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a b s t r a c t 

The natural moisture condensation is considered an important decay factor for stone relics. If protection 

is only concerned with the conditions under which water forms on the surface, it can cause liquid water 

to form inside the stone relics over and over again. In this situation, it can lead to considerable damage 

to the stone relics in fact. In order to investigate the condensed water inside the stone relics, critical 

conditions have been calculated and a verification experiment has been conducted. The process of the 

moisture from a gaseous to a liquid state has been studied by several ways, such as the temperature and 

relative humidity analysis, the resistance and moisture analysis. The situation of both fresh and weathered 

sandstone samples is considered and analyzed. The results show that the liquid water was produced 

inside the stone relics before it was formed on the surface when the temperature and humidity gradient 

distribution from the rock surface to the inner rock is reduced. At last, this paper provides useful guidance 

to eliminate the harmful effects of the condensed water. 

© 2022 Elsevier Masson SAS. All rights reserved. 
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ntroduction 

The decay of stone cultural heritage exposed to the outdoors 

s caused by the interaction of numerous factors, natural and an- 

hropic. Particularly, the natural moisture condensation is consid- 

red an important decay factor for stone relics [1–3] . The presence 

f liquid water facilitates chemical reactions of the pollutants, de- 

osited on the surfaces during the dry phase. They may react with 

he surfaces itself producing crusts, or change the pH of the water 

nd facilitate the dissolution of soluble salts. Moreover, the pres- 

nce of liquid water aids the growth of biological organisms on 

he stone. 

From the beginning of the twentieth century, many research 

orks have been done about the protection of the stone relics in 

oth China [4–6] and abroad [7–12] , which have achieved effec- 

ive progress. The studies explain the complex interaction between 

he condensed water and the stone relics [13–18] . The quantita- 

ive measurement of the condensed water is available and the cor- 

esponding equipments are developed and applied to the physi- 

al protection in stone relics such as large-scale grottoes [ 19 , 20 ].

hese works have reduced the atmospheric relative humidity of 

he grottoes’ microclimate and further reduced the condensed wa- 
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er on the stone relics. In the process of treating condensed wa- 

er, it usually takes the condition of surface produced liquid water 

s the condition of treatment. According to the long-term mon- 

toring results at Yungang Grottoes [ 20 , 21 ], it has revealed that 

he temperature gradient from outside (air and stone surface) to 

nside (stone interior) is from high to low especially in the sum- 

er. In the case of indoor air and rock surface temperature and 

umidity conditions in Yungang Grottoes not reach the dew point 

emperature, there will be condensation precipitation on the sur- 

ace, and we guess that before the surface produces condensate, 

ondensate has formed inside the rock. In addition, when the air 

emperature and humidity conditions reach the dew point tem- 

erature, condensate is generated on the surface, but condensate 

as been generated internally under this temperature and humid- 

ty gradient condition. In our opinion, before the condensed water 

as formed on the surface of these porous stone materials, the liq- 

id water had been produced inside at a certain depth through the 

etwork of pores especially when the indoor air humidity is high 

uring the summer rainy season. If conservation is only concerned 

ith the conditions under which water forms on the surface, it can 

ause liquid water to form inside the stone relics over and over 

gain. In this situation, it can lead to considerable damage to the 

tone relics in fact. 

In this paper, in order to investigate the condensed water in- 

ide the stone relics, critical conditions have been calculated and a 

https://doi.org/10.1016/j.culher.2022.05.003
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erification experiment has been conducted. Considering the rep- 

esentation, we used sandstone samples from Yungang Grottoes as 

he experimental materials. The process of the moisture from a 

aseous to a liquid state has been studied by several ways, such as 

he temperature and relative humidity analysis, the resistance and 

oisture analysis. At last, the liquid water was produced inside the 

tone samples before it was formed on the surface when the tem- 

erature and humidity gradient distribution from the rock surface 

o the inner rock is reduced. This paper provides useful guidance 

o eliminate the harmful effects of the condensed water, enhances 

he understanding of the formation mechanism of the condensed 

ater inside the stone relics, improves the quality of the conserva- 

ion of stone cultural heritage. 

esearch aim 

The aim of this study was to investigate the condensed water 

nside the stone relics. We have conducted an experiment to study 

he process of the moisture from a gaseous to a liquid state in- 

ide the stone relics in order to provide useful guidance to elim- 

nate the harmful effects of the condensed water. It also can be 

elpful for cultural heritage conservationists to understand the for- 

ation mechanism of the condensed water inside the stone relics. 

he study might improve the quality of the conservation of stone 

ultural heritage, especially large-scale grottoes. 

ethodology 

ritical relative humidity (RHc) and dew point temperature (T d ) 

In the case of the porous material and within the micropore 

ystem, the condensation phenomenon is governed by Kelvin’s law, 

here for each pore radius (r) there is a critical relative humidity, 

Hc [3] . The effect of surface tension of porous materials can in- 

uce condensation inside pores even when temperature is higher 

han the dew point temperature [ 3 , 12 ]. Referring to the Kelvin

quation, condensation happens inside pores even if the relative 

umidity is below 100%, and the effect is more relevant in pres- 

nce of pores with a very small radius. The following equation has 

een used for the calculation of critical relative humidity values 

RH C ) [3] : 

 H c = 100 · e 
−2 σw . V m 

rRT (1) 

here σ w 

is the surface tension of water in air–liquid interaction, 

.072 N/m; V m 

is the molar volume of water, 18 cm 

3 /mol; R is the

as constant, 8.3144621 N m/mol/K; r is the pore radius and T is 

he temperature of thermodynamic system in equilibrium, K. 

The dew point temperature (T d ) is the temperature at which 

he free water vapor, in humid air at constant barometric pres- 

ure, turns from a gaseous to a liquid state and finally accumu- 

ates on the cold material surfaces. At 100% relative humidity, the 

d is equivalent to air temperature. The Td can be calculated using 

q. (2) based on the August–Roche–Magnus approximation for the 

aturation vapor pressure of water in air as a function of tempera- 

ure [ 3 , 8 ]. 

 d = 

b · lg 
(

P 
P 0 

)
a − lg 

(
P 
P 0 

) = b ·

⎡ 

⎣ 

a 

lg 

(
RH · 10 

a ·t 
b+ t 

) − 1 

⎤ 

⎦ 

−1 

(2) 

here RH is the relative humidity, 100 > RH > 1,%; t is air temper-

ture, 60 > t > 0, °C; a 7.5, b 237.3. 

xperimental design 

As a world cultural heritage, Yungang Grottoes are a typical rep- 

esentative of the stone relics of the Northern Wei Dynasty, the 
2 
rottoes are excavated by the mountains, the statues are majes- 

ic and magnificent, and the artistic achievements are extremely 

igh. Yungang Grottoes are a large-scale and well-preserved trea- 

ure trove of Buddhist art in China and the world, with a history of 

ore than 1500 years. There are 45 main caves in Yungang Grot- 

oes, with more than 51,0 0 0 large and small statues. Researchers 

ave made a large number of long-term observations of the micro- 

limate/climate conditions of Yungang Grottoes[20,21]. The sand- 

tone samples used in this paper were taken from the mountain 

ass on the east side of Yungang Grottoes Scenic Area, and the 

ollected rock samples were homogeneous gray, with no obvious 

ssures and joint development on the surface. In order to avoid 

he influence of the superficial regolith layer, fresh rock mass in- 

ide more than 20 cm from the surface is selected when mining. 

ne piece of fresh sandstone quarried in Yungang Grottoes was 

elected with respect to typical of porosity, composition, and di- 

genesis processes. Then, two studied samples were cut into the 

ame cuboid with size of 200 mm × 120 mm × 120 mm. One 

as taken as fresh sample and the other one was taken for freez- 

ng and thawing test in order to form the weathered sample. The 

eathered sample has undergone 25 freeze-thaw cycles. 

Our experimental treatment process refers to the "Standard for 

xperimental Methods of Engineering Rock Masses" (GB/T 50,266–

013) standard. Five holes with radius of 7 mm and depth of 

0 mm were made in the fresh sample in which to place tem- 

erature and humidity sensor. The pretreatment process for stone 

ample is as follows: 1) drying in oven under 105 °C for 72 h; 

) sealing the sample surface with epoxy resin except the front 

ide and sealing the holes with sealant; 3) standing in a desiccator 

or 24 h; 4) curing under 60 °C in drying oven. Then the exper- 

mental setup can be built as shown in Fig. 1 . The environmen- 

al control box is used to maintain relatively stable humidity and 

emperature which one side is open to the front side of the stand 

ample. One cup of saturated salt solution (75.3% sodium chloride 

olution) is used for maintaining the humidity that let the water 

apor spread to the sandstone sample. One and five (1# ∼ 5#) 

emperature and humidity sensors (temperature range: −40 ∼125 

C, RH range: 0 ∼99%) are separately placed in the environmental 

ontrol box and the stone sample which the data can be real-time 

isplayed and recorded on computer. The compression refrigera- 

ion system (minimum refrigerating temperature: −15 °C) is used 

or cooling down the stand sample. The insulation resistance tester 

maximum measured value: 5.5 G Ω ) is used to measure the re- 

istance between the two points in the same position of the two 

pposing sample sides. The position of five resistance measuring 

oints (1# ∼ 5#) corresponds to the five sensor positions as shown 

n Fig. 1 . Steel nails were nailed to the sample at the position of

ve resistance measuring points (1# ∼ 5#) before sealing the sam- 

le. The microwave moisture system (MOIST350B) [11] measures 

he moisture of different position of the sample as shown in Fig. 1 .

The humidity gradient will form in the sandstone sample after 

tanding for a certain period of time. Then, the compression refrig- 

ration system will work to cool down the sample in order to form 

he temperature gradient. During the whole process, the data will 

e recorded and analyzed to find out whether the liquid water is 

roduced. 

At last, the weathered stone sample after the same pretreat- 

ent is placed in the constant temperature and humidity incuba- 

or to form a certain humidity gradient. Then, the same experi- 

ental process is carried out to study and validate this problem. 

esults and discussions 

Fig. 2 shows the scanning electron microscopy (SEM) of the 

tudied fresh and weathered sandstone samples. As the results 

hows, it is clear that the weathered stone has more fissures than 
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Fig. 1. Experimental setup. 

Fig. 2. SEM of studied sandstones. a . fresh. b .weathered. 
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Table 1 

RH C of the sample. 

Stone sample Mean pore diameter (nm) RH c (%) 

Fresh 180.8 98.83 

Weathered 219.1 99.03 

r

b

f

s
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m

b

i

b

t
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e

he fresh one. These pores and fissures give the stone a porous 

etwork ranging between 1 μm and 5 μm, whereas the bigger 

ores range between among 5 μm and 10 μm. It is also evi- 

enced by the pore size distribution of the fresh and weathered 

amples. 

The pore size distribution was obtained by mercury intrusion 

orosimetry (MIP) testing. Fig. 3 shows the pore diameter distri- 

ution of the studied fresh and weathered sandstone. The pore 

ize distribution of the fresh stone indicates that more than 90% 

f the pores are in the range of 6.6 ∼ 2525.6 nm, which is 18.8 ∼
1,326.4 nm for the weathered one. The red curve shows that the 

resh stone has a bimodal pore size distribution, with two main 

eaks at 150 nm and 600 nm and with a mean pore diameter of 

bout 180.8 nm. The black curve shows that the weathered stone 

as a monomodal pore size distribution, with one central peak at 

00 nm and a mean pore diameter of about 219.1 nm. By compar- 

ng the curved lines, it can be seen that the distribution percentage 

f the weathered stone is lower than the fresh one in the small 

ore diameter range, which means that the small size holes run 

hrough to form the big ones. However, in the big pore diameter 

ange, the distribution percentage of the weathered stone is bigger 

han the fresh one, which means that many big size holes appear. 
3

Considering that condensation occurs inside pores even if the 

elative humidity is below 100%, RH C of the sample is calculated 

y Eq. (3). Table 1 shows the calculated results that the RH C of 

resh one is 98.65% and for the weathered one is 99.03%. It can be 

een that the effect of pores on the relative humidity is limited in 

ur study. 

Fig. 4 shows the relative humidity of the six sensors over 3 

onths. The RH in the environmental control box is relatively sta- 

le and maintains about 73%. As the water vapor spreads, the RH 

n the sample rises gradually and shows a certain gradient distri- 

ution according to the distance between the 1# ∼ 5# sensors and 

he environmental control box. In order to prevent the influence 

f high humidity environment on the resistance measurement, the 

nvironmental control box was removed and then the compression 
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Fig. 3. MIP of the studied sandstones. 

Fig. 4. The recorded RH of six sensors before the cooling treatment. 
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efrigeration system began to work in a stable experimental envi- 

onment. 

According to the temperature and humidity at the beginning of 

he cooling, the T d is calculated as shown in table 2 . The corre-

ponding condensation time during the cooling process is listed in 

able 2 . The resistance drop time in Table 2 is acquired from value

istribution in Fig. 7 which shows the measured resistance values 

ccording to the position shown in Fig. 1 . The resistance, moisture 
4 
ontent, temperature and RH were simultaneously measured and 

ecorded during the 3 h of the cooling process. 

Fig. 5 shows the relative humidity and temperature of the 1# 

5# sensors. Fig. 6 reflects the distribution characteristics of the 

oisture content in the sandstone sample in such short time cool- 

ng process. The curves separately represents the moisture content 

f four measurement point which distances from the environmen- 

al control box side are 3 cm, 5 cm, 7 cm and 9 cm. 
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Table 2 

T d , condensation time and resistance drop time for fresh stone sample. 

Sensor position 1# 2# 3# 4# 5# Environment 

Temperature ( °C) 19.0 19.0 19.0 19.0 19.0 19.0 

RH (%) 65.0 59.6 54.7 51.4 48.7 43 

T d ( °C) 12.25 10.96 9.68 8.79 8.02 5.11 

Condensation time (min) 59 63 62 47 33 / 

Resistance drop time (min) 95 65 70 55 55 / 

Fig. 5. Relative humidity (a) and temperature (b) of the 1# ∼ 5# sensors. 

Fig. 6. Moisture content of the sample. 
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It can be seen that the RH and the temperature are both on a 

ownward trend. The RH values ( Fig. 5. a) in the 1# ∼ 5# holes

on’t rise as the values before cooling process shown in Fig. 4 . 

ince the water vapor spread about 3 months, the moisture got 

 dynamic equilibrium state in the stone sample. During the 3 h 

ooling process, the moisture in the holes turned into liquid wa- 

er, but there was not sufficient supply of water vapor. It is clear 

n Fig. 6 that the absolute moisture content of the sample changed 
5 
ittle with cooling time and the values fluctuated on more than 5%. 

herefore, the RH dropped in the cooling treatment. 

The condensation time in Table 1 is marked in Fig. 7 with a 

ed line and the resistance drop time seen from the Fig. 7 is also

arked with a black line. The resistance values will descend since 

he moisture in the sandstone turns from a gaseous to a liquid 

tate. It can be seen that the resistance falls down not at the con- 

ensation time, namely, the T d point. According to the experimen- 
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Fig. 7. Resistance value distribution (measuring points: 1# ∼ 5#) of fresh sandstone sample. 
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Table 3 

T d , condensation time and resistance drop time for weathered stone sample. 

Sensor position 1# 2# 3# 4# 5# Environment 

Temperature ( °C) 18.2 18.2 18.2 18.2 18.2 18.2 

RH (%) 77.52 71.32 65.1 71.2 76.45 50 

T d ( °C) 14.27 12.85 11.52 12.92 13.90 7.62 

Condensation time (min) 68 77 87 48 23 / 

Resistance drop time (min) 210 160 105 75 75 / 

Fig. 8. Relative humidity and temperature. 
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al observations, the electrical resistivity will rise as the sandstone 

emperature declines. Therefore, resistance values don’t drop im- 

ediately even when the T d is reached. The decline of the resis- 

ance value illustrates that liquid water was produced after the 

ew point in the sandstone sample, meanwhile it didn’t form liq- 

id on the stone surface. The experiment was simulated based on 

he monitoring results of the Yungang Grottoes, that is, the tem- 

erature was low from the outside to the inside, and the humidity 

as reduced from the outside to the inside. In our experiments, 

he temperature and humidity of the surface rocks cannot be mon- 

tored, and in this temperature and humidity gradient, the time to 

each the dew point temperature inside will be earlier than the 

urface time, which can be seen from the generation time of the 

ew point temperature in the experiment. In addition, the first few 

umbers in Fig. 7 3# and 5# are almost the same because the in-

ulation resistance tester is out of range, but that doesn’t affect the 

esults. 

The weathered stone sample after the same pretreatment is 

laced in the constant temperature and humidity incubator to 

orm a certain humidity gradient. Then, the same experimental 

rocess is carried out and the corresponding results are shown in 

able 3 , Figs. 8 and 9 . In addition to an overall downward trend,

he humidity gradient in stone sample has a tendency to be high 

t both ends (1#, 5#) and low in the middle (3#) as shown in

ig. 8 (a). 

The calculated T d , the condensation time and the resistance 

rop time during the cooling process are listed in Table 2 . 

Fig. 9 shows the measured resistance value of the weathered 

andstone sample. It is clear that the values drop after the conden- 

ation time. Therefore, the moisture in both the fresh and weath- 

red sandstone samples turned into liquid water when the humid- 

ty and temperature meet the condensation condition. In addition, 
7 
n Fig. 7 1# and Fig. 9 1#, 2#, there is too much difference between

he time of reaching dew point temperature and the time of re- 

istance decline, which may be related to the rate of temperature 

eduction, the specific range of the temperature and humidity gra- 

ient field, and the amount of water produced under these condi- 

ions. 

In the case that the temperature and humidity gradient dis- 

ribution from the rock surface to the inner rock is reduced, 

hat is, the temperature is low from the outside to the inside, 

nd the humidity is also reduced from the outside to the in- 

ide, and the inside of the rock will produce condensate before 

he surface. According to our findings, under the condition of 

his temperature and humidity gradient field formation, the in- 

erior will produce condensate before the surface, that is, the 

ime when the dew point temperature reaches, the interior will 

e earlier than the surface. This can also be seen from the mo- 

ent when the dew point temperature is generated. Therefore, 

he prevention and control of condensation water should focus 

n not only the surface but also the interior of the stone relics, 

hich is of great significance to the protection of stone cultural 

eritage. 

onclusion 

In this paper, critical conditions have been calculated and a ver- 

fication experiment has been conducted to investigate the con- 

ensed water inside the stone relics. The process of the moisture 

rom a gaseous to a liquid state has been studied by several ways, 

uch as the temperature and relative humidity analysis, the resis- 

ance and moisture analysis. The results show that the liquid water 

as produced inside the stone before it was formed on the surface 
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Fig. 9. Resistance value distribution (measuring points: 1# ∼ 5#) of weathered stone sample. 
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hen the temperature and humidity gradient distribution from the 

ock surface to the inner rock is reduced. At last, this paper tells us 

hat the prevention and control of condensation water should fo- 

us on not only the surface but also the interior of the stone relics,

hich is of great significance to the protection of stone cultural 

eritage. 
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