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Abstract: Murals in Mogao Grottoes consist of three parts: support layer, earthen
plasters and paint layer. The earthen plasters play a key role in the preservation of
murals. It is a mixture of Dengban soil, sand, and plant fiber. Two different natural
fibers, hemp fiber and cotton fiber, were reinforced to earthen plasters in the same
percentage to evaluate the influence on hygrothermal performance. The two types
of earthen plasters were studied: one containing hemp fiber in the fine plaster
(HFP) and the other containing cotton fiber in the fine plaster (CFP). Specific heat
capacity, dry thermal conductivity, water vapor permeability, and sorption iso-
therms were investigated. The results showed that the difference between two nat-
ural fibers has much more impact on the hygric properties (water vapor
permeability and sorption isotherms) of earthen plasters than on their thermal per-
formance (specific heat capacity and dry thermal conductivity). The CFP with
higher density has higher thermal conductivity than the HFP with lower density.
But no significant differences of specific heat capacity were observed. Compared
with HFP, CFP used in murals can reduce the rate of water transfer and prevent
salt from transferring water to the mural surface. The overall findings highlight
that all these features of CFP are beneficial to the long-term preservation of mur-
als. The study of the earthen plasters in Mogao Grottoes is of general significance,
and the measured properties can be used to obtain coupled heat and moisture ana-
lysis of the earthen plasters and to dissect the degradation mechanism of murals.

Keywords: Earthen plasters; natural reinforced fibers; hygrothermal properties;
dry thermal conductivity; water vapor permeability; sorption isotherms

1 Introduction

Mogao Grottoes in Dunhuang, China, a UNESCO World Heritage Site with invaluable murals and
sculptures dating back to the 4th century A.D.–14th century A.D., represents the highest artistic and
technical achievement in the Silk Road [1]. There are 492 caves in Mogao grottoes, with 45,000 square
meters of murals and 2,415 painted sculptures. The murals in Mogao grottoes are of high artistic value,
consisting of three parts: support layer (conglomerate), earthen plasters, and paint layer (Fig. 1).
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Protection work is routinely needed to maintain a long-term stable and interdependent condition among the
paint layer, earthen plasters, and support layer.

Commonly, earthen plaster is used to create a flat surface that readily accommodates paint. As a kind of
earth-based materials with reinforced fibers, earthen plaster has the advantages of easy-to-use, low price, and
a great capacity to adjust indoor air temperature and humidity [2]. With a proper combination of heat storage
and humidity control, earthen walls can improve the indoor thermal environment, as well as the indoor
comfort [3,4]. Natural materials such as coconut fibers [5], hemp [6], straw [7], flax fibers [8], olive fibers
[9], and bamboo [10], have always been used as reinforced fibers in composite materials. Many of their
characteristics have already been studied, including good mechanical properties, low cost, low density,
low thermal conductivity, durability, and recyclability. The hemp-lime plasters used in residential
buildings were found to be hygroscopic and breathable materials, which has relatively low thermal
conductivity (around 0.2 W/m.K) and a moisture penetration depth of about 6–7 cm [11].

Earthen plasters used in ancient murals is also a composite material with natural fibers being added to
prevent excessive cracking under dry conditions. In Mogao Grottoes, the earthen plasters is a mixture of
Dengban soil, sand, and plant fiber (like wheat straw, hemp, or cotton) [12], which comprises two
different earthen layers: base layer (wheat straw plaster) and the upper layer (hemp or cotton plaster). The
thick and long fiber added in the base layer aims to strengthen the connectivity between the
earthen plasters and conglomerate, and to build up the strength of plasters [13]. There are two types of
earthen plasters used in Mogao murals according to the different fiber reinforced in the upper layer.
The coarse plasters of the two earthen plasters were the same: both were reinforced with wheat straw. As
for the fine plasters, two different fibers-hemp fiber and cotton fiber-were used. Hemp and cotton fibers
have been tested as reinforce-ment agents in bio composites [14–18]. The hygrothermal behavior of the two
fibers varies significantly because of their different physical structure and chemical composition [19]. The
cellulose content of hemp fiber is about 70%, the content of hemicellulose, and lignin comes second after
cellulose. The content of lignin is as high as 14%, resulting in rough and hard fibers. Hemp fiber has fast
moisture absorption and moisture releasing speed. The moisture regain rate is about 14% under general
atmospheric conditions, so the fabrics are cool and comfortable to wear in summer. The main component of
cotton fiber is cellulose, which comprises 94%, and the rest is associated cellular organisms. There are
many hydrophilicity genes on the cellulose macromolecules, which have good hygroscopicity. Under
general atmospheric conditions, the moisture regain rate of cotton fiber can reach 8.5% [20,21].

Figure 1: Stratigraphy of murals in Mogao Grottoes. Credit: J. Paul Getty Trust
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It is extremely important to have proper knowledge of the earthen plasters as it is the root of many
problems associated with the conservation of decorative surfaces [22]. Fig. 2 shows the photos of the
earthen plasters and paint layer. Fig. 2 shows images of the earthen plaster and paint layer. Based on
currently available data, earthen plaster is used as the cohesion and adhesion base layers of the
conglomerate and painting layer [12]. Plaster detachment and soil disruption play crucial roles in wall-
painting destruction. When salinity occurs in the interior of the earthen plasters surface polymerization, it
can make the earthen plasters swell and fall off, or make the earthen plasters gradually scatter. Once this
disorder occurs, it will be difficult to control, and eventually lead to the paint layer peeling off, resulting
in the destruction of the mural [23]. In the field of restoration, this type of building material has specific
advantages over traditional ones, especially in certain environments. It plays a key role in the
preservation of murals. In the early and middle Tang dynasty, the craftsmanship of the earthen plasters
was virtuoso, and the level of mural painting reached its peak in Mogao Grottoes. During this period, the
earthen plasters were relatively thick, and the main disease of murals was the discoloration and fading of
the paint layer. While in the late Tang dynasty, the craftsmanship of the earthen plasters became more
mediocre, and the thickness of the earthen plasters was attenuated, even as thin as less than one
millimeter. Without the earthen plasters, the salt in the conglomerate could infiltrate more easily and
cause efflorescence to murals.

Over the past thousands of years, vulnerable murals have suffered various damages caused by different
microenvironments and human activities [24,25]. The disease of salt efflorescence is the result of interaction
among thermal, moisture and salt. Previous studies have focused more on the impact of salt or water.
Research into the thermal and moisture properties of the earthen plasters may provide a theoretical basis
for investigating the deterioration incurred in wall paintings.

In Mogao Grottoes, soluble salts (mainly sodium chloride and sodium sulfate) can cause the disease of
salt efflorescence through cycles of deliquescence and recrystallization after migration from the rock in and
on the painted plaster [26]. The relationship between humidity and soluble salts has been well known [27,28],
but the coupling effect of heat and moisture is elusive. A real-time monitoring system has been installed in
Mogao Grottoes to collect various data, such as temperature, RH, and wind speed [29]. Characterization of
spatial distribution regularities of water vapor and salt in caves helped to establish the relationship between
temperature, RH, and salt [30]. As a great cause of moisture and salt migration, temperature gradient merits
special attention based on the analysis of the data of temperature and RH inside and outside the cave [31]. In
the long term, the environmental control of caves at risk should be the preferred damage mitigation method
[23]. Conservation treatments require a better understanding of the cause-and-effect relationship between
thermal, moisture and salts and, preferably, in detail, including rates of hygrothermal-mediated

Figure 2: The photos of the earthen plasters and paint layer
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deterioration. Since the process of coupling thermal and moisture is directly influenced by the properties of
the earthen plasters, the hygrothermal characteristics of the earthen plasters should be analyzed in detail.

More attention has been paid to the mechanical, chemical and mineralogical properties of the earthen
plasters in murals [32,33]. Only a few studies have investigated their hygrothermal properties, especially
in ancient cultural relics [30]. Investigation on the hygrothermal properties of the earthen plasters helps to
gain a better understanding of the heat and moisture transport in wall paintings, and also lays a
foundation for further studying the interaction between heat, moisture, and salt.

This study aims to assess the influence of two natural reinforced fibers on the hygrothermal performance
of earthen plaster samples. Their dry thermal conductivity, specific heat capacity, water vapor permeability,
and moisture sorption isotherm were characterized. The overall findings provided detailed information on the
hygrothermal properties of the earthen plasters and laid a theoretical basis for investigating the deterioration
of wall paintings and determining the environmental parameter thresholds in the caves. Ultimately,
knowledge gleaned from this study is conducive to the development of methods for the preventive
conservation of wall paintings.

2 Materials

2.1 Raw Materials
The earthen plasters of Dunhuang murals has a multi-layer composite structure consisting of coarse

plaster and fine plaster. The schematic diagram of the earthen plasters in Mogao Grottoes is shown in
Fig. 3. The natural reinforced fibers used in this study were hemp fiber and cotton fiber. To simulate the
original composition of wall paintings, two kinds of specimens were prepared and tested (Tab. 1). The
coarse plasters of these two specimens were the same: both were reinforced with wheat straw. As for the
fine plasters, two different fibers-hemp fiber (HFP) and cotton fiber (CFP)-were used.

The clayey soil was obtained from a location in Daquan River in front of Mogao Grottoes, called
Dengban soil locally. The Dengban-soil-to-sand ratio of 64:36 was used [12]. The sand was collected in
the riverbed of Daquan River. Fibers were added in these samples to improve the toughness. Wheat
straw, hemp, and cotton were collected from Dunhuang. Dengban soil and sand were dried to a constant
weight in an oven at 110°C before being used to fabricate earthen plaster samples. Fibers were thumped
for half an hour for softening and cut to chips of less than 1 cm. Raw materials used for preparing
earthen plaster samples are shown in Fig. 4. Moreover, hemp fiber and cotton fiber also present important
differences regarding their microstructure, which is visible on the scanning electron microscope (SEM)

Figure 3: Schematic diagram of the earthen plasters in Mogao Grottoes
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pictures (Fig. 5). The cross-section of hemp fiber is a fiber bundle that is composed of many irregular
polygonal fiber cells. A narrow middle layer separates the single fibers, and the middle cell lumen is
oval-shaped. The fibrous cells of hemp fibers are long and slender, with closed ends and cell lumen. The
cotton fiber is longitudinal in the shape of a flat tortuous ribbon, with an irregular waist round shape at
the cross-section and cell lumens. The hemp fiber has a layered structure in the longitudinal direction.

The granulometric curve of Dengban soil and sand are presented in Fig. 6. The composition of the
Dengban soil is 37% clay (less than 5 μm), 55% silt (between 5 and 50 μm) and 8% sand-sized particles
(between 50 and 2000 μm). The Dengban soil and sand of Mogao based on the sand, silt, and clay
proportions were plotted on the sand–silt–clay ternary diagram (United States, Department of Agriculture,
USDA Textural Classification Chart), as shown in Fig. 7.

The X-ray Diffraction (XRD) data were analyzed for the identification of mineral phases by the
Empyrean X-ray Diffraction system. The XRD analysis results are presented in Fig. 8. The main
compositions of Dengban soil were quartz and chlorite, with others in less amount, such as illite, albite,
muscovite, microcline, and calcite. The main compositions of sands were quartz with a smaller content of
albite, muscovite, chlorite, and calcite. Besides, to determine the chemical compositions of Dengban soil
and sand, an X-ray Fluorescence spectroscopy (XRF) was used. It was observed from the results (Tab. 2)
that a higher amount of alum inosilicate minerals was contained. For example, the aluminum oxide in the
Dengban soil and sand was 13.63% and 7.32%, respectively, while the corresponding silicate was,
respectively, 42.7 and 51.66. A less percentage of calcium oxide was also observed in both the Dengban
soil and sand. The results were in good agreement with the XRD data.

Table 1: Compositions of earthen plaster samples

Notation Composition

Dengban soil (wt%) Sand (wt%) Additive (wt%) Water (wt%)

Wheat straw Hemp Cotton

HFP Coarse plaster 64 36 3 —— —— 20

Fine Plaster 64 36 —— 3 —— 20

CFP Coarse plaster 64 36 3 —— —— 20

Fine Plaster 64 36 —— —— 3 20

Figure 4: Raw materials for preparing earthen plaster samples
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2.2 Sample Preparation
These earthen plaster samples were produced using a traditional method. In Mogao Grottoes, cave

temples were excavated into the cliff face, which is composed of conglomerate rock. The walls were then
plastered and smoothed over with the earthen plasters and then painted with inorganic and organic
pigments. A typical earthen plaster sample consists of two parts: a coarse plaster (the ground layer) and a
fine plaster (the upper layer). Solid components in Tab. 1 were first mixed, followed by the addition of
water. The coarse plaster was evenly placed in the mold, flattened to a thickness of 10 mm, and placed in

Figure 5: SEM images with the longitudinal section and the cross section of the hemp fiber (A1 and B1) and
cotton fiber (A2 and B2)

Figure 6: Granulometric study of Dengban soil and sand
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an oven at 60°C for 5 h. Then the surface of the dried coarse plaster was scratched and roughened with a knife
(for better integration with the fine plaster). A fine plaster with a thickness of 5 mm was applied on the coarse
plaster. After the production was completed, the sample was dried at 60°C for over 10 h. All samples were
kept in a drying cabinet before testing. Samples with different dimensions were prepared for different tests:
15 × 15 × 1.5 cm for measuring water content, 30 × 30 × 3 cm for measuring dry thermal conductivity using
the guarded hot plate method, and 5 × 5 × 1 cm for testing water vapor permeability and measuring sorption
isotherms. Finally, the samples were granulated into powders with a particle size of smaller than 0.2 cm for
the specific heat capacity measurements.

Figure 7: Ternary composition diagram of the Dengban soil and sand

Figure 8: X-ray diffraction spectra of (a) Dengban soil and (b) sand

Table 2: Chemical compositions (% by weight) of raw materials by XRF

SiO2 Al2O3 CaO Fe2O3 MgO K2O Na2O SO3 P2O5 TiO2 LOI

Dengban soil 42.7 13.63 12.6 7.15 4.53 3.06 1.18 0.21 0.18 0.68 14.1

Sand 51.66 7.32 9.21 2.54 2.53 1.32 2.14 0.08 0.3 0.29 4.56
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Through mercury intrusion Porosimetry (MIP), the porosity and pore size distribution were measured
using the AutoPore IV 9500 automatic mercury porosimeter, manufactured by Micromeritics Company.
Samples were first dried in order to remove water from the pores. The dried samples were weighed and
placed into a chamber, which had been evacuated to remove air from the samples. Mercury was then
used to fill up the chamber. As the applied pressure was increased, mercury was forced to intrude into the
samples gradually. The mercury intrusion volumes and the corresponding applied pressures were recorded
at every pressure step. The mercury intrusion volume and the corresponding applied pressure provide the
basic data for the analysis of pore structure.

3 Experimental Testing

3.1 Water Content
The mass of samples was measured by an electronic balance (with a measuring range of 4200 g and a

precision of 0.01 g), and their size was measured by electronic vernier calipers (with a precision of 0.01 cm).
An electro thermal blast drying oven was used to dry samples at 105 ± 2°C. Besides, samples were weighed
every 3 h until the quality change was less than 2% according to GB/T 9966.3 [34]. This study improves the
measurement precision by averaging the testing values of repeated measurements.

3.2 Specific Heat Capacity
The tested samples were in the absolute dry state (that is, their water content was 0%) to minimize the

influence of moisture on the results. The classical mixing method is adopted: materials of a known mass are
heated to a specific temperature and are put into the water of a specific mass at low temperatures. After the
heat balance is reached, the heat values absorbed by the water and by the container are measured. The value
of the heat equals the value of the heat released by the material. The specific heat of a material can be
calculated as follows:

C ¼ Q

DT � m (1)

where Q is the heat absorbed or released by the sample (J), ΔT is the temperature variation after the heat is
absorbed or released by the sample (°C), m is the weight of the sample (kg), and C is the specific heat
capacity of the sample (kJ/(kgK)).

The specific heat instrument applied in this study is the JPB-I heat capacity tester (Fig. 9a) developed by
China Academy of Building Research and China Metrology Institute Dongfangaoda Co., Ltd., in Beijing.
The instrument consists of an intelligent measuring instrument, a host, and a heating furnace. The test
method applied was as follows: The sample was ground and dried in an oven at 75°C for 24 h. During
the test, the specimen was put into the sample barrel, which was made of brass and was inserted into the
temperature thermocouple, where the sample barrel’s mass was measured. Then, the sample barrel was
put into the heating furnace at 90°C with a temperature fluctuation of <1°C. The calorimeter was
removed from the host, and its mass was weighed after drying. Then, pure water was poured into the
host, and its mass was weighed. After that, the calorimeter was put back into the host again. After
the temperature of the sample barrel was stabilized, the temperature was recorded in the 10th minute, and
the sample barrel was put back into the calorimeter. Then, the stirrer in the calorimeter was turned on
when the water temperature in the calorimeter was increased. The temperature inside the calorimeter was
recorded by the thermocouple every 10 seconds. When the water temperature started to decrease, the
highest temperature was recorded for another 10 minutes. Consequently, the stirrer was stopped, and the
test was finalized. HFP and CFP were respectively measured for six specimens, labeled as A-1~A-6 and
B-1~B-6, respectively. Each specimen was measured three times, and the average values were taken.
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3.3 Dry Thermal Conductivity
The heat flow meter method was used to measure the thermal conductivity of a material. Based on the

relationship between the steady heat flow intensity, temperature, thermal conductivity, and thermal
resistance, the thermal conductivity of a sample can be calculated as follows [35]:

R ¼ t1 � t2
q

(2)

� ¼ d

R
(3)

where q is the heat transferred through unit area in unit time (W/m2), t1 and t2 are the temperatures on both
sides of the wall (K), d is the thickness of the sample (m), R is the thermal resistance of the sample (m2K/W),
and λ is the thermal conductivity of the sample (W/mK).

JW-III thermal conductivity tester (Fig. 9b) also consists of three parts: the host, the intelligent
measuring instrument, and the cold and heat source control. The host consists of a hot plate, cold plate,
and heat flowmeter. Six specimens with dimensions of 30 × 30 × 3 cm were prepared and designated as
A-1~A-6 and B-1~B-6, respectively. Each specimen was measured three times, and the average values
were taken. Before the test, specimens were dried in an electric drying oven at 75°C until a constant
weight. Then, the sides of all the specimens were wrapped with four layers of plastic films, and the water
vapor permeability resistance of the film was Sd > 1.5 m, which is considered to be airtight. The
thickness and thermal resistance of the film were 0.0225 mm and 0.000537 m2K/W, respectively;
therefore, the subtle errors could be ignored. The mass of specimens was measured before and after each
test to avoid the non-negligible influence of the water content. The dried specimen was placed in two flat
plates parallel to each other at a constant temperature. In the steady-state, the heat flowmeter and the
measuring portion of the specimen had one-dimensional constant heat flow. At such a steady-state, the
thermal flow density, the value of the surface temperature, and the cold and hot plate output were
measured by heat flowmeter to calculate the thermal resistance R. When the thickness of the specimen
was input, the thermal conductivity of the material (λ) can be calculated.

3.4 Water Vapor Permeability
The water vapor permeability characterizes the ability of a material to transfer moisture under a vapor

pressure gradient upon reaching the steady-state. It was measured as follows: First, the vapor partial pressure

Figure 9: (a) JPB-I heat capacity tester; (b) JW-III thermal conductivity tester
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on both sides of the material was controlled; then, the amount of water vapor transmitted through a specific
size of the test piece was measured per unit time; finally, the vapor permeability coefficient was calculated.
Water vapor permeability was tested in accordance with the standard [36] using the dry cup method. The
sample was embedded at the top of the plastic container; it contained adequate desiccants, with
anhydrous calcium chloride with a particle size of less than 3 mm, to maintain a stable RH level of 0% at
23°C. The distance between the upper surface of the desiccants and the lower surface of the sample was
20 mm, thereby avoiding the direct contact between the desiccants and the sample and enabling the
forced flow of water vapor to pass through the sample only (Fig. 10). The sealed testing cup was
maintained in a chamber at a constant temperature (23 ± 0.5°C) and RH (50 ± 3%) for the whole testing
time (15 days for each sample), and weighed every 24 h. A total of 12 different samples (50 × 50 ×
10 mm) were used.

The water vapor resistance factor (μ) corresponding to the ratio of the water vapor permeability of the
sample exceeded the water vapor permeability of air. The water vapor resistance factor has no unit.
Therefore, if the water vapor resistance factor of a material is 5, then compared with the corresponding
material under the same conditions, its resistance to water vapor diffusion will be five times its resistance
to air diffusion [37].

The assembly mass was recorded until the constant time variation of mass (
Dm

Dt
) was achieved. The vapor

pressure gradient between the climatic chamber environment and the cup (Dp) was estimated. For each
specimen, the water vapor permeability dpð Þ was calculated according to the following equation:

dp ¼
Dm

Dt
A � Dp � L (4)

where dp is the water vapor permeability (kg/(Pa·s·m)), Dm is the increased mass of the sample (kg), Dt is the
constant time (s), A is the surface area of the sample (m2), and L is the thickness of the sample (m).

The water vapor resistance factor (μ) was estimated as the following:

l ¼ D

dp
(5)

where μ is the water vapor resistance factor (-), and D is the water vapor permeability in the air (kg/(Pa·s·m)).

Figure 10: Experimental equipment for determining water vapor permeability
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3.5 Equilibrium Moisture Content (EMC) and Sorption Isotherms
The hygroscopic behavior is the cause of the dilatation and shrinkage of materials, leading to cracks and

bursts in buildings. The sorption isotherms were determined by the method of saturated salt solutions [38].
Relative humidity (RH) (given in percentage) is the ratio between the water vapor present and the air’s
saturation point, a value that changes with temperature. Equilibrium moisture content (EMC) is the
moisture content at which a material is neither gaining nor losing moisture under certain environmental
air conditions. It is a dynamic equilibrium that changes with relative humidity and temperature. Sorption
isotherms revealed the relationship between RH and EMC in the material at a specified temperature.
Earthen plaster samples were used with dimensions of 50 × 50 × 10 mm that were previously dried in a
ventilated oven at 105°C until reaching a constant weight. Then, the specimens were placed in the glass
desiccator with a defined RH at a constant temperature until the static sorption equilibrium was attained.
The EMC was reached when the material neither gained nor lost water. The moisture content could be
determined by Eq. (6):

MC ¼ Wm �Wd

Wd
� 100% (6)

whereMC is the moisture content of the sample,Wm is the moisture weight (g), andWd is the dry weight (g).
A series of RH including 11.3%, 32.8%, 43.2%, 52.9%, 75.3%, 84.3%, and 97.3% RH were used for the
tests. Besides, different RH levels in the glass desiccators were achieved by saturated salt solutions
(Tab. 3). The dried specimens were placed on the plastic meshes over airtight containers containing
various saturated salt solutions from low to high, respectively. The airtight containers were placed inside
a chamber at 20°C and 60% RH. The samples were weighed at weekly intervals at least until the
variation of two successive results showed a mass difference of less than 0.1%. When the tested samples
reached a moisture equilibrium at 93.58% RH, the adsorption tests were terminated. Three specimens for
each type of earthen plasters were used in different environments during the absorption phase.

4 Results and Discussions

4.1 MIP Analysis
The true density and apparent density of all the plaster samples were experimentally evaluated. In general,

the characteristics were similar between the two types of samples despite a slight difference. The true density of
HFP was 2238.81 kg/m3 and it was 2336.45 kg/m3 for CFP. This might be explained by the difference of both
pore size and shape inside the matrix. As shown in Tab. 4, compared with HFP, the specific surface area of the
pores in CFP is larger, while the pore diameter and porosity are smaller. The structure and size of the pores
seriously affect the thermal conductivity and water absorption properties of the material.

Table 3: Saturated salt solutions used for adjusting different RH (20°C) [38]

Name Molecular formula Relative humidity (%)

Lithium chloride LiCl 11.3 ± 0.3

Magnesium chloride MgCl2·6H2O 32.8 ± 0.2

Potassium carbonate K2CO3 43.2 ± 0.4

Magnesium nitrate Mg(NO3)2 52.9 ± 0.2

Sodium chloride NaCl 75.3 ± 0.1

Potassium chloride KCl 84.3 ± 0.1

Potassium sulfate K2SO4 97.3 ± 0.5

JRM, 2020, vol.8, no.12 1701



As shown in Fig. 11a, the cumulative mercury intrusion for both the HFP or CFP, changes with the
mercury intrusion pressure in a similar manner, such that the value gradually increases with pressure. As
the mercury intrusion pressure increases, mercury is gradually pressed into the pores, which becomes
smaller and smaller. When the pressure reached the maximum value of 33000 psia, the cumulative
mercury intrusion of the sample was 0.282 and 0.245 ml/g for HFP and CFP, respectively. Due to
differences in the pore structure (the existence form of pores and the porosity of the pores) between the
HFP and CFP, the cumulative mercury intrusion of each sample is different under the same mercury
intrusion pressure, which indicates that for different sample types, the porosity of the pores significantly
varies. The values suggest that the HFP has a greater porosity than the CFP. The mercury intrusion and
mercury removal curves of the samples do not overlap, indicating that there are ink bottle-shaped
porosities, residual porosities, and other porosities in the samples with poor connectivity.

As shown in Fig. 11b, when the two samples have the equal mercury intrusion pore size, their
cumulative mercury intrusion values are also significantly different. When the mercury intrusion pore size
is the same, more accumulated mercury means increased pore content (higher than the porosity) in soft
soils. When the mercury intrusion pore size is 50000 nm, the cumulative mercury intrusion for CFP
reaches 0.151 mL/g, while the cumulative mercury intrusion for HFP is only about half of the CFP value
at 0.078 mL/g. This suggests that the content of large porosity in CFP pores is far greater than in HFP.

Table 4: Results of mercury intrusion method

HFP CFP

Porosity/[%] 33.42 25.12

True Density [kg/m3] 2238.81 2336.45

Apparent density (kg/m3) 1537.21 1766.83

Average Pore Diameter/[nm] 149.6 109.0

Total Pore Area/[m2/g] 6.43 10.27

Figure 11: (a) Cumulative mercury intrusion–distribution curve of mercury intrusion pressure. (b)
Cumulative mercury intrusion–pore diameter distribution curve
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4.2 Water Content
The test results of water content are shown in Tab. 5. It is well-known that the water content directly

affects the state of the earthen plasters. As the water content increases, the soil changes from solid-state to
semi-solid state and then to plastic state, ultimately turning into a fluid state. When the earthen plasters were
produced, it was mixed with a suitable amount of water to obtain a plastic state. Then, it was applied to the
rock wall under the action of external force. After the internal moisture slowly evaporated, the earthen
plasters became solid or semi-solid. As a result, the earthen plasters gained high strength and adhesion.

4.3 Dry Thermal Conductivity and Specific Heat Capacity
The values of dry thermal conductivity and specific heat capacity are presented in Fig. 12. The testing

results showed that the average dry thermal conductivity of HFP and CFP was 0.183 W/mK with RSD of
1.67% and 0.218 W/mK with RSD of 1.28%, respectively. On the other hand, the average specific heat
capacity of HFP and CFP was, respectively, 689 J/(kgK) (with RSD of 1.71%) and 709 J/(kg K) (with
RSD of 1.55%). It should be noted that the RSD values of all the testing results were less than 5%,
indicating a low dispersion degree.

The dry thermal conductivity of HFP was slightly lower than that of CFP. The earthen plasters was a
porous material and consisted of solid phase and entrapped air after drying. The plaster with high density
has few pores, which were filled with air at the dry state, and the thermal conductivity value of air is
considerably lower than the solid phase. The solid phase was a mixture of Dengban soil, sand, and
natural fibers. The entrapped air had a rather low thermal conductivity of about 0.026 W/mK. With the

Table 5: Water content of samples

Sample Water content ω (%)

M (Mean) RSD (Relative standard deviation)

HFP 2.69 0.33

CFP 0.63 0.42

Figure 12: (a) Dry thermal conductivity and (b) specific heat capacity of the tested samples
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increase of the density, the number of plant fibers per unit volume increased, while the porosity of samples
and the pore size between fibers decreased. Because of the close contact of fibers, the solid thermal
conductivity and thermal contact conductivity of both fibers increased. This effect became the main heat
transfer mode of samples, increasing their thermal conductivity. Therefore, the CFP with higher density
has higher thermal conductivity than the HFP with lower density.

No significant differences in specific heat capacity were observed between the samples at different
fibers. The average of these two types of samples was rather close: 689 J/(kgK) for HFP and 709 J/(kgK)
for CFP. Generally, the specific heat capacity of the sample depends on the proportion of solid phase, gas
phase and liquid phase. The higher the specific heat capacity of the solid phase, the greater the specific
heat capacity of the sample. Peng et al. [39] reported that the specific heat capacity of dry sand and dry
soil was about 790 J/(kgK) and 840 J/(kgK), respectively. In this study, the soil and sand were mixed
with 3% of plant fiber in a mass ratio of 100:3, which was likely to reduce the specific heat capacity.

4.4 Water Vapor Permeability
Tab. 6 shows the average values of water vapor permeability (dp) and the water vapor resistance factor

(l) of the two types of samples. It can be seen that all the samples had a relatively high resistance to water
vapor. The average value of μ was 17.07 for HFP and 20.35 for CFP, indicating a poor water vapor
permeability. The results were consistent with the experimental results in previous research [40]. Such a
low water vapor permeability may be conducive to reducing the total deposition of soluble salts on the
mural surface by reducing the water vapor in the earthen plasters.

Water vapor could enter porous materials through pore openings at the surface, while liquid water inside
the material could evaporate. The granular skeleton of the material reduced the available cross-sectional area
of the air used for vapor diffusion. The complex spatial connectivity of the pore spaces increased the path
length, thereby increasing additional water vapor resistance [41,42]. Although the coarse plaster of the
samples was the same, the pore structures of the fine plaster were different due to the addition of different
fibers. Fig. 12 showed that the pore size of the fine cotton plaster was smaller than that of the fine hemp
plaster, thereby leading to the diverse transferability of water molecules in the two types of samples.

On the other hand, the density of cotton fiber was lower than that of hemp. Thus, at a fixed weight
percentage, the added volume of cotton fiber would be larger than that of hemp, thereby resulting in a
greater impact on the macro-porosity of the samples. Basically, the water vapor resistance of HFP (with
hemp in the fine plaster) was lower than that of CFP (with cotton in the fine plaster).

Fig. 13 demonstrated how the water vapor resistance factor of earthen materials varied with their density.
Liuzzi et al. [9] measured a similar μ of olive-fiber plasters in the order of μ ~22.1–25.0, which was higher
than that of the experimental plasters in Mogao Grottoes. In a previous work [37], the results of the water
vapor permeability test for different earthen plasters were found to be dependent on the density and the
amount of water used during the sample preparation. Nevertheless, Liuzzi et al. observed a similar trend
of the water vapor resistance factor by varying the density. In this study, however, the variation of the

Table 6: Water vapor resistance factor

Sample Water vapor permeability
dp [×10

−11 kg/(Pa·s·m)]
Water vapor resistance
factor l [-]

HFP 1.15 17.07

CFP 0.96 20.35
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water vapor resistance factor could not be explained solely by the varied density due to the limited number of
samples and a low correlation.

4.5 EMC and Sorption Isotherms
4.5.1 EMC

The equilibrium sorption moisture values collected during the measurement process (lasting about
50 days) were used to produce the sorption isotherms for the studied plasters. Fig. 14 shows the
relationship between the EMC of the plaster samples and the RH at 20°C. Apparently, the EMC of the
plaster samples increased with increasing the RH. It can be also seen that the EMC change ranges were
0.15%–26.75% (kg/kg) for HFP and 0.07%–1.75% (kg/kg) for CFP within the RH range of 11.3–97.3%,
respectively. The results indicated that the EMC was less than 2% for both the two types of earthen
plasters at an RH of below 52.9%. This helps to explain why plaster materials are useful for straw bale
buildings for protecting the murals against harsh external conditions.

Figure 13: Plots showing the water vapor resistance factor against density for earthen materials

Figure 14: Relationship between RH and EMC for the analyzed samples
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The EMC of HFP was higher than that of CFP. For HFP, the EMC increased much slower with
increasing the RH to 52.9%, and further increasing the RH led to a more significant increase in the EMC.
As for CFP, the increase in the EMC was less noticeable with gradually increasing the RH. For example,
only a 1.3% increase in the moisture content was observed for CFP by increasing the RH from 52.9% to
84.3%, while the corresponding increase was 13.6% for HFP. Interestingly, within the high RH region,
the change in the EMC varied more dramatically for the two types of samples, indicating that the material
was more hygroscopic under a high humidity condition. These results revealed that the components in the
plaster materials exerted a dominant influence on the sorption moisture. Compared with CFP, HFP gained
significantly higher sorption moisture values at each RH. This could be attributed to the involvement of
different fibers, which changed the pore structures inside the matrix. The two fibers have moisture
absorption properties. As shown in Fig. 5, the two fibers are porous materials, and the incompleteness of
the cellulose deposition results in a special structure called lumen, which can improve the hygroscopicity
of fibers. At the microscopic level, the lumen of hemp fiber is larger than that of cotton fiber, which leads
to more water absorption and storage in HFP at a high level of RH. Two mechanisms are responsible for
this sorption phenomenon. At low RH, water molecules in the air are attracted to the hydrophilic groups
of the fibrous macromolecules and then attach to the pore walls to form a thin water film. As the RH
increases gradually, this water film becomes thicker, and the capillary condensation takes place in narrow
pores. The two mechanisms may be at play at the same time; however, at high RH, the capillary
condensation plays a dominant role. The above findings also indicate that RH in the caves should be kept
below 52.9%, which is in line with the recommendation by Maekawa et al. [43].

4.5.2 Sorption Isotherms
The average EMC of the samples was calculated accordingly, and several regression curves were tested.

In Díaz et al. [44], three theoretical models were used to represent the sorption isotherms for different
materials. However, the Kumaran model (see Eq. (7)) and the Burch model (see Eq. (8)) gave more
satisfactory results. Another model, known as the modified GAB model (see Eq. (9)), has also been
widely used, which is based on the moisture content.

l ¼ w

aw2 þ bwþ c
(7)

l ¼ a � 1

1� w
� 1

� �b

(8)

l ¼ CG � k � w
1� k � wð Þ 1� k � wþ CG � k � wð Þwm (9)

where μ is the moisture content, ψ is RH, and a, b, c, CG, k; and wm are constants.

The relationship between EMC and RH was not linear, as can be seen in Fig. 15. The model parameters
for all models are shown in Tab. 7. The correlation coefficients were higher than 0.960 in all cases, indicating
that the models fitted reasonably well with the measurements. For HFP, the best-fitting results were obtained
by the Kumaran model, while the Burch model provided the closest results for CFP. A previous study showed
that the GAB model was suitable to fit the experimental data of the plasters reinforced with barley straw,
wheat straw, and wood shavings, and plasters without fiber as a function of both temperature and RH
[45]. The GAB model was suitable to predict the data for plasters reinforced with several different fibers.

Two types of fibers-hemp fiber and cotton fiber-were used in fine layers of the two types of samples.
The results showed that there was little difference in thermal performance but significant difference in
hygric properties between these two types of samples. Compared with CFP, HFP had better permeability
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to water vapor and thereby could absorb more water vapor at any fixed RH. In other words, water permeatedmore
quickly in HFP than in CFP. Hence, under the same condition, more water and salt were able to migrate to the
surface of murals prepared with HFP. Therefore, the HFP incorporated murals are more vulnerable to diseases.

The CFP had a relatively low dry thermal conductivity, a weak ability to transfer water vapor, and a high
storage capacity for heat and moisture. All these features are beneficial to the long-term preservation of
murals. It acts as a cushion layer against the effect of temperature waves and humidity change on the
paint layer. A poor permeability to water can reduce the rate of water transfer and prevent salt from
transferring water to the mural surface. On the other hand, lower dry thermal conductivity alleviates the
damages to murals caused by changes in ambient temperature.

5 Conclusions

From the results, it appears that the reinforcement of two natural fibers (hemp and cotton fiber) has much
more impact on the hygric properties (water vapor permeability and sorption isotherms) of earthen plasters
than on their thermal performance (specific heat capacity and dry thermal conductivity).

The thermal conductivity of earthen plasters increased with increasing density. The CFP with higher
density has higher thermal conductivity than the HFP with lower density. This might be explained by the
difference of both pore size and shape inside the matrix. But no significant differences of specific heat

Figure 15: Comparison of three regression curves for sorption of (a) HFP and (b) CFP

Table 7: Specific function expressions and error

Model Sample Constants Adj R2

Kumaran model HFP A = 47.52, b = −105.89, c = 60.52 0.994

CFP A = −276.81, b = 252.91, c = 55.42 0.989

Burch model HFP A = 0.038, b = 0.789 0.974

CFP A = 0.004, b = 0.526 0.991

GAB model HFP CG = 0.011, k = 0.809, wm = 2.358 0.993

CFP CG = 10.101, k = −0.091, wm = −0.005 0.961
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capacity were observed between the samples at different fibers. Compared with CFP, HFP had better
permeability to water vapor and was able to absorb more water vapor at any given RH, indicating that
water vapor permeates more quickly and more water is retained in HFP than in CFP.

The overall findings highlight that all these features of CFP are beneficial to the long-term preservation
of murals. The CFP used in murals can reduce the rate of water transfer and prevent salt from transferring
water to the mural surface. It can also alleviate the damages to murals caused by changes in ambient
temperature. The earthen plasters in Mogao functions as a cushion layer against the effect of temperature
waves and humidity change on the paint layer. The study of the earthen plasters in Mogao Grottoes is of
general significance. This multi-layer structure of murals exists not only in Mogao Grottoes but also in
caves, tombs, palaces, and temples around the world. This paper sheds new insights into the study of the
earthen plasters in other cultural relics. Moreover, the measured properties can be used to obtain coupled
heat and moisture analysis of the earthen plasters and to dissect the degradation mechanism of murals.
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