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Abstract

Safe and efficient conservation of cultural artifacts requires preventing artifacts

deterioration and energy-saving environmental control. To achieve this, predict-

ing deterioration caused by environmental conditions is necessary. Predicting the

mechanical damage caused by humidity fluctuations necessitates knowledge of

the mechanical properties of cultural artifacts materials. Although the mechanical

properties of several artifacts have been extensively studied, no investigations

have focused on the soils underlying wall paintings. This study aims to clarify

some mechanical properties of the upper- and middle-coat soils serving as the

substrates for Hiten wall paintings at Horyu-ji Temple. Mock-up materials were

prepared, and splitting tensile and uniaxial compressive tests were performed.

Simultaneously, specimens with various equilibrium humidities were tested to

clarify their humidity dependency. The tensile and compressive strengths,

Young’s modulus, proportional limit, and Poisson’s ratio of the upper-coat soil

were 0.103–0.239MPa, 1.16–2.55MPa, 0.115–0.209 GPa, and 1.10–2.49MPa, and

0.152, respectively. Moreover, the humidity-induced strains for the upper- and

middle-coat soils were measured, and the moisture expansion coefficients were

approximately 1240 and 2337 μST/�, respectively. The results of this study pro-

vide vital data for the conservation of the wall paintings and contribute to a dee-

per understanding of wall soil properties.
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1. Introduction

1.1 Background

For cultural artifacts stored and exhibited in an indoor environ-
ment, improper management of environmental factors, such as
heat, humidity, light, and air quality, can lead to their deterio-
ration and loss of their value. Among the environmental fac-
tors, inadequate temperature and humidity can induce or
accelerate various deterioration phenomena.1 Therefore, tem-
perature and humidity control is crucial for preserving cultural
artifacts. However, achieving environmental control while

reducing energy consumption and costs is also required. To
satisfy the energy and cost requirements, clarifying allowable
temperature and humidity ranges and rates of change for
conservation is beneficial. Besides, predicting the impact of
environmental temperature and humidity on deterioration is
necessary to evaluate the allowable hygrothermal conditions.
Among the deteriorations depending on temperature and

humidity conditions, a typical phenomenon caused by humidity
fluctuations is mechanical damage to artifacts made of paper,
wood, soil, and other hygroscopic materials. Deformation
becomes constrained when the moisture conditions within a
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material vary or when materials with different moisture expan-
sion properties are bonded together. This can result in stress
and potential mechanical damage. In paintings, layers of mate-
rials with different moisture expansion properties are often
stacked. Each layer constrains its deformation, resulting in
compressive and tensile forces between them. In addition,
changes in environmental humidity cause moisture conditions
to shift toward equilibrium, starting from the surface. This
leads to a distribution of moisture conditions throughout the
thickness of the painting, causing deformation and stress distri-
bution within a single material depending on moisture condi-
tions gradients.2

Mechanical damage occurs when stress or deformation
exceeds the damage thresholds for each material. Predicting
mechanical damage necessitates comparing stress and strain
with the damage criteria, such as strength or critical strain.
Prediction of stress and strain caused by moisture conditions
distribution is enabled by applying constitutive relations to
which the effects of swelling and shrinking caused by moisture
content changes are introduced. In addition, because moisture
transfer is coupled with heat transfer, the moisture conditions
distribution in a material can be predicted by applying heat
and moisture simultaneous transfer model, such as that in
existing literature.3 Therefore, understanding constitutive coef-
ficients, the relationship between moisture conditions and
strain, and damage criteria, such as strength, in addition to
hygrothermal properties, is necessary for constructing damage
prediction models for cultural artifacts.

1.2 Previous studies and motivation

Several studies have been conducted to quantify the mechani-
cal properties of cultural artifact materials. For instance, the
elastic moduli and moisture expansion coefficients of oiled
paint, poplar wood, lime wood, canvas, gesso, and animal glue
used in panel and canvas paintings have been measured.4–12

Furthermore, damage criteria, such as strength, strain at break
or yield, and energy release ratio (a fracture mechanics param-
eter) of poplar wood, lime wood, oak wood of various ages,
oiled paint, animal glue, gesso, and clay substrate of lacquer,
have been obtained.6,7,11–15 These mechanical properties used
for stress, deformation, and damage prediction have thus far
been measured in several cultural artifacts, with their humidity
dependence clarified in some cases.6,9,11 However, previous
studies have predominantly focused on panel and canvas
paintings and wooden ornaments. Therefore, mechanical prop-
erties of many materials in other cultural artifacts remain
unexplored.
Some of the authors are involved in the conservation and

exhibition project of the wall paintings in the main hall of
Horyu-ji Temple. In this project, predicting the mechanical
damage to the wall paintings is crucial for determining the
appropriate method for environmental control.2 Therefore,
clarifying the mechanical properties of the materials used for
the wall paintings is an urgent issue. Assuming that the
wall painting substrates are brittle materials, the maximum
principal stress criterion, which predicts damage occurring by
comparing the maximum or minimum principal stresses to the
tensile or compressive strength, respectively is an effective
means of conducting damage prediction of the wall paintings.
To apply the criterion, the strengths must be clarified. In
addition, the stress–strain relationship in isotropic materials,
incorporating the deformation derived from wetting or drying,
is expressed as

σii ¼ D1εii þ D2 εjj þ εkk
� ��D3eΔh, (1)

τij ¼ D4γij, (2)

D1 ¼ E 1�νð Þ
1þ νð Þ 1�2νð Þ , (3)

D2 ¼ Eν

1þ νð Þ 1�2νð Þ , (4)

D3 ¼ E 1þ νð Þ
1þ νð Þ 1�2νð Þ , (5)

D4 ¼ E

2 1þ νð Þ , (6)

where σii and τij are the vertical and sheer stresses, respec-
tively, εii and γij are the vertical and sheer strains, respectively,
and e is the moisture expansion coefficient which gives the
strain relative to the equilibrium RH change Δh. To predict
the stresses using Equations (1)–(6), the elastic moduli and
moisture expansion coefficient of wall painting substrates must
be clarified on the assumption that the materials are isotropic.
Figure 1 shows present Hiten wall painting (No. 16), and

Figure 2 shows the constituent materials of the wall paintings
inferred from previous research on the wall paintings in
Horyu-ji Temple.16–19 The wall paintings have soil wall sub-
strates composed of various types of wall soil (Kabe-tsuchi).
The thicknesses of the upper-, middle-, and under-coat soil
layers were based on the research of Aoyagi and Hayashi,19 in
which they estimated the dimensions of various parts of the
burned wall paintings based on the documents stored at
Horyu-ji Temple. Note that the assumption of the materials
and composition of Hiten wall paintings presented in Figure 2
are based on studies of the burned wall paintings, which were
originally the first-story walls in the main hall of Horyu-ji
Temple. The main focus of this study is Hiten wall paintings,
which were not burned, and their materials and compositions
have not been clarified. We assumed that the materials and

FIGURE 1 One of Hiten wall paintings in the storehouse of the main
hall of Horyu-ji Temple photographed by an author (K. Ishikawa) on
December 1, 2021
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compositions of Hiten wall paintings were identical to those of
the burned wall paintings.
Because touching the wall painting is prohibited, and per-

forming mechanical tests on the original wall paintings is diffi-
cult, using mock-up wall painting materials is a practical
alternative method for estimating mechanical properties. In a
previous study, the authors measured the tensile and compres-
sive strengths, Young’s modulus, and Poisson’s ratio of white
clay using a mock-up material.2 White clay is a substrate for
Hiten wall paintings, positioned just beneath the paint layer.
To predict the stress and strain leading to damage in the wall
paintings, the mechanical properties of further underlying layer
material, specifically upper-coat soil (Hyodo) and middle-coat
soil (Nakanuri-tsuchi), are also necessary. Upper- and
middle-coat soils are types of wall soils currently used as tra-
ditional building materials. Several studies have explored the
mechanical properties of wall soils.20–29 These studies revealed
that the mechanical properties of walls soil vary based on the
mixing materials, mixing ratio, and fabrication conditions, such
as the length of mizuawase, the period after the materials are
blended and kept wet. Therefore, obtaining the mechanical
properties of wall soils simulating the original materials is nec-
essary for precise damage prediction of the wall paintings. In
addition, the mechanical properties of the wall soil are
expected to vary significantly with the moisture content of the
material because the structure is supported by the bonding of
soil particles by the meniscus. Accordingly, experiments have
been performed to investigate the relationship between mois-
ture conditions and the mechanical properties of under-coat
soil (Arakabe-tsuchi).21 However, other than the referenced
research, knowledge of the relationship between the mechani-
cal properties and moisture conditions of wall soils remains
lacking.

1.3 Research purpose

This study aimed to obtain the mechanical properties of upper-
and middle-coat soils used as substrates for Hiten wall paintings
in the main hall of Horyu-ji Temple to contribute to predicting
the damage to the wall paintings induced by humidity fluctua-
tions. Mock-up materials for the upper- and middle-coat soils
were prepared for measurement. For the mock-up upper-coat

soil, Young’s modulus, Poisson’s ratio, and compressive
strength were obtained through uniaxial compressive test, and
the tensile strength was obtained through splitting tensile test.
The humidity dependence of these properties was clarified using
specimens in equilibrium to different moisture conditions, and
the mechanical properties were approximated as functions
depending on relative humidity to be utilized in the damage pre-
diction. Moreover, the humidity-induced strains in the mock-up
upper- and middle-coat soils were measured, and the relation-
ships between the strain and equilibrium humidity of these mate-
rials were identified.

2. Mainly targeting cultural artifacts

In a previous study,2 the authors extensively discussed knowl-
edge of Hiten wall paintings. The main hall of Horyu-ji Tem-
ple is believed to be built in the 7th to early 8th century.16

The walls under the ceiling of the main hall had 20 Hiten wall
paintings. The main hall was burned in 1949 during building
renovations, severely damaging the building frame and 12
large wall paintings. However, 20 Hiten wall paintings
remained unscathed because they were removed from the
building frame with their substrate soil walls. Hiten wall paint-
ings have been designated as important cultural properties by
the Japanese government. One of the 20 Hiten wall paintings
is displayed in the Great Treasure Gallery (Daihozoin), and the
remaining paintings, along with the burned main hall building
frame, are placed in a storehouse. These 19 paintings are usu-
ally kept in the storehouse and kept away from public view;
however, recent initiatives have begun to make them accessi-
ble to the public for a limited period.
As shown in Figure 2, the substrates of the wall paintings

comprised soil walls with multiple layers, and white clay was
used as the substrate layer for the pigment.18 The upper-coat
soil positions just beneath the white clay, and the middle-coat
soil does beneath the upper-coat soil layer. Previous
reports16,19 identified or estimated the component materials
and soil grain sizes of the upper- and middle-coat soils of the
burned wall paintings using a water-sieving technique. Based
on these reports, the materials, including the grain size of the
soils, and composition for the mock-up wall soils were

FIGURE 2 Assumption of materials and composition of Hiten wall paintings
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determined, as described in the subsequent section. The origi-
nal upper-coat soil was estimated to contain Poaceae-family
plant ears and other plant fibers of 8–11 mm in length16 or
hemp fibers.19 The middle-coat soil contained 13–30 mm straw
fibers. However, it should be noted that the report did not
describe a separation method for clay and fine sand, although
a precipitation method was possibly used. In addition, the
report provided the mass ratios of the materials in the upper-
and middle-coat soils, but the humidity range, where the
masses were measured, was unclear. The masses of soils and
fibers depend on their moisture content. Thus, the mass ratio
should also depend on the humidity range.

3. Materials and Methods

3.1 Materials

Based on previous reports,16,19 mock-up materials simulating
the upper- and middle-coat soils of the wall paintings were
fabricated. Soil walls are sometimes used in traditional houses
and cultural heritage buildings, and wall soil materials are
commercially available. To prepare the specimens, wall soil
for the middle coat was used. The soil was sorted according to
particle size using the water-sieving method. Because the sepa-
ration method between clay and fine sand in the literature16

was unclear, we regarded soil particles with a particle size
of less than 75 μm, known as fine-grained soil in soil
mechanics,30 as clay referred to in the literature.16 To sort wall
soils with different grain sizes, three types of industrial sieves
were used, with mesh sizes of 2 mm, 500 μm, and 75 μm.
Stacked sieves were placed on top of a pail, and the wall soil
was added to the top sieve with water. The obtained gravel
(larger than 2 mm), coarse and fine sands (500 μm–2 mm and
75–500 μm, respectively), and water containing clay (smaller

than 75 μm) were dried in an oven at 80°C. Figure 3A,B show
the hemp and straw fibers used to fabricate the mock-up
upper- and middle-coat soils, respectively. The width of the
hemp fibers was less than 0.5 mm, and the length was approxi-
mately 10 mm for the most part, where the longest was
18 mm. The width of the straw fiber was in the range from less
than 0.5 mm to approximately 4 mm, and the length was less
than 40 mm. The length and diameter can affect the physical
properties of the wall soils. However, the fibers added to the
specimen were not sorted by their dimensions in this study. A
further problem is clarifying the effects of fiber dimensions on
the physical properties of the upper- and middle-coat soils.
Table 1 lists the materials and compositions of the soils. The

fibers and separated soils were stored in a desiccator humidi-
fied to 53% relative humidity (RH). The mass compositions in
Table 1 reflect the values at the same equilibrium RH. The
materials and compositions of the mock-up wall soils were
determined to be as similar as possible to those of the original
wall painting substrate. However, one limitation is that they
could not be proved to be the same as those of the original,
and the difference could result in a misestimation of the
mechanical properties. In addition, the effect of material com-
position on the material properties of wall soils could not be
examined in this research, and additional confirmation that the
measured mechanical properties are applicable to other arti-
facts with different material compositions is necessary.
Notably, the amount of water added to the upper-coat soil

for strain measurement was larger to facilitate spreading with
a trowel during specimen fabrication. Although no change in
appearance was observed, the mechanical properties after dry-
ing could vary depending on the amount of water added during
the specimen fabrication. Moreover, the mizuawase period was
not considered in this study. Mizuawase changes the bridging

FIGURE 3 (A) Hemp and (B) straw fibers used to fabricate the mock-up wall soils

TABLE 1 Quantities of materials in the mock-up top-coat and middle-coat soils

Kind of soil Fiber (g)

Clay (g) Fine sand (g) Coarse sand (g) Gravel (g)

Water (g)�75 μm 75–500 μm 500 μm–2mm 2mm �
Upper-coat soil 0.11 (hemp) 14.13 84.01 1.87 – 25.18 (splitting tensile and compressive tests)

30.00 (strain measurement)

Middle-coat soil 3.54 (straw) 41.07 34.79 16.51 3.895 30.00
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effect between clay and fibers and affects the viscosity of the
wall soil paste. The physical properties, including the strength
of the dried and hardened wall soil, are possibly affected by
the mizuawase.20,21 Additionally, the chemical properties of
wall soils, such as their elemental composition, ignition loss,
the potential of hydrogen (pH), and electrical conductivity,
have been investigated in previous research.23 It has been
reported that pH and electrical conductivity increased over the
mizuawase period.31 The degree of the physical and chemical
effects of mizuawase can depend on the length, temperature,
types of soils, composition, and others.31 However, the condi-
tions of mizuawase for the original substrate wall soils remains
unclear, although it was possible that the properties of the wall
soil were adjusted by mizuawase during the construction pro-
cess of ancient buildings, including the main hall of Horyu-ji
Temple. Simulating the change in properties of the wall soils
due to mizuawase was difficult, and we fabricated the
specimens without a mizuawase period, which was the most
basic condition. The effects of mizuawase, which were not
considered in this study, are required to be addressed in a
future work.
Furthermore, as fundamental physical properties, Table 2

shows the dry density and porosity. To obtain the dry density,
the dimensions were measured using a digital caliper. The com-
position of the upper-coat soil was the same as that used for the
splitting tensile and compressive tests. The dry density was the
average of three and six specimens for the upper- and
middle-coat soils, respectively, oven-dried at 105°C. The poros-
ity was measured using the mercury intrusion method using one
specimen for each soil type. The range of the injection pressure
was 7.377 × 10�3 to 4.086 × 102 MPa. The wall soils are fragile
materials, and the specimens could be cracked microscopically
during the mercury injection process, although visible cracks
could not be found. The development of microscopic cracks
potentially resulted in overestimating the porosity.

3.2 Test principles

Table 3 lists the test names, apparatuses, measurement
targets, and materials used in this study. Three tests were
performed: splitting tensile test, uniaxial compressive test, and
humidity-induced strain measurement. The splitting tensile and

uniaxial compressive tests were performed only on the
upper-coat soil specimens. Humidity-induced strain measure-
ments were performed on the upper- and middle-coat soil
specimens.
The principles for the splitting tensile and uniaxial compres-

sive tests are described in the authors’ previous study,2 and we
explain the outlines here. In the splitting tensile test, a com-
pressive force was applied to the side of the cylindrical speci-
men, and a tensile force was applied perpendicular to the
direction of the applied force. The maximum tensile stress
σmaxt (MPa) applied to the specimen can be obtained from the
theoretical relationship between the specimen diameter D (m),
specimen height L (m), and applied force P (MN)32:

σmaxt ¼ 2P

πDL
: (7)

where the tensile strength is the tensile stress at break. In the
uniaxial compressive test, an unconstrained cylindrical speci-
men was compressed in the axial direction. The stress–strain
relationship was obtained from the displacement, applied force,
and specimen dimensions. Young’s modulus was obtained as
the slope of the stress–strain relationship. To measure Pois-
son’s ratio, the axial and circumferential strains were measured
using a strain gauge attached to the side of the specimen.
Notably, gauge glue can harden soft materials, including wall
soils, making accurate measurements challenging. However,
for simplicity, this study used strain gauges. The aim of mea-
suring these mechanical properties was to contribute to the
damage prediction of wall paintings. Therefore, we considered
visible cracking to be “damage” in both tests, and regarded the
stress at soil cracking as the strength, regardless of bearing
capacity against the applied force.
In humidity-induced strain measurements, the specimen to

which a strain gauge was attached was subjected to a constant
degree of environmental humidity variation at a constant tem-
perature. Material expansion or shrinkage corresponding to the
change in RH was measured using a strain gauge. The rela-
tionship between the change in RH (drying and wetting from a
reference RH value) and strain was obtained. Furthermore, the
moisture expansion coefficient in response to changes in RH
was estimated. Notably, similar to the Poisson’s ratio measure-
ment, the hardening of wall soils could occur, potentially
resulting in an underestimation of the absolute value of strain.

3.3 Specimen preparation

Similar to a previous study,2 metal water pipes were used as
molds for the splitting tensile and compressive tests. The pipe
lengths were 50 and 75 mm for the splitting tensile and com-
pressive tests, respectively. The nominal diameter was 32 mm

TABLE 2 Dry density and porosity of the upper- and middle-coat

soils

Kind of soil Dry density (kg/m3) Porosity (m3/m3)

Upper-coat soil 1646 0.3192

Middle-coat soil 1487 0.3300

TABLE 3 Test name and corresponding test equipment, mechanical properties, and material

Test name Test equipment Mechanical properties Material

Splitting tensile test Mechanical testing machine Tensile strength Upper-coat soil

Compressive test Mechanical testing machine Compressive strength

Young’s modulus

Proportional limit

(Stress–strain relationship)

Upper-coat soil

Two-axis strain gauge Poisson’s ratio Upper-coat soil

Measurement of

humidity-induced strain

Strain gauge

Data logger

Moisture expansion coefficient

(Humidity-induced strain)

Upper-coat soil

Middle-coat soil
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for both tests. To prevent damage to the specimen during dry-
ing shrinkage, a rubber sheet was placed around the inner of
each mold. The wet soil paste was poured into molds placed
on sponge sheets. The specimens were naturally dried in a
thermostatic chamber at 23°C. Although the humidity in the
chamber was uncontrolled, it was monitored and ranged from
20% to 45% RH during specimen drying. The molds were
removed 1 week after the paste was filled, and the specimens
were dried in the same chamber for another 2 weeks. Subse-
quently, the bases of the specimens were smoothed using sand-
paper. The heights of the specimens used for the splitting
tensile and compressive tests were approximately 35 and
55 mm, respectively. Although attempts were made to fabricate
upper- and middle-coat soil specimens, those for the
middle-coat soil failed because the straw fiber in the soil
obstructed the smoothing process. After the specimen prepara-
tion, the dimensions were measured using a digital caliper.
Strain gauges were attached to the sides of the compressive
test specimens. The specimens were then placed in desiccators
humidity-conditioned with saturated salt. Four equilibrium
humidity levels were selected: 105°C oven-dried (regarded as
0% RH), 33%, 53%, and 84% RH. Saturated salts were used
to humidify the specimens. MgCl2.6H2O was for 33% RH,
Mg(NO3)2.6H2O for 53% RH, and KCl for 84% RH. The equi-
librium humidity corresponding to each salt was referred from
the literature.33 The humidity conditioning periods of the spec-
imens were at least 14 and 90 days for oven drying and the
other humidity levels, respectively. Five specimens were tested
for each splitting tensile and compressive test.
For humidity-induced strain measurements, specimens of

55 mm × 55 mm square with a 10-mm thickness were prepared
using silicon molds for the upper- and middle-coat soil. The
wet soil paste was plastered into the molds on a sponge sheet
and allowed to dry naturally. Drying was conducted in an
experimental room in winter, where temperature and humidity
remained uncontrolled. The molds were removed 1 week after
plastering the specimen paste. Six specimens were prepared
for the upper-coat soil and five for the middle-coat soil.
The specimens used for the splitting tensile and compressive

tests and those used for the humidity-induced strain measure-
ments had different shapes and drying conditions. These differ-
ences could lead to differences in the measured material
properties. Such changes in material properties related to the

preparation methods of the test specimens will be investigated
in a future study.

3.4 Measuring system and methodology

The measuring apparatus and systems used for the splitting
tensile and compressive tests were the same as those used in
the authors’ previous study.2 Both tests were performed in a
thermostatic chamber at 23°C. In both tests, humidity in the
chamber remained uncontrolled for the 84% RH equilibrium
specimens, with chamber humidity levels ranging from 71%
to 86% RH. For the other RH equilibrium specimens, a
domestic-sized dehumidifier was operated during the tests,
maintaining humidity levels of approximately 60%–72% RH
for the 53% RH equilibrium specimens and approximately
44%–53 %RH for the 33% RH equilibrium and oven-dried
specimens. For cooling, the oven-dried specimens were moved
into a desiccator dried with silica gel in the thermostatic cham-
ber at 23°C approximately 1 h before the tests. The loading
ratios of the splitting tensile and compressive tests were deter-
mined according to JGS 2551-2020 and JGS 2521-2020,32 set
at 0.1 mm/min and 0.05 mm/min, respectively. In the splitting
tensile test, loading was stopped at least 10 min after com-
mencement and when a crack was visually observed on the
base. In the compressive test, loading was stopped for at least
20 min and when a crack was observed on the side.
Figure 4 shows the measuring system for the humidity-

induced strain measurements. The strain measurement system
comprised an NR-600 logger and NR-ST04 (Keyence Co.)
(Figure 4A). Strain gauges and gauge glue were KFGS-30-
120-C1-11 and CC-35 (Kyowa Electronic Instruments Co.,
Ltd.) (Figure 4B), respectively. The measurements were con-
ducted in a thermostatic room at 23°C. Each specimen was
placed on a glass dish in a humidity-conditioned desiccator
with a saturated salt solution at the reference relative humidity.
The strain at equilibrium was set to zero. The salt solution was
replaced to dry/humidify the desiccator, and the strains of the
specimens caused by a difference in RH between the reference
and new relative humidities were recorded. The reference
humidity was 53% RH, and the humidities under drying and
humidifying conditions were 33% and 84%, respectively.
Owing to the limited logger-connection capacity, the speci-
mens were divided into two groups (A and B) and placed in
different desiccators. Each group contained three specimens of

FIGURE 4 Measuring equipment of humidity-induced strain
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the upper-coat soil and two to three specimens of the
middle-coat soil.

4. Results

4.1 Tensile strength

Figure 5 shows the relationship between the test force and
ratio of the displacement to the specimen diameter during the
splitting tensile test at each equilibrium humidity. As a typical
example of the failure process, the appearance of a specimen
base (red line) during the test is shown in Figure 5. The test
force linearly increased with the displacement-to-diameter ratio
at every equilibrium RH, reaching a local maximum value
before the ratio reached 0.02. It is considered that the initial
increase in the slope was attributed to the increasing surface
area supporting the applied force with increasing displacement
when the side surface of the specimen was rough. For most
specimens, the test force decreased immediately after reaching
the local maximum value. Subsequently, the test force tended
to increase until the end of the test for all specimens, although
the base had already cracked. We expect that the first maxi-
mum value was attributed to the bonding of the soil and sand,
and the subsequent increase in the test force was attributed to
the support provided by the hemp fiber against tensile force.
As discussed in the Introduction, the occurrence of cracks in
cultural artifacts leads to a loss in value, despite their capabil-
ity to withstand tensile forces. Therefore, the tensile strength
was obtained from the local maximum value of the test force
(blue circle in Figure 5; red line).
Figure 6 shows the measured and average tensile strengths

relative to the equilibrium RH. The average tensile strength

ranged from 0.103MPa to 0.239MPa. The average tensile
strength decreased with increasing equilibrium RH over the
entire measured humidity range. We consider the relationship
between tensile strength and relative humidity is not necessar-
ily linear because it depends on the meniscus formation in the
upper-coat soil. Notably, the measured tensile strengths of
specimens at 33% and 53% equilibrium RH had similar
ranges, and the average tensile strengths were not significantly
different. However, the test results were insufficient to approx-
imate a suitable curve and coefficients reflecting the relation-
ship between mechanical properties, including tensile strength
and relative humidity, owing to the limited humidity range
used in the tests. Thus, the tensile strength σten (MPa) was
approximated as a linearly decreasing function of equilibrium
RH h (�), expressed as follows:

FIGURE 5 Test force–displacement/diameter relationship of the upper-coat soil during the splitting tensile test

FIGURE 6 Relationship between the tensile strength of the
upper-coat soil and equilibrium RH
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σten ¼ �0:1539hþ 0:2410: (8)

The coefficients in Equation (8) were obtained using the
least-squares method for four average values. The coefficient
of determination was 0.944. To obtain a more detailed approx-
imation, further studies on the relationship between tensile
strength and humidity are necessary through tests with a finer
humidity range. This requirement also applies to the mechani-
cal properties, as discussed below.

4.2 Compressive strength

Figure 7 shows the stress–strain relationship observed during
the compressive test for each equilibrium RH. As an example
of the failure process, the change in the appearance of a
specimen is shown in red line. For every equilibrium RH, the
slope of the stress–strain curve initially increased within the
range of 0.0–0.3 kPa. In the compressive test, it was consid-
ered that the initial increase in the slope was larger when the
base of the specimen was a rough plane, with the rough part
subsequently flattened by the compressive force. After the
initial slope increase, the stress relative to the strain increased
linearly. The maximum stress was reached after the slope
decreased. Subsequently, the stress rapidly decreased. Similar
to the red-line specimen, for every compressive test, side
cracks were visually observed on the specimen after the
stress decreased. Therefore, the compressive strength (blue
solid circle in Figure 7) was determined as the maximum
stress of the entire stress–strain relationship. Because the
stress–strain relationship deviates from linearity before reach-
ing the maximum stress, a proportional limit was also deter-
mined as the maximum stress to which Young’s modulus can

be applied. The Young’s modulus and proportional limit are
defined in the subsequent section.
Figure 8 shows the measured and average compressive

strengths relative to the equilibrium RH. The average com-
pressive strength ranged from 1.16MPa to 2.55MPa. The
compressive strength at the same humidity was 9.30–11.3
times greater than the tensile strength, confirming that
upper-coat soil was weaker in tension. The average compres-
sive strength decreased with increasing equilibrium RH. The
relationship between the mechanical properties and equilib-
rium humidity is not necessarily linear when the meniscus
formation influences the mechanical properties. However, in
contrast to tensile strength, a clear linear relationship
between compressive strength and equilibrium humidity was
observed. The compressive strength σcom (MPa) is expressed

FIGURE 7 Stress–strain relationship of the upper-coat soil during the compressive test

FIGURE 8 Relationship between the compressive strength of the
upper-coat soil and equilibrium RH
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as a linearly decreasing function of equilibrium RH h (�),
as follows:

σcom ¼ �1:638hþ 2:520: (9)

The coefficients were obtained using the least-squares
method, yielding a coefficient of determination of 0.995.

4.3 Young’s modulus, proportional limit, and Poisson’s ratio

Young’s modulus was obtained from the slope of the stress–strain
relation shown in Figure 7. The stress ranges where Young’s mod-
ulus was obtained were 1.0–2.0 kPa for specimens oven-dried at
105°C, 0.7–1.2 kPa for 33% RH and 53% RH, and 0.3–0.8 kPa for
84% RH. In addition, the stress at which the corresponding strain
deviated by 0.1% from the linear relationship of the slope of
Young’s modulus was determined as a proportional limit (blue dot-
ted circle in Figure 7). Figures 9 and 10 show the measured and
average Young’s moduli and proportional limit relative to the equi-
librium RH, respectively. The average Young’s modulus and pro-
portional limit ranged from 0.115 GPa to 0.209 GPa and 1.10MPa
to 2.49MPa, respectively. Both values decreased with increasing
equilibrium RH. Young’s modulus E (GPa) and proportional limit
σpro (MPa) were approximated as decreasing linear functions of
equilibrium RH h (�), respectively.

E ¼ �0:1129hþ 0:2153 (10)

σpro ¼ �1:633hþ 2:449 (11)

The coefficients were obtained using the least-squares
method, yielding coefficients of determination of 0.968 and
0.992, respectively.

Figure 11 shows the measured and average Poisson’s ratios
relative to the equilibrium RH. The average Poisson’s ratios at
each equilibrium RH were approximately 0.162, 0.147, and
0.146 (�) for 33, 53, and 84% RH, respectively. The average
of the three values was 0.152 (�), and the mean absolute error
was 0.018 (�) when the average value was regarded as the
approximate Poisson’s ratio.

4.4 Moisture expansion coefficient

Figure 12 shows the strain in each measurement group during
drying and wetting. For all specimens, the strain increased dur-
ing wetting and decreased during drying, and the change over
time became smaller and nearly constant. Figure 13A,B show
the time-averaged strain values during 500–550 h for dry and
wet conditions for the upper- and middle-coat soils, respec-
tively. The time-averaged strains of the upper- and middle-coat
soils were approximately 372.3–434.8 μST and 738.6–869.3
μST at 84% RH and �238.9 to �199.2 μST and�390.3 to
�347.7 μST at 33% RH, respectively. For each soil, the rela-
tionship between strain ε (μST) and equilibrium humidity (�)
was expressed as a linear function, with the strain at 53% RH
was 0 μST.

εhumi ¼ e h�0:53ð Þ (12)

The moisture expansion coefficients were obtained using the
least-squares method, and the values for the upper- and
middle-coat soils are listed in Table 4. The coefficients of
determination were 0.995 and 0.980, respectively. The mois-
ture expansion coefficient of the middle-coat soil was nearly
twice that of the upper-coat soil. Further study on the effects
of the types of materials and wall soil composition on the
expansion properties would be valuable.

5. Discussions

The measurements clarified the strength and elastic moduli of
the upper-coat soil simulating the substrate of Hiten wall paint-
ings in the main hall of Horyu-ji Temple. To confirm the
validity of the mechanical properties of the upper-coat soil, the
results in this study were compared with those from previous
research.20–27 The mechanical properties of wall soil depend
on the material, composition, fabrication methods, and other
factors, such as the measurement method. Therefore, a simple
comparison of test results is difficult. With this caution in
mind, compressive and tensile strengths and elastic modulus of
wall soils are shown in Table 5. These mechanical propertiesFIGURE 9 Relationship between Young’s modulus of the upper-coat

soil and equilibrium RH

FIGURE 10 Relationship between the proportional limit of the
upper-coat soil and equilibrium RH

FIGURE 11 Relationship between Poisson’s ratio of the upper-coat
soil and equilibrium RH
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were referenced from studies targeting Japanese wall soils,
including under-, middle-, and sub-middle-coat soils, because
the material, composition, and fabrication methods were con-
sidered similar to the upper-coat soil in this study. Nakatsuke-
tsuchi in literature22 was translated into sub-middle-coat soil,
representing the layer between the under- and middle-coat
soils. The variable factors used in the previous studies were
presented in the “variable” column. Consequently, the com-
pressive strength of the upper-coat soil was within the range
reported in the literature. Young’s modulus of the upper-coat
soil was slightly lower than the elastic modulus in previous
research. The tensile strength was measured using different
methods (direct tensile test22,25 and splitting tensile test24);
however, that of the upper-coat soil was almost within the
range of the previous research results. Poisson’s ratio of the
upper-coat soil was evaluated in this study and had little

dependency on the equilibrium humidity. However, no refer-
enceable value was available for Poisson’s ratio, although sev-
eral studies have conducted uniaxial compressive tests. This
can be attributed to the difficulty in attaching strain gauges to
wall soil specimens and the hardening of the specimens caused
by gauge glue, making the measurement of Poisson’s ratio
challenging. Noncontact displacement measurement methods,
such as x-ray computed tomography, will enable measurements
that are not affected by the hardening caused by gauge glue,
offering a possible solution. In addition, in previous studies,
the failure process of the wall soil was assumed to be brittle,
and a proportional limit was not indicated. The proportional
limit of the upper-coat soil was 95–98% of the compressive
strength in this study. Thus, in damage prediction of wall
paintings, the proportional limit of the compression-side limit
enables a simple but slightly risky side calculation. In this
study, the compressive strength and proportional limit were
indicated separately for clarity and precision.
The tensile and compressive strengths, Young’s modulus,

and proportional limit of the upper-coat soil decreased with
increasing equilibrium RH, similar to the white clay in the
authors’ previous study.2 Hirano et al.21 also performed com-
pressive tests on under-coat soil specimens at different equilib-
rium RH values (with different mizuawase periods), indicating

FIGURE 12 Strain decreasing/increasing over time

A B

FIGURE 13 Humidity-induced strains of the upper- and middle-coat soils

TABLE 4 Moisture expansion coefficients of the upper- and middle-

coat soils

Material Value of expansion coefficient e (μST/�)

Upper-coat soil 1240

Middle-coat soil 2337
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a trend similar to that of the upper-coat soil in this study. As
mentioned in a previous study,2 the microscopic bond caused
by the meniscus between the soil particles will be responsible
for the strength and elasticity measured macroscopically.
The intensity of the bond depends on the capillary pressure,
surface tension of the liquid water, and the geometry of the
meniscus.34 Among these factors, capillary pressure decreases
with increasing equilibrium RH. This could be responsible for
diminishing the bond between soil particles, leading to macro-
scopically decreasing tensile and compressive strengths and
Young’s modulus. Furthermore, the range of equilibrium RH
in the tensile splitting and compressive tests ranged from oven
drying to 84% RH, and the approximate lines were obtained to
fit the results within the humidity range. However, it can be
inferred that soil can lose its structure in high-humidity
environments near 100% RH because the space between soil
particles is filled with liquid water, diminishing meniscus for-
mation. Therefore, the tensile and compressive strengths and
Young’s modulus can significantly decrease in the high-
humidity range, which was not measured in this study.
On the other hand, no previous studies have measured the

moisture expansion coefficients of the upper- and middle-coat
soils after drying and being hardened. The measured humidity-
induced strain can contribute to damage prediction in the
targeted wall paintings and crack-occurrence prediction in
clay-based cultural artifacts and soil walls in traditional

Japanese houses. It is noteworthy that the moisture expansion
coefficients of the upper- and middle-coat soils were approxi-
mated from the measured strain at drying (53%–33% RH) and
wetting (53%– 84% RH) and did not cover extremely dry or
over-hygroscopic ranges. When strain gauges are attached to
soft materials such as wall soils, the gauge glue can harden the
surface of the material around the gauge and make the mate-
rials difficult to deform. In our study, the measured value was
the amount of deformation of the glue-hardened surface, and
the deformation was potentially smaller than that measured by
other methods, under which the gauge glue does not have an
effect. Optical strain measuring methods, including the digital
image correlation method, should be used in future studies.

6. Conclusions

This study measured the mechanical properties of upper- and
middle-coat soils using mock-up materials simulating the sub-
strate of Hiten wall paintings in the main hall of Horyu-ji
Temple. For the upper-coat soil, Young’s modulus, Poisson’s
ratio, the proportional limit, and compressive strength were
determined through uniaxial compressive test, and the tensile
strength through tensile splitting test. The upper-coat soil com-
prised dried soil, water, and hemp fibers and its structure is
supported by meniscus between the soil particles. Therefore,
the mechanical properties of the upper-coat soil were expected

TABLE 5 Mechanical properties of wall soils indicated in the existing literature

Reference Kind of wall soil Mechanical properties Unit Value Variable

Ura et al.20 Under coat Compressive strength MPa 0.3–0.7a Sample shape

MPa 1.1a Compactness

MPa 0.5–0.8a Length of mizuawase period

MPa 1.3a Temperature, humidity during curing

Hirano et al.21 Under coat Compressive strength MPa 0.3–4.5a Length of mizuawase period，
Composition of fiber，Equilibrium

humidity

Nakao et al.22 Under coat Compressive strength MPa 0.20–0.42a –

Tensile strength MPa 0.02–0.07a

Middle coat Compressive strength MPa 0.39–0.66a

Tensile strength MPa 0.02–0.15a

Sub-middle coat Compressive strength MPa 0.51–0.64a

Tensile strength MPa 0.08–0.15a

Koshiishi and Inden23 Under coat Compressive strength MPa 1.76–3.43 Dry density, soil production area，
mixing materials

Middle coat Compressive strength MPa 1.09–1.98 Dry density，soil production area

Nakao and Yamazaki24 Middle coat (without

sand and fiber)

Compressive strength MPa Average: 1.11

Range: 0.45–1.79
Soil production area

Tensile strength MPa Average: 0.12

Range: 0.04–0.23
Middle coat (with sand

and fiber)

Compressive strength MPa 0.97–1.47a

Tensile strength MPa 0.10–0.17a

Ura and Yamamoto25 Under coat Compressive strength MPa 0.25–1.25a Composition of clay and sand，soil

production areaTensile strength MPa 0.1–0.2a

Yamada and Koshiishi26 Under coat Elastic modulus GPa 0.2–1.2 Fiber content，soil production area，
grain size

Compressive strength MPa 0.3–2.3a Dry density，soil production area，grain

size

Middle coat Elastic modulus GPa 0.4–1.1a Fiber content, grain size

Compressive strength MPa 0.3–1.7a Dry density, grain size

Ochi et al.27 Middle coat Elastic modulus GPa 0.17–0.28 Soil production area

Compressive strength MPa 0.52–0.98
a Value read from figures in the literature.
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to be significantly dependent on equilibrium humidity. The
humidity dependence of elastic coefficients and strengths was
quantified using specimens at various equilibrium RH values.
The tensile strength, compressive strength, Young’s modulus,
and proportional limit of the upper-coat soil were approxi-
mately 0.103–0.239MPa, 1.16–2.55MPa, 0.115–0.209 GPa,
and 1.10–2.49MPa, respectively, in the humidity range of
oven drying (105°C) to 84% RH. The tensile and compressive
strengths, proportional limits, and Young’s moduli decreased
with increasing equilibrium RH. Poisson’s ratio was approxi-
mately 0.152 (�), regardless of the equilibrium RH. The
humidity-induced strains of the upper- and middle-coat soils
were measured, and the strain–equilibrium RH relationships of
both soils were clarified. The moisture expansion coefficients
of the upper- and middle-coat soils were approximately 1240
and 2337 (μST/�), respectively.
The mechanical properties of the upper-coat soil and the

moisture expansion coefficients of the upper- and middle-coat
soils can be used for damage prediction in Hiten wall paintings.
The results can also be beneficial for the conservation or repair
projects of cultural artifacts in which wall soil is used. However,
the applicability of the results of this study should be confirmed
because the mechanical properties of earth materials depend on
the mixing materials, composition, and measuring methods. Fur-
thermore, the results of this study can facilitate a better under-
standing of the effects of moisture conditions on the mechanical
properties and dimensional changes in wall soils. Future
research should explore other mechanical and hygrothermal
properties of the materials used in Hiten wall paintings for dam-
age prediction of the wall paintings. Moreover, a numerical sim-
ulation model is necessary to clarify the environmental
conditions required for their safe and effective conservation.
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