultimate 
extent of damage are more closely related to the porosity 
and pore size distribution.

Implication to the deterioration of rock‑hewn heritage
The deterioration patterns and degree of weather-
ing caused by the synergic impacts of salt mixture and 
freeze–thaw are determined by the intrinsic properties 
of the rock specimens. Among the five types of rock, 

the porous flint (LA) and tuff GM) were found to be the 
most vulnerable. This suggests that heritages hewn from 
them are more susceptible to the combined effects of the 
salt weathering and freezing-thaw than those hewn from 
relatively compact carbonate stone. Therefore, it is neces-
sary to be vigilant about the negative impact of salt and 
frost damage in the West Lake Cultural Landscape of 
Hangzhou,specifically those in the Baoshi and Gu Moun-
tains that constitute of volcanic sedimentary rock, like 
tuff.

On the other hand, higher porosity leads to greater 
water absorption capacity, making the re-imbibition of 
saline solution the most harmful phase during the weath-
ering process. This is due to the crystallization pressure 
generated by the dissolution and recrystallization of the 
deposited salt crystals inside the rock pores. This danger-
ous process is most likely to occur in rainy and humid 
climates. In comparison to the year-round climate con-
ditions in Hangzhou, the summer with ‘plum rain’ (rainy 
season) and a hot and humid climate is the most unfa-
vourable season for this type of rock-hewn heritage as 
these salts can reach their maximum destructive poten-
tial under such climatic conditions [74, 75].

The carbonate rocks (YM, FL, and LQ) show minimal 
visual changes but exhibit noticeable dimensional expan-
sion, which is likely due to repeated heating during the 
high-temperature phase of the ageing cycle. This expan-
sion poses a potential threat to the structural integrity of 
heritage sites hewn on these rocks. Given the humid sub-
tropical climate of the West Lake Cultural Landscape of 
Hangzhou [76] and the escalating frequency of extreme 
high-temperature events in recent years [77], it is cru-
cial to pay more attention to the damage caused by such 
thermal expansion on the carbonate rock-hewn heritages 
such as the renowned Feilai Feng Peak Buddha sculptures 
(1281–1292 CE) and Ciyunling Statues (942 CE) [78, 79].

Conclusion
The investigation of laboratory simulation of stone 
weathering, utilizing climate data from the heritage site 
and a standardized ageing test protocol, can yield more 
realistic outcomes of properties alteration, such as pore 
size distribution, water absorption, surface hardness, 
and changes in appearance, and unveil the deteriora-
tion mechanisms of the immovable cultural heritage, 
namely rock-hewn heritage. Consequently, it not only 
aids in comprehending the weathering process of local 
rock-hewn heritage but also facilitates comparisons with 
research on similar cultural heritage sites in different 
regions. This accumulation of reliable data and results 
contributes to a more comprehensive understanding of 
the drivers and mechanisms of weathering in rock-hewn 
heritage conservation.
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The repeated salt contamination and freeze–thaw 
cycles caused different deterioration patterns on different 
stone types. Subflorescence was formed on the relatively 
porous flint (LA), leading to the destruction and defor-
mation of its original appearance. A thick crust layer 
formed on the surface of the most porous sedimentary 
tuff (GM), covering the initial surface of the stone but less 
destruction on the stone’s intactness. This emphasizes 
that rock-hewn heritages with moderate porosity (~ 5%) 
and a higher proportion of micropores are prone to expe-
rience more irreversibly destructive damage caused by 
subflorescence under a combined salt weathering and 
freeze-thawing effect.

In contrast, no evident visual changes happened on 
the three compact carbonate stones (YM, FL, and LQ), 
but volume expansion, which is more likely to be asso-
ciated with repeated heat, also occurred. This is a 
potential threat to the temperature-sensitive carbonate 
rock-hewn heritage, especially those heritages in sub-
tropical climates. Considering the continuously warming 
climate and increasing occurrence of extreme climatic 
events, like heat waves, heavy rain and flooding, there is 
an urgent need to cut off the direct contact between the 
rock and the atmospheric environment to mitigate fur-
ther weathering and deterioration.

The aforementioned recognition indicates that rock 
heritage hewn from different rock types reacts differ-
ently to the same weathering driver. Porous materials 
like flint and tuff are more susceptible to the combined 
effects of soluble salts and freeze–thaw cycles com-
pared to denser carbonate rocks. Consequently, when 
developing a preventive conservation strategy centred 
on environmental control, it is crucial to identify the 
primary weathering factors, the influential environ-
mental parameters, and the conservation measures 
based on the specific rock type and its inherent prop-
erties, such as mineralogy composition and pore size 
distribution. Additionally, considering the immovable 
nature of rock-hewn heritage, it is essential to analyze 
the characteristic information pertaining to the sur-
rounding environment connected to the site. With the 
comprehension of these factors, further efforts should 
be undertaken in the future to comprehensively assess 
the intrinsic properties of such rock-hewn heritage and 
the microenvironments surrounding them.

Appendix
See Fig. 9
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