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In order to thoroughly investigate the weathering mechanism of the murals in Dunhuang Mogao Grottoes, based on the
independently developed hydrodynamic test system of the surrounding rocks under the combined action of temperature,
humidity, and stress, this study performed the liquid water adsorption test and gaseous water adsorption test of the surrounding
rocks of the support body of Dunhuang Mogao Grottoes, as well as the softening test of the strength of liquid water adsorbed by
the rock samples. The experimental results are as follows: (a) Q–t curve and lnw–lnt curve of the three types of black sandstone
rock samples obtained by analyzing the nonpressure water absorption experiment data indicate that the Q–t curve of the rock
samples showed a similar trend with time, with the initial curve being steep and rapid increase in the water absorption; the
double logarithmic curve of water absorption is convex and tends to be saturated. (b) The absorbing water softening test
analysis was carried out for four types of siltstone specimens with intensity of pressure; bibulous rate was found to vary with
time, and sample parameters such as compressive strength and elastic modulus decreased linearly with increasing water
absorption at different times of uniaxial compression test. (c) Through the summer and winter and cave surrounding rock
within the sample, the gas adsorption of water simulation was combined with the adsorption curve analysis, indicating that the
adsorption characteristics of the surrounding rock and the correlation of larger sample depend on season. These research results
provide a reliable theoretical basis and technical support for the protection of the murals in the Mogao Grottoes of Dunhuang
and the prevention and control by salt damage.

1. Introduction

The murals in the Mogao Grottoes of Dunhuang contain
important historical, scientific, and artistic values as well as
are important historical and cultural heritage of China for
thousands of years; even though it is located in an arid region,
water poses a major threat to the preservation of rock mass in
this heritage [1, 2] . This study was conducted to investigate
the effect of rainfall on rock erosion. Various damages have
been diagnosed under natural and human factors; therefore,
it is of great significance to study and investigate the corro-

sion mechanism for the original site protection of Grotto
murals. As an important part of Grotto murals, surrounding
rock support is very important for the protection of murals to
study the weathering mechanism [3–6]. Based on the litera-
ture reports [7–10] on the effect of temperature, humidity,
water, pH, microorganisms, plants, and animals of recog-
nized factors on the Grottoes, many field and laboratory
experimental methods have been developed to thoroughly
study their effect on the Grottoes. In addition, in order to
protect the Mogao Grottoes, a series of geophysical explora-
tion, regional environmental regulation, and other measures
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such as engineering of sand control were carried out and
found to play a positive role in the Mogao Grottoes weather-
ing [11–13].

There are cross-cutting fissures, level fissures, longitu-
dinal cracks, and unloading fissures distributed in cliff of
Mogao Grottoes by the influence of tectonic movement,
long-term weathering, and excavation of caves. The inter-
action and development among these fractures will directly
affect the cave’s surrounding rock’s stability, and mean-
while, these fractures are also channel for migration of
water and moisture [14]. The weathering of grotto sur-
rounding rocks and the corrosion (or deterioration) of
murals regularly occurred by a combination of multiple
factors; therefore, studying the weathering of grotto sur-
rounding rocks under the action of multifield coupling is
extremely urgent.

The conventional sampling drill, geotechnical laboratory
hydrological test system, and in situ test equipment and
methods for geotechnical experiment system cannot meet
the demand of protection of Grottoes, particularly cultural
relics, under the existing limitations of geotechnical experi-
mental method applied to the protection; therefore, nonde-
structive testing and simulation experiment were carried
out to study the Grotto rock weathering and damage of
murals by salt, and this development process led to signifi-
cantly important research results [15–18]. Rock weathering
is mainly a variety of physical, chemical, and biological pro-
cesses that cause rock damage and changes [19–21]. A series
of studies reported that the grotto surrounding rock weather-
ing and mechanism of mural deterioration is principally
affected by moisture [22–24]; therefore, it is of great signifi-
cance to reveal the weathering regularity of grotto surround-
ing rocks under the action of water and investigate the
corrosion mechanism of mural for better protection of grotto
murals. The key scientific problem is reportedly the interac-
tion between water and rock under a combination of differ-
ent conditions [25, 26].

At present, the outstanding characteristic of the experi-
mental investigation on the weathering mechanism of the
Mogao Grottoes in Dunhuang is to carry out simulation
experiment on the existing environment of cultural relics
obtained from the field monitoring data. In literature [27],
the main influencing factors temperature, relative humidity,
and light in the simulation experiment, the temperature cycle
change, ultraviolet irradiation, and exposure were used to
simulate the corrosion of murals, indicating that salt crystal-
lization played an extremely important role in the corrosion
of murals.

The above research results provided abundant methods
for analyzing the weathering mechanism of the surrounding
rock and the damage of murals by salt, but the problems need
to be solved urgently as follows:

(1) Due to lack of a multifield coupling experimental sys-
tem to simulate the environment of cultural relic for
protection, there are a few studies on the surrounding
rock of the support body, because the objects of pig-
ment and earth layer were the main studies for the
protection of Dunhuang Mogao Grottoes [28]

(2) Dry-wet and freeze-thaw cycle are based on single
factor of the traditional experimental research or in
the case of lacking coupling effect of multiple factors
in experimental methods and models through com-
bination of experimental methods such as wind ero-
sion experiment on samples with different degrees
of freeze-thaw experiment

(3) There is no consensus on the quantitative relation-
ship between various factors and weathering failure
under multifield coupling, and the weathering theo-
ries and mechanisms need to be further studied

(4) In the response to these problems, relevant research
and development have been carried for surrounding
rock hydrological experiment system under the com-
bined effect of temperature, humidity, and stress

2. Analysis of Regional Geological Conditions of
Dunhuang Grottoes

2.1. Physical Geography. Mogao Grottoes, in the front of
the Dangquan, east to Sanweishan, are located at the east-
ern foot of Mingsha Mountain, 25 km southeast of Dun-
huang city and are the largest and most famous
Buddhist art grottoes in China, also known as “thousand
Buddha caves.” Mogao Grottoes now contain 735 grottoes
and 492 grottoes with sculptures and murals, distributed
on the cliffs of Mingsha Mountain in three or four layers.
The total length is approximately 1600m, and the total
area of the murals is ~45,000m2 comprising more than
2,000 painted Buddha statues.

2.2. Regional Meteorological Characteristics. In the climate
with dryness and less rain, mass evaporation temperature
varies widely between day and night, and plenty of sunshine
pertains to the typical drought in the warm temperate zone
[29, 30] with the following specifications: average annual pre-
cipitation, 39.9mm; evaporation, 2,486mm; annual sunshine
hours, 3,246.7 h; average annual temperature, 9.4 °C; highest
monthly average temperature, 24.9°C (in July); mean mini-
mum monthly temperature, 9.3°C (in January); extreme low
temperature, 43.6°C; minimum temperature, 28.5°C; and
annual average frostless period, 142 days.

The data pertaining to the annual rainfall recorded by
the research institute of Dunhuang Mogao Grottoes in
2012 (Figure 1) indicate that the scare annual precipitation
is mainly distributed from May to August approximately
150–240 d in the summer and occasional snowfall in the
winter.

The temperature and humidity distribution characteris-
tics were monitored and analyzed by the research institute
of Dunhuang in 2012 (Figure 2), indicating that the annual
minimum temperature was -19°C, and the highest atmo-
spheric temperature was 33°C. The hot and humid envi-
ronment was particularly significant during the times of
150–180 d, especially from May until August. At the same
time, the humidity showed obvious synchronous charac-
teristics, and the effective range reached 3 to 5 days.
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2.3. Engineering Geology and Hydrogeological Conditions

2.3.1. Engineering Geology Conditions. Dunhuang Mogao
Grottoes are located at the western end of Hexi corridor, at
the upper edge of alluvial-diluvial fan formed by the outlet
of Daquan River. The plain in the front of Mogao Grottoes
is class I terrace, and the class II terrace here has been eroded
and destroyed, forming a steep cliff with a height of approx-
imately 45m.

The extended length of grottoes is ~1680m and is posi-
tioned 10–45m away from the floor of the cliff body, contain-
ing mainly existing statues and murals of all the dig
remaining curves arranged in two to four layers, roughly
north–south. The length of the south vertical cliff body is
920m at about a slope of approximately 40°, and the height
is 10–20m in the upper part, presenting the characteristics
of gentle up, steep down, and perpendicular to the horizontal
plane. The height of the cliff body decreases gradually from
south to north, in line with the topographic height along
the direction of the river and finally ends up in the vast flat
Gobi Desert in the north.

2.3.2. Rivers and Hydrogeological Conditions. Daquan River
connects to Dongshuigou in the east and near the Dang River
in the west, constituted by the surface and overflowing sub-

surface water with only surface river in the Mogao Grottoes
area of Dunhuang. The total drainage area is 1131.12 km2.
The main ditch length was 71.19 km from Mustang Moun-
tain in the south to Mogao Grottoes in the north. The
Daquan River first passes through Sanwei Mountain, then
flows through Mogao Grottoes, and joins Dang River, and
finally flows into Shule River, belonging to the Shule River
system. The average annual flow is 0.08m3/s with short of
flowing, except the annual flood season.

2.4. Characteristics of Temperature and Humidity
Environment in the Cave. Based on the existing research
progress, the variation law of temperature and humidity is
summarized in the west surrounding rock mass of cave 108
in Dunhuang Mogao Grottoes (Figure 3). The analysis of
the annual environmental monitoring curve showed that
the external factors affected to a significantly high state, while
the fluctuation was nonsignificant in Dunhuang Cave 108.
The annual minimum temperature was 4.5°C; the highest
temperature of the cave was 15°C; the time period of high
temperature during 180–300 d with the hysteretic nature of
the caves indicates that atmospheric humidity and humidity
of caves are directly affected by precipitation in 150–210 d
range; however, the annual climatic environment with cold
in the summer and warm in the winter resulted in humidity
below 80% of the whole humidity. The fluctuation in the
temperature inside the caves was related to the annual atmo-
spheric temperature.

The occurrence condition was continuously monitored
during the drilling of the support body of murals, and the
monitoring curve is shown in Figure 4.

Temperature more or less becomes constant with
increasing depth, with the maximum fluctuation range from
7 to 15°C. The overall trend of monitoring curve showed that
the relative humidity increases with the depth of the sur-
rounding rocks, and the annual fluctuation in humidity was
not significant. The relative humidity was even more than
95% while sometimes was stable to 100% of the detection
data, whereas the length exceeded 2.5m. This phenomenon
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Figure 1: Mogao Grottoes annual rainfall trend.
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showed that in the deep support body, the water was
completely in the gaseous condition, and the internal humid-
ity remained higher throughout the whole year, and the rela-
tive humidity was 100% in the deep drilling area during
drilling formatting. At a depth of 2.5m, the humidity level
was always 100%. With increasing depth, the relative humid-
ity decreased, indicating the loss of water in the shallow sup-
port, and the balance distance was 2.5m.

3. Intelligent Testing System for Soft Rock
Hydrologic Liquid Water

In order to study the water characteristics of the surrounding
rock of Mogao Grottoes in Dunhuang, the intelligent testing
system mainly comprising three parts main experiment box,
weighing subsystem, and data acquisition subsystem of soft
rock aqueous liquid water was developed by combining the
absorption characteristics of the rock and water samples of
Mogao Grottoes in Dunhuang.

3.1. Main Test Chamber. The main experimental chamber is
a large box, placed in the main device of the water absorption
experiment in the laboratory. Eight scales and eight rock
samples (four nonpressurized rock samples and four pressur-
ized rock samples) were kept in the studio interior space. The
upper and middle parts of the studio are provided with a bal-
ance bracket, placed on the bracket, and the water supply
bucket is at the top of the balance. A rock sample placement
box, used to place rock samples, is also placed inside. The
temperature and humidity test device recorded the tempera-
ture and humidity data, which were then transferred to the
dashboard in the box at any time.

The specification of the system main experiment cham-
ber was 1300mm ðlengthÞ × 1000mm ðwidthÞ × 1700mm
(height). The front of the box body has eight grooves
(Figure 5), with a size of 150mm ðwidthÞ × 400mm (height).
The transverse distance of each other groove was 140mm.

The bottom of the upper groove was positioned 295mm
away from the lower groove, and the bottom distance
between the lower groove and the box was 50mm. The tem-
perature and humidity instrument panel was installed on the
upper part of the cabinet, and their specific size was deter-
mined by the size of the instrument panel.

A rectangular hole with a specification of 85mm ð
transverse lengthÞ × 35mm (vertical height) was arranged
responsibly for importing power line and exporting serial
port line in the lower part of the box body. The upper end
of the hole positioned 750mm away from the bracket on
the balance, and the right side of the hole was 650mm away
from the back of the box.

The bracket for the balance was divided into two layers
(Figure 6) and has a push-pull type design with a width of
500mm. The distance between the upper bracket and the
bottom of the box was 1135mm, and the lower bracket posi-
tioned 580mm away from the bottom of the box. The bracket
correspondence with the box was related to the closed door at
the back of the box. The bottom and top surfaces were
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supposed to reserve a hole with a diameter of 10mm on the
upper groove.

3.2. Weighing Subsystem. The weighing subsystem part is
composed of eight electronic balances, placed on the plat-
form of the upper and middle parts of the main experiment
box and connected to the computer through the data line to
realize the transmission of weighing data.

3.3. Data Acquisition Subsystem. The data acquisition subsys-
tem consists of a computer in which a compiling program
module was installed to instantly read and store rock weight
change data transmitted by the electronic balance connected
to it. The Intelligent Test System for Water Absorption of
Deep Soft Rock is shown in Figure 7.

4. Intelligent Testing System for Soft Rock
Hydrological Gaseous Water

4.1. Working Principle. Professor He Manchao of the China
University of Mining and Technology (Beijing) put forward
the fact that the great difference in the adsorption of various
gases is due to different types of deep soft rocks in varying
temperature and humidity environments.

4.2. System Composition and Function. The whole structure
of the intelligent testing system of the soft rock hydrologic
gaseous water comprised two boxes, as shown in Figure 8.

A box in intelligent testing system is responsible for set-
ting the temperature and humidity, and various gases for
mixing (referred to as the gas mixing chamber) were set by
the system of the box; then, the mixed gas was used as the

temperature input for temperature and humidity into the soft
rock adsorption chamber (referred as the gas adsorption
chamber) through the pipeline. The real-time data monitor-
ing and curve collection were recorded using a controller
through an external PC. When the temperature, humidity,
and gas concentration in the last two boxes reach the set
value, the valve of the gas conveying pipeline is closed, and
the mixing chamber stops working; an adsorption experi-
ment on the soft rock is carried out in the gas adsorption
chamber in the box in the static state. The soft rock adsorp-
tion changes of the electronic balance in real time display
on the computer were transmitted through the data, followed
by recording them by suspending in the gas adsorption
chamber with one end connected to the lower part of the
weighing electronic balance.

The whole experimental equipment was divided into
seven parts: temperature and humidity gas mixing chamber,
soft rock gas adsorption chamber, gas source, electronic
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balance weighing, data acquisition system, control system,
and safety protection device.

4.2.1. Temperature and Humidity Gas Mixing Chamber (Box
No. 1). The temperature and humidity gas mixing chamber
was made of SUS304 stainless steel material with inner carton
following ST12 manufacturing process and surface electro-
static spraying divided into the upper and lower structure.
The upper inner box comprised wind circulation structure,
heating components, refrigeration components, temperature
sensor, humidity sensor, and inlet for all types of gas and sen-
sors; the lower layer of the cabinet mainly comprised a refrig-
eration system, vacuum compressor, humidifying water tank,
and water pump; the back box was equipped with all types of
gas intake solenoid valve and humidifier. The schematic
design diagram of the temperature and humidity gas mixing
chamber is shown in Figure 9.

The main functions of the No. 1 box were transporting
the No. 2 box after the set temperature and humidity reached
for four types of gases.

The operation process of the No. 1 box is as follows: (a)
start the vacuum compressor to completely evacuate the air
in the box (since vacuum pumping is easy to cause damage
to the gas detection probe, it was upgraded to inject nitrogen
to discharge the gas); (b) set the required temperature,

humidity, and the concentration ratio of various gases on
the touch screen of the control instrument for evacuating
the air in the cabinet; (c) turn on the start button on
the touch screen until the air in the box is evacuated;
and (d) open the gas conveying solenoid valve, when all
types of gases on the touch screen reach the preset value,
and afterwards, the gas at required temperature and
humidity is flown to the soft rock adsorption box through
the gas conveyed pipeline. Forbid opening the solenoid
valve on the gas conveying pipeline and turning out the
whole equipment until the temperature and humidity of
the gases in the two boxes reach the set value.

4.2.2. Soft Rock Gas Adsorption Chamber (Box 2 for Short).
The structure of the soft rock gas adsorption chamber com-
prises upper, middle, and lower parts. The upper part is the
area where the balance is placed, and the No. 2 main box is
installed in the middle part, and the lower part has a frame.
The material of the main No. 2 box is the same as that of
the No. 1 box. The overall structure is divided into three
layers: (a) the inner box, (b) the first insulation layer, and
(c) the second insulation layer. The essential matter between
the inner box and the first insulation layer is the air insulation
layer with a thickness of 100mm with heating components
installed in it. In addition, the insulation of the inner box
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Figure 9: Schematic diagram of temperature and humidity gas mixing chamber design.
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can realize different temperatures as the outer wall of the
inner box is wrapped by cooling copper tubes. The tem-
perature in the insulation layer will be consistent with
that in the inner tank, while the box at a high tempera-
ture guarantees the longest test time. The heat preserva-
tion efficiency of the first air insulation is further
strengthened as far as possible to keep up with the tem-
perature of the set range result from the protection of
the second insulation layer in the box, and the distance
between them was 200mm. The top floor is bound to
six pipes on the top of the inner box of the No. 2 cham-
ber; moreover, six wires are connected to the bottom of
six electronic weighing scales on the top through the
pipe. The lower part of the No. 2 chamber is equipped
with a liquid storage box and a small humidifier. The for-
mer is divided into two layers: (i) the inner layer stores
antifreeze, used for the insulation of the inner box when
the temperature is below zero, and (ii) the outer layer is
insulated with a thickness of 150mm. When the temper-
ature in the box is less than 1% of the set value during
the experiment, the latter will automatically compensate
the temperature to the set value. Furthermore, the gas
solenoid valve will automatically open to compensate to
the set value of the gas concentration, at which the gas
enters the box through the bottom filter without affecting
the specimen while the concentration of a certain gas in
the box is less than 1% of the set value.

The main function of the No. 2 chamber is to provide an
experimental environment to simulate the soft rock in order
to maintain temperature, humidity, and various gases in a
completely static state. The general working conditions of
realizing its design function are as follows:

(1) Once the vacuum pump of the No. 2 box was turned
on, the temperature reaches to the set value in the air
insulation layer along with the No. 1 box; then, the
gas is flown in the latter and is used as the input

(2) The front of the main chamber was equipped with
two doors with linkage, one small inside and the
other larger outside; the front of the former is con-
nected to the back of the latter by a sliding rod

(3) Sealing ring installed between the connecting parts of
the two doors and frames played a significant role in
ensuring the sealing of the trunk. The leverage princi-
ple was used in the hydraulic cylinder to manipulate
the gate of the outside result in preventing the leakage
of the inside door and reinforcing the sealing and
insulation of the chamber. In addition, the fluctua-
tion of temperature in the No. 2 box was ±1°C, in a
period of three days. The side view of the No. 2 box
is shown in Figure 10

4.2.3. Gas Source Design. Air comprised four types of gases
(CO2, CH4, O2, and N2) and was filled in the cylinder con-
nected to the gas mixing chamber through the trachea of
the gas supply station for uniform temperature and humid-
ity. Each gas line has a concentration sensor, and the input
of the gas was controlled by an electromagnetic valve based
on the experiments required for concentration with the fluc-
tuation in the range 1% through the instrument set concen-
tration ratio. The explosion-proof box placed was beneficial
to the combustible and explosive gas.

4.2.4. Electronic Balance Weighing System. Six electronic
weighing scales were put on the upper part of the No. 2
case, surrounded by 100mm thick insulation layer, and
three vacuum glasses of four layers with a diameter of
700mm were embedded in the roof for a stainless steel
flange. A closed, dry, and insulated environment was con-
structed to match up the base of the scales on the fixing
style of the flange with a seal ring in order to prevent
the top glass from moisture, affecting the stability of the
weighing scales, and it was equipped with a heating
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resistance film on the glass and hold together with the
desiccant making glass always in the dry state.

4.2.5. Data Acquisition System. The weight change of the soft
rock was displayed using an electronic balance supposed for
weighing the soft rock specimen in the adsorption chamber
in real time. In the external computer terminal (PC), the con-
trol software written by the user was installed in advance and
that software could simultaneously display the quality
changes of multiple specimens in the experimental process
in real time. In addition, the environmental parameters in
the box such as temperature, humidity, and the concentra-
tion of different gases were also displayed in real time, as
shown in Figure 11.

The soft rock was placed in the tray during the experi-
ment, and the electronic balance immediately showed the
weight, and thus, the accurate weight change of the soft rock
in the adsorption room in time was determined. Each elec-
tronic balance had a data line, and the data line was con-
nected to the computer. The data on each electronic
balance was transmitted to the computer in real time to truly
realize data transmission and storage.

During the data collection, the data cable socket of each
balance was set in a sealed, moisture-proof, insulated, and
shielded box, from which the data cable was extracted and
connected to the computer.

4.3. Overall System Performance Test. In order to test the sta-
bility of the gaseous water intelligent testing system of soft
rock hydrology, an integrated testing was carried out, in
which its adsorption capacity was monitored under the spe-
cific environment of the soft rock by integrated testing.

The gray sandstone of a coal mine was selected as the
debugging test specimen, and the rock samples were cylindri-
cal, with standard samples of 50mm in diameter and 100mm
in height, as shown in Figure 12.

The three specimens were put in the box, set at a temper-
ature, relative humidity, and the CO2 content of 50

°C, 80%,
and 20%, respectively. The relationship between the experi-
mental environmental parameters and the increase in the
adsorption mass of the sample (Figure 13) was automatically

recorded and drawn by the computer terminal software. The
analysis indicates that the weight gain of the samples first
showed a fast rising trend, and after a period of time, the
weight gain of the samples gradually slowed down. Finally,
the samples reached equilibrium or dynamic equilibrium.
Based on the adsorption weight gain curves of the three sam-
ples, their adsorption masses were 1.7, 1.9, and 1.8 g. Subse-
quently, the relative humidity inside the box increased to
85% of the environment, because of the change in the envi-
ronment due to the experiments. The relative humidity
played a significant role in the Nos. 2 and 5 specimens, and
their adsorption mass increased sharply. The adsorption
mass of the No. 3 sample fluctuated obviously and showed
an increasing trend.

The dynamic balance of multiple environmental indexes
was achieved by the whole machine experiment process of up
to 100h. At the same time, the experimental system moni-
tored the adsorption mass curve of the specimen in the
experimental box with increasing time. Relative humidity
constant value floating exists in the process of experiment,
causing obvious response of the specimen quality of adsorp-
tion. It shows that this experimental system could perform
specific gaseous water adsorption. The hydrology simulation
environmental parameters and the gaseous water adsorption
response of the rock sample had a high sensitivity. In the near
future, different rock and environment parameter combina-
tion for the soft rock under the condition of gaseous water
adsorption characteristics should be analyzed.

5. Experiment on Hydrological Action of Rock
Samples in Dunhuang Grottoes under
Multifield Coupling

5.1. Liquid Water Adsorption Characteristics of Rock Samples

5.1.1. Experimental Design

(1) According to the field test data, the Mogao Grottoes
are dry and lack rain in the dry season. However, a lit-
tle water exists in the surrounding rock of the support
body and is mainly transported in the support body
by capillary action. A no-pressure water absorption
experiment was carried out to simulate the change
in the physical and mechanical properties of the rock
body under capillary action. Three black sandstone
samples from Mogao Grottoes were selected for the
experiment to carry out nonpressure adsorption of
liquid water under normal temperature and humidity
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Figure 11: Computer terminal software interface.
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to analyze the characteristics of liquid water adsorp-
tion of rock samples and factors affecting under the
nonpressure water absorption conditions

(2) In the rainy season, the surrounding rocks of the sup-
port body of Mogao Grottoes were mainly affected by
the atmospheric precipitation and garden pouring,
and liquid water mainly influenced the surrounding
rocks of the support body through osmosis. Four silt-
stone samples were selected to conduct the water
absorption under pressure, which could simulate
the regular change in physical and mechanical prop-
erties of rock mass caused by rainwater infiltration.
The characteristics of liquid water adsorption of rock
samples and factors affecting under pressure water
absorption were analyzed

The nonpressure and pressure water absorptions of three
black sandstone samples named as HSY-1 to HSY-3 and FS1
to FS4 were investigated. The data collected using the balance

and sensor were transmitted to the Microsoft Access data-
base through the data transmission system, and then, the
original data were exported and processed from the Micro-
soft and Access databases. After that, the water absorption
characteristic curve of the black sandstone samples was
obtained, and the correlation analysis was carried out based
on the curve.

5.1.2. Analysis of the Characteristics of Black SandstoneWater
Absorption without Pressure. According to the experimental
data of black sandstone samples, the statistical data of the
water absorption of the rock samples was arranged, as listed
in Table 1.

(1) The Black Sandstone Q–t Diagram. The relationship
between the water absorption (Q) and time (t) of the selected
black sandstone samples HSY-1, HSY-2, and HSY-3 in the
Mogao Grottoes of Dunhuang is shown in Figure 14.
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Figure 13: Experimental curve of the whole system.
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According to the water absorption experimental data,
the water absorption curve (Q–t) was drawn with time t
as the abscissa and water absorption Q as the ordinate.
The Q–t curve of water absorption characteristics showed
basically the same water absorption trend for the three
black sandstone samples. At the beginning of the experi-
ment, the curve showed a steep trend, and the water
absorption increased rapidly until it reached saturation
and then became stable. The final water absorption capacity
of the black sandstone samples 1, 2, and 3 in the saturated
state was relatively similar, 82.47, 93.74, and 89.95 g, respec-
tively. The average water absorption capacity of the three
black sandstone samples was 88.72 g, and the time required
to reach saturation was 20000, 5000, and 10000 s, respec-
tively, and was significantly different.

(2) w–t Diagram of Black Sandstone Samples. Figure 15 shows
the relationship between the water absorption rate (w) and
time (t) of the selected black sandstone samples HSY-1,
HSY-2, and HSY-3 in Mogao Grottoes.

According to the water absorption experimental data, the
water absorption curve (w–t) was drawn with the water
absorption time t as the abscissa and the water absorption
rate as the ordinate. According to the water absorption char-
acteristics (w–t) curve, the bibulous rate of the three black
sandstone samples over time showed the same change trend.
Initially, the water absorption experiment curves were steep,
and the bibulous rate was relatively large. With increasing
time, the trend gradually slowed down until reaching to a sat-
uration point, and then, it became close to zero, indicating

Table 1: Statistical table of water absorption characteristics of the black sandstone.

Lithology Numbering Pretest quality/g Water quantity/g Water saturation absorption/% Sample description

Black sandstone

HSY-1 172.04 82.47 47.93
Gray black, short texture, a large
amount of amorphous material

HSY-2 192.87 93.74 48.60

HSY-3 189.19 89.95 47.54
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Figure 14: Black sandstone Q–t curve of water absorption nonpressure.
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that the water absorption of the samples at this time was
close to the saturated steady state. The saturated water
absorption rates of the black sandstone sample Nos. 1, 2,
and 3 are relatively similar and were 47.93%, 48.60%,
and 47.54%, respectively, and the average water absorption
rate was 48.02%, with strong water absorption ability.

(3) Comparison of Nos. 1–3 Black Sandstone Samples. The
difference in the water absorbing capacity and saturated
water absorption was due to the nuances among the
selection of the size and weight of the three black sand-
stone samples; therefore, not only water quantity of each
sample and saturated water absorption should be ana-
lyzed but also the experimental results of the three sam-
ples showing the lithology trend of water absorption,
and water absorption characteristics should be investi-
gated in detail.

Based on the experimental data, the water absorption
time (t) was taken as the abscissa and the water absorp-
tion rate (w) as the ordinate. The experimental data of
HSY-1, HSY-2, and HSY-3 were plotted on the same

coordinate axis to obtain the comparison graph of the
water absorption curve (w–t). The logarithm of the ordi-
nate (w) was taken to obtain the (lnw–t) single logarithm
curve. The logarithm was taken for both abscissa (t) and
ordinate (w) to obtain (lnw–lnt) double logarithmic
curve, as shown in Figure 16.

It was found that in the early stage of the experiment,
the water absorption capacity of the three samples was rel-
atively strong. With increasing time, the water absorption
rate decreases until the samples are saturated. In the end,
the saturated water absorption rate of the three samples
was steady at about approximately 48%, and the w–t
curve, lnw–t curve, and lnw–lnt curve of the three sam-
ples were all convex, and the trend of the water absorption
curve was consistent.

5.1.3. Analysis of Pressure Water Absorption Characteristics
of Siltstone. Four samples numbered from FS1 to FS4 were
selected for pressurized water-absorbing experiments, as
shown in Figure 17 and the basic parameters of the sample
with pressure absorbing siltstone in Table 2.
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Figure 15: Black sandstone w–t curve of water absorption nonpressure.
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(1) Water Absorption by the Siltstone Samples under Pressure
by the Q–t Diagram. The relationship between the water
absorption (Q) and time (t) of siltstone samples FS1–FS4
selected from Mogao Grottoes was obtained by plotting

the time of water absorption as the abscissa and the
amount of water absorption as the ordinate from the
experimental data of water absorption under pressure, as
shown in Figure 18.
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Figure 16: Correlation curves of black sandstone samples.
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Figure 17: Pressure absorbent siltstone specimens.

Table 2: Basic parameters of pressure-absorbing siltstone
specimens.

Lithology Numbering Diameter/mm Height/mm
Natural
quality/g

Siltstone

FS1 49.61 76.52 484.77

FS2 49.58 109.68 470.57

FS3 49.51 109.19 400.76

FS4 48.82 100.50 430.09
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The water absorption of the four siltstone samples
from the water absorption characteristic Q–t curve
showed a consistent tendency. The initial water absorp-
tion curve was steeper, as the water absorption increased
rapidly.

(2) Water Absorption of Siltstone Sample under Pressure with
the w–t Diagram. The relationship between the water absorp-
tion rate (w) and time (t) of samples FS1–FS4 from the
Mogao Grotto siltstone was established in Figure 19.
According to the experimental data of water absorption
rate in the siltstone samples, the water absorption process
(w–t) curve was obtained by plotting water absorption
time (t) as the abscissa and water absorption rate (w) as
the ordinate.

The water absorption rate of the three rock samples had
basically the same trend with time. In the initial stage of the
experiment, the curve had a steep trend, and the water
absorption rate was large. With increasing time, the water
absorption rate decreased slowly.

(3) Comparison of the Siltstone Sample Nos. FS1–4. Based on
the experimental data, the water absorption time (t) was
taken as the abscissa and the water absorption rate (w)
as the ordinate. The experimental data of samples FS1,
FS2, FS3, and FS4 were plotted on the same coordinate

axis to obtain the comparison graph of the water absorp-
tion curve (w–t). The logarithm of the ordinate (w) was
taken to obtain the (lnw–t) single logarithm curve. The
logarithm was taken for both abscissa (t) and ordinate
(w) to obtain the (lnw–lnt) double logarithmic curve, as
shown in Figure 20.

The comparative analysis of the four siltstone samples
indicates that the water absorption rate of the four sam-
ples was relatively fast at the initial stage of the test. With
increase time, the water absorption rate decreased until the
samples were saturated, and the water absorption rate no
longer increased with time. The w–t curve and the lnw–t
curve of the sample were convex, whereas the lnw–lnt
curve was concave.

5.2. Softening Test of Water Absorption Strength of
Rock Sample

5.2.1. The Experimental Design. The particle morphology,
cementation mode, and pore structure, namely, the chem-
ical and microscopic physical properties of the rock mass,
changed after absorbing water. As a result, the macro-
scopic mechanical properties of the rock mass changed,
decreasing the rock strength. In a humid environment,
the longer the rock body was exposed, the more water
absorption occurred, the larger the water absorption range
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Figure 18: Pressure water absorption Q–t curve of the siltstone samples.
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was, and the more severe the rock mass strength attenua-
tion was. The relationship between the strength softening
and water absorption time of the rock mass, i.e., the
strength degradation function, is as follows:

σt = f tð Þ, ð1Þ

where σt refers to the uniaxial compressive strength of
rock after water absorption and t is the water absorption
time.

5.2.2. Experimental Methods and Procedures. In this experi-
ment, uniaxial compressive tests were carried out on dry rock
samples after water absorption at different times. The water
absorption of each sample was recorded for a predetermined
time. The sample was removed, and its surface water was
wiped off, and its mass after the water absorption was accu-
rately measured to reveal the final water absorption of the
sample. Then, uniaxial compression test was conducted for
the sample.

The formula for calculating the uniaxial compressive
strength of rock:

σt = P/A, ð2Þ

where σt refers to the uniaxial compressive strength, MPa; P
refers to the failure load, N ; and A refers to the area of the
specimens, mm2.

A total of seven siltstone samples numbered FS0, FS5,
FS6, and FS7–FS10 were used. The photographs of the
rock samples before the experiment are shown in
Figure 21.

5.2.3. Experimental Results and Analysis

(1) Experimental Results and Analysis of Water Absorption
Characteristics of Samples. The water absorption curves
of samples FS5–FS6 and FS7–FS10 are shown in
Figure 22, and the water absorption rate curve is shown
in Figure 23.

The stress–strain curve of the uniaxial compression
experiment under different water absorption rates of the silt-
stone samples is shown in Figure 24.

Sample strength test data are listed in Table 3.
The relationship between the compressive strength

and water absorption of rock samples is shown in
Figure 25.

The relationship between the elastic modulus and the
water absorption of the rock sample is shown in
Figure 26.
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Figure 19: Pressure water absorption w–t curve of the siltstone sample.
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Figure 25 shows that the compressive strength of the rock
sample decreases with increasing water absorption. Figure 26
shows that the elastic modulus of the rock sample is also
inversely proportional to the water absorption rate, and the
strength softening of the rock sample is closely related to
the water absorption rate.

5.3. Gas–Water Adsorption Experiment in Constant
Temperature and Humidity Environment

5.3.1. Experimental Design. In order to study the influence of
the surrounding rock of the Mogao Grottoes in Dun-
huang, Gansu, on the adsorption characteristics of gaseous
water during the seasonal changes, two samples of mud-
stone and siltstone in Mogao Grottoes were selected from

the Suoyang City and Ta’er Temple. A total of 24 speci-
mens were tested including soil and pagoda adobe sam-
ples. During the on-site environmental investigation, the
climate characteristics of the Dunhuang area were as fol-
lows: rainy in the summer, large fluctuations of tempera-
ture, and low overall environmental humidity in the
spring and autumn; in the winter, the ambient tempera-
ture was below zero, and the humidity was high. Based
on the environmental monitoring data in the caves of
Dunhuang Mogao Grottoes and the environmental
parameters of the inner support of the borehole (sur-
rounding rock), the environmental parameter settings of
the gaseous water adsorption experiment are summarized,
as listed in Table 4.

The simulation experiment of the support and surround-
ing rock and the rock sample of the Mogao Grottoes in the
summer and winter was carried out.

5.3.2. Experimental Results and Analysis

(1) Experiments on the Adsorption of Aqueous Gaseous Water
in the Mudstone Samples Selected Mogao Grottoes in the
Summer. A total of eight mudstone samples from Dun-
huang Mogao Grottoes were selected for in situ hydrolog-
ical gaseous water adsorption experiment. According to
the field number, four specimens were determined to be
a group for testing. The first group of four specimens
was numbered as 6-2, 8-2, N9-2, and N23-1; the second
group of four specimens are numbered as follows: N1,
N3-1, N6-1, and N17-1. The basic parameters of the spec-
imens are shown in Table 5.

The first set of simulation was set up at an environ-
ment temperature of 30°C and a relative humidity of
95%. The equilibrium curve of the experimental environ-
ment parameters is shown in Figure 27. After entering
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Table 3: Test results of strength softening of siltstone.

Sample name
Drying

quality (g)
Water absorption

time (t) (h)
Water quantity

(Q) (g)
Bibulous
rate (%)

Uniaxial compressive
strength (MPa)

Elastic modulus
(GPa)

FS0 436.68 0 0 0 19.92 2.66

FS5 450.38 69.08 19.06 4.23 11.31 1.2

FS6 456.68 38.89 17.66 3.87 11.52 1.55

FS7 433.79 82.18 22.99 5.30 12.81 1.76

FS8 389.68 100.24 22.19 5.70 7.75 0.71

FS9 401.51 64.82 20.48 5.10 11.45 1.53

FS10 404.88 33.43 20.54 5.07 10.92 1.7
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Figure 25: Relationship between the compressive strength of siltstone and water absorption of rock samples.
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Table 4: Design of environmental parameters of aqueous gaseous water adsorption.

Environment Characteristics T/°C W/%

Spring T ↑, W ↓ 10–20 30–50

Summer Hot and humid environment 30–40 60–90

Autumn T ↓, W ↓ 10–20 30

Winter T ↓,W ↑ -8 30–60

Inside the hole (>2.5m) T, W constant of the whole year 10–20 90–100

T refers to temperature; W refers to humidity.

Table 5: Basic parameters of the specimens.

Numbering Natural quality/g Diameter/mm Height/mm Natural density/g.cm-3

6-2 231.57 49.26 76.52 1.59

8-2 278.51 48.80 91.68 1.62

N9-2 323.79 49.32 106.48 1.59

N23-1 337.5 48.82 103.16 1.75

N1 265.36 49.52 79.82 1.73

N3-1 163.01 49.02 52.86 1.64

N6-3 202.36 48.68 67.68 1.61

N17-1 226.56 49.90 75.12 1.54
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Figure 27: Gaseous water adsorption experiment of mudstone in Mogao Grottoes in the summer in Group I.
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the equilibrium, the increase in the sample’s adsorption
mass also tends to be stable, and the experiment was car-
ried for 129 h.

The set temperature and humidity were 28°C and
70%, respectively. For the second set of experiments, the
environmental parameter curves and experimental curves
are shown in Figure 28, and the experiment duration
was 90 h.

(2) Experimental Study on the Adsorption of Aqueous Gas-
eous Water by the Mudstone Samples Selected from Mogao
Grottoes in Winter. On the account of reaching the freezing
point at temperature less than zero, the sample was sub-
jected to the winter simulation experiment, resulting in
the freezing of water in the tank in the equipment. In
order to prevent the container from swelling and the
humidification equipment from damage, the humidity
was kept constant, and the experimental temperature
was controlled within –10°C during the experiment. The
experiment lasted for 120 h. The experimental results are
shown in Figure 29. The adsorption amount of the sam-

ple could be less than 0.8 g, confirming that the adsorp-
tion weight gain of the sample was not obvious in the
low-temperature environment.

The environmental analysis process indicated that con-
stant temperature and comparatively high relative humidity
matched the environmental monitoring results in the hole
of the support body (surrounding rock) of the murals in
Dunhuang Mogao Grottoes. Among them, when the drilling
depth exceeds 2.5m, the temperature inside the hole was
constant throughout the four seasons, and the relative
humidity was stable at 100%.

In situ hydrological gaseous water adsorption experiment
was carried out for the samples. A total of eight specimens
were selected, and four specimens were put in one group
for testing. The four mudstone specimens in the first group
were numbered as N2-2, N5-1, N10-1, and N22-1. The sec-
ond group of specimens has two lithologies, namely, mud-
stone and siltstone. The specimens are numbered S14, S17-
1, 11-1, and 21-1. The basic parameters of the specimens
are listed in Table 6.
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Figure 28: Gaseous water adsorption experiment of the mudstone samples from Mogao Grottoes in the summer in Group II specimens.
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The first set of simulation was carried out under the fol-
lowing conditions: environment temperature, 18°C; relative
humidity, 90%; and experimental duration, 195 h. The bal-
ance curve of the experimental environment parameters is

shown in Figure 30. The analysis shows that during the
experiment, the temperature and humidity remained con-
stant, and after entering the equilibrium, the increase in the
adsorption mass of the sample also tended to be stable.
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Figure 29: Gaseous water adsorption experiment of the mudstone samples from Mogao Grottoes in the summer in Group III.

Table 6: Basic parameters of the specimens.

Numbering Natural quality/g Diameter/mm Height/mm Natural density/g.cm-3

N2-2 337.11 49.02 108 1.63

N5-1 305.61 49.00 100 1.62

N10-1 308.01 49.20 107.6 1.39

N22-1 363.69 48.96 110 1.75

S14 469.33 49.88 108.02 2.28

S17-1 477.66 49.28 108.10 2.31

11-1 338.7 48.90 103.4 1.74

21-1 361.78 49.84 112.68 1.69
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The second set of experiments was performed for
170 h at a temperature of 20°C and a relative humidity
of 95. The environmental parameter curve and the exper-
imental curve are shown in Figure 31. The analysis shows
that during the experiment, the temperature and humidity
were kept constant, and the adsorption capacity of mud-
stone samples for gaseous water was greater than that of
siltstone samples.

6. Conclusion

The intelligent testing system of liquid and gaseous water in
soft rock hydrology was developed based on the adsorption
of liquid and gaseous water in Dunhuang Grotto rock sam-
ples and the softening test of the strength of adsorption of liq-
uid water on rock samples.

The analysis of the curve of liquid water absorption with-
out pressure for the black sandstone samples indicates that
the amount of water absorption increased rapidly at the ini-

tial stage, then increased moderately, and finally tended to
be stable.

The strength softening test analysis of the siltstone
samples under no-pressure water absorption conditions
shows that the water absorption rate changes with the
water absorption time. The analysis of the sample param-
eters such as compressive strength and elastic modulus
shows that with increasing water absorption, the com-
pressive strength and elastic modulus of the sample
decreased linearly.

According to the investigation results of the on-site
environment combined with the indoor environmental
parameters to simulate rock sample for the adsorption
of gaseous water, the analysis shows the same results
for all the seasons. The characteristics of adsorbed gas-
eous water in the lithologic rock samples are quite dif-
ferent, and the adsorption characteristics of rock samples
with different lithologies in the same season are also
quite different.
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Figure 30: Simulation experiment of the surrounding rock wall of mudstone supporting body in Mogao Grottoes.
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