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Mechanical properties of white clay G

used as wall painting substrate material:
measurement of strength and modulus

of elasticity of simulated substrate material
of wall paintings Hiten at Kondo, the main hall
at Horyu-ji Temple

Kazuki Ishikawa'", Daisuke Ogura', Chiemi Iba', Nobumitsu Takatori' and Soichiro Wakiya?

Abstract

Preserving cultural artifacts while minimizing the energy consumption and costs associated with environmental
control is crucial. This often requires predicting artifacts degradation caused by temperature and humidity. Here,
mechanical damage can be predicted by comparing stress and damage criteria. Although the constitutive coeffi-
cients and damage criteria of various materials have been extensively studied, the mechanical properties of white clay
remain unknown. This material is a crucial component of various artifacts including some important cultural artifacts
and national treasures of Japan. Thus, this study aims to identify the strength and elastic properties of simulated white
clay mimicking the substrate of the wall paintings Hiten at Kondo, the main hall at Horyu-ji Temple. Following existing
literature, we created the simulated white clay by combining clay, paper fiber, and rice glue. We fabricated 36 distinct
specimen patterns by varying the equilibrium humidity and material mixing ratios. We measured the tensile strength
using splitting tensile tests and, compressive strength, Young's modulus, and Poisson’s ratio using compressive tests.
The tensile strength, compressive strength, Young's modulus, and Poisson’s ratio ranged from 0.0785-1.17(MPa),
0.358-3.67(MPa), 0.0394-0.274 (GPa), and 0.10-0.44(-), respectively, with variations depending on the equilibrium
humidity and ratio of material mixing. We also formulated the results as functions that depend on the equilibrium
humidity and material mixing ratios. These findings can be used to predict stress and damage to targeted wall paint-
ings and to inform the preservation and restoration of cultural artifacts containing white clay.
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Introduction

Background

Cultural artifacts, such as paintings and sculptures stored
in temples, shrines, and museums, can be damaged and
lose value due to exposure to unfavorable temperatures
and humidity. Long-term exposure to high temperatures
and humidity can accelerate chemical and biological
deterioration. Additionally, cultural artifacts composed
of hygroscopic materials can deform owing to changes in
temperature or humidity. Here, sudden changes, includ-
ing those caused by turning air conditioning on and off,
can cause mechanical damage such as irreversible defor-
mations, cracks, and delamination [1]. Although environ-
mental controls in storage facilities are crucial, it is also
important to consider energy and cost reductions. To
prevent the deterioration of cultural artifacts while meet-
ing these requirements, acceptable fluctuations and rates
of change in temperature and humidity must be deter-
mined over time. Therefore, it is necessary to predict the
initiation and progression of degradation resulting from
unstable environmental conditions.

This study focuses on mechanical damage, a form of
deterioration in stored cultural artifacts composed of
hygroscopic materials. Such damage arises when the
temperature and moisture content vary within a mate-
rial or when materials with different expansion and con-
traction rates are bonded, leading to stress that exceeds
the strength of the material owing to constrained defor-
mation. In paintings, materials with different moisture/
thermal expansion coefficients are attached in layers and
constrained to each other. Furthermore, when the envi-
ronmental humidity/temperature changes, the material
reaches moisture/heat equilibrium from near the sur-
face, resulting in a moisture content/temperature dis-
tribution in the thickness direction. For example, when

the environment dries out, the surface layer dries first
and tries to shrink. However, the inner side, where the
moisture content has not changed, is not deformed, and
subsequently, the tensile force is loaded on the surface
layer. Extant studies have described a similar mechanism
of occurring stress [2, 3]. Furthermore, when the mate-
rials of the surface layer and the inner side are different,
even if the inner side reaches equilibrium, deformation is
constrained according to the difference in the moisture
expansion coefficients, and stress occurs.

Damage prediction needs to compare stress or strain to
damage criteria. The stress and strain field corresponding
to moisture content/temperature distribution can be cal-
culated from the constitutive relations factoring constitu-
tive coefficients such as Young’s modulus and Poisson’s
ratio, as well as the moisture/thermal expansion coef-
ficient. The moisture content/temperature distribution
within a material can be predicted by heat and moisture
simultaneous transfer models [4] when the environmen-
tal humidity/temperature changes. By utilizing such a
prediction model, we can determine the allowable envi-
ronmental humidity/temperature fluctuation from the
viewpoint of damage prevention. To create the prediction
model, we must understand the constitutive coefficients
of the materials in question, the moisture/thermal expan-
sion coefficients, and damage criteria such as strength.

Existing literature and research motivation

The mechanical properties of materials used in various
cultural artifacts have been studied extensively, and pre-
dictions of deformation and damage have been made to
conserve and utilize these artifacts safely. Mecklenburg
[5, 6] investigated the strength; strain at failure; yield
strain; elastic modulus of materials of panel paintings and
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canvas paintings such as oiled paint, gessoes, hide glue,
some species of wood, and linen; as well as equilibrium
RH/temperature-strain relations. Furthermore, by com-
paring predicted stress and strength [5] or humidity/
temperature-induced strain and critical strain leading
to damage [6-8], Mecklenburg indicated the acceptable
humidity and temperature fluctuation to conserve cul-
tural artifacts safely. Many subsequent studies have fol-
lowed his work.

Several studies have reported the coefficients of elastic
constitutive laws. The relationship between the mois-
ture content and mechanical state is typically defined
as a moisture expansion coefficient, which quantifies
strain according to moisture content or equilibrium RH
and is integrated into the constitutive law. For example,
the modulus of elasticity and moisture-related strain of
poplar [9] and lime wood [2, 10] used in canvas paint-
ings, panel paintings, and decorated wooden objects have
been examined. Studies have also reported the modulus
of elasticity [5, 10-14], Poisson’s ratio [11, 12, 14], and
moisture coefficients of dimensional change [5, 6, 11] for
materials used in paintings, such as canvas, gesso, and oil
paint. Furthermore, some researchers have considered
the humidity dependence of these parameters [9, 11, 13].
The coefficients for the viscoelastic constitutive model
were identified for the glues used in canvas consolidation,
including the storage modulus [15, 16] and loss modulus
[15].

Yield stress, strength, and degree of strain have often
been examined as damage criteria. For cottonwood and
white oak, the strength and yield strain at a range of RH
have been examined [6]. For poplar wood, the strength
and stress at the limit of proportionality have been meas-
ured [9]; for lime wood, stresses and strains at yield and
failure have been investigated, as well as their humidity
dependency [2]. The strength, yield stress and strains at
break have been documented for oil paint [5, 6, 14] and
animal glue [15]. Recently, there have been many appli-
cations of fracture mechanics as a model for predicting
the evolution of existing flaws [3, 13, 17-21]. Some stud-
ies have reported the fracture path and toughness of oak
wood of various ages [22] and the critical energy release
rate of gesso [13]. Lacquer exported from East Asia,
including Japan, sometimes had a foundation layer of clay
mixed with a protein binder, in which delamination tends
to occur [23]. Thus, the fracture energy of a mixture of
hide glue and Japanese clay powder has been measured
[24].

Additionally, the mechanical properties of various
materials used in cultural artifacts have been examined
for stress, deformation, and damage prediction, with
some studies also revealing their humidity depend-
ence. However, the scope of these investigations has
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been limited primarily to canvas paintings and wooden
objects such as panel paintings, cabinets, and statues.
Some research has also been conducted on wool and
silk in historic textiles [25] and Roman mortar used in
historic buildings [26]. This indicates a significant gap in
the understanding of the mechanical properties of many
other materials used in cultural artifacts. Addressing this
paucity is crucial in predicting the deterioration of such
cultural artifacts.

One such material is white clay. White clay was exten-
sively utilized in Japan between the seventh and four-
teenth centuries as a substrate or pigment for wall
paintings and a primary material for Buddhist statues
[27]. Some studies have reported that historical wall
paintings in China, Thailand, and Nepal have similar fine
clay substrates [28—30], while others posit that white clay
is a characteristic material in Japanese cultural proper-
ties [27]. Some cultural artifacts containing white clay
still survive until today, such as the wall paintings at the
main hall, Kondo, in the Horyu-ji Temple, clay sculptures
at the Pagoda in the same temple, and wall paintings in
the Toratsuka ancient burial tomb. Some of these arti-
facts are designated as important cultural properties or
national treasures of Japan, highlighting the importance
of this material. However, to the best of our knowledge,
their mechanical properties have not been investigated.
In the conservation and exhibition project of the wall
paintings at the main hall in Horyu-ji Temple, where
some authors are involved, it is crucial to predict the
potential mechanical damage to wall paintings to develop
suitable environmental control methods. Therefore,
understanding the mechanical properties of the materi-
als used in these wall paintings, particularly white clay, is
important.

Research purpose

This study aims to identify the strength and elastic coef-
ficients of white clay simulating the substrate material of
wall paintings Hiten in the main hall of Horyu-ji Temple.
Our findings can be utilized to construct a deformation
and damage prediction model for wall paintings. White
clay is produced by mixing clay with water, followed by
drying and hardening. Since the macroscopic structure
of white clay relies on the bonding of clay particles by
the meniscus, its mechanical properties are expected to
exhibit significant variations depending on the moisture
state. Our research involved the preparation of specimens
at different equilibrium humidity levels. We conducted
tensile splitting test to measure the tensile strength and
compressive test to identify Young’s modulus, Poisson’s
ratio, and compressive strength. Additionally, the results
were approximated as humidity-dependent functions,
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which served as crucial inputs for the damage prediction
model.

Main applicable objects

The wall paintings Hiten

Horyu-ji, a UNESCO World Heritage site, is known for
housing the Saiin Temple complex, including the main
hall, which are considered the oldest surviving wooden
buildings in the world. Although the exact construc-
tion date was not recorded, scholars propose the main
hall was built between the late 7th and early eighth
century [31]. The first-floor walls of the main hall origi-
nally boasted 12 large wall paintings, whereas the upper
walls featured 20 wall paintings depicting Hiten, sym-
bolizing flying angels. The exact age of the wall paint-
ings remains unclear [21]; however, it is believed that
the building construction and creation of the wall
painting were contemporaneous [27, 32]. During the
extensive repair work of the Horyu-ji buildings in 1934,
the main hall caught alight, significantly damaging the
12 wall paintings on the first-floor walls. However, the
20 Hiten wall paintings did not burn because they had
been removed from the building frame along with their
substrate walls for repair.

The Hiten wall paintings (Fig. 1) are classified as
important cultural properties of Japan. One is exhibited
in the Great Treasure Gallery (Daikhozoin) of Horyu-
ji, while the remaining 19 are stored in the storehouse
alongside the burned and heavily damaged structure
of the main hall and the large 12 wall paintings. Due
to their value, these artifacts are typically stored under
strict security measures and are not accessible to the
public. However, recent attempts have been made
to display them for a limited period. In our study, we
observed the current state of the stored Hiten wall
paintings in the storehouse of the main hall. Notably,

Fig. 1 One of the Hiten wall paintings in the main hall of Horyu-ji
Temple
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over half of the 19 paintings had visible surface cracks,
and some displayed signs of delamination, particularly
in the lower sections.

Material composition of the wall paintings

Determining the detailed material composition of cul-
tural artifacts through nondestructive investigations is
challenging, and the specific material composition of
the Hiten wall paintings has not been fully elucidated.
However, based on the available reports and previous
studies, we made some assumptions about the material
composition of the Hiten wall paintings, as depicted in
Fig. 2.

According to a survey conducted in 1920 [33] and an
analysis conducted following the repairs after the fire
[31], in conjunction with existing literature [34-36],
the wall paintings are presented on mud walls consist-
ing of multiple layers. While materials in mud walls are
typically plastered with a trowel, the white clay layer
appears to have been thinly painted with a brush [31,
34]. Previous research [35] indicated that the chemical
composition of the clay is similar to that of Amakusa
pottery clay. This is a white, microscopic clay particle
used in ceramic art and sourced from the Amakusa
region in Japan. The materials used in the mud walls,
including white clay, were naturally dried pastes made
by mixing clay-containing soil with water, along with a
fibrous material called susa and an adhesive called nori.
In the traditional method of plastering mud walls, susa
and nori are added to the mud paste. Susa is believed
to enhance the resistance to tensile forces, whereas
nori is believed to improve workability by increas-
ing the elongation of the paste. According to the lit-
erature [31], paper fibers or ears of broadleaf cattails
were used in white clay for wall paintings. The inclu-
sion of nori in white clay remains uncertain; however,
previous research [36] revealed that rice paste and hide
glue were used for temple walls in the eighth century

Thinly painted

with blush?/21l

3mm |
T

25mm I 101mm |

Pigment clay
layer layer

+ Chemical composition of clay is similar to Amakusa pottery clay [23]
+ Paper fiber was used as susal!

+ Rice paste or animal glue was used as a material for walls in 700s in
Japan, although it has been unclear the white clay contains noril??!

Fig. 2 Assumption of the material composition of the Hiten wall
paintings
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Table 1 Mass compositions of white clay used in Horyu-ji Temple and Amakusa pottery clay (%)

Sio, Al,O, Fe, 0, Ca0 MgO Alkali Ignition loss
Fragment of wall paintings at the main hall 78.79 11.36 2.52 0.99 0.15 517 0.73
in Horyu-ji Temple (averaged value)
Amakusa pottery clay 7803 14.50 0.68 0.06 0.13 - 461

in Japan. It is important to note that the assumptions
made regarding the material composition of the wall
paintings in this research do not definitively determine
the material composition of the wall paintings in the
main hall of Horyu-ji Temple. Further comprehensive
literature reviews and scientific investigations are nec-
essary to clarify the precise material compositions of
wall paintings.

Materials
Although the assumption of materials in the white clay
of the Hiten wall paintings is shown above, the precise
mixing ratio of the materials remains unclear. In this
study, samples with different material mixing ratios were
prepared to obtain data within a certain range, and the
dependence of the mechanical properties on the mate-
rial mixing ratio was analyzed in addition to the humid-
ity dependence. The materials used for the samples are as
follows. Commercially available Amakusa pottery clay,
commonly used in ceramic art, was used. Table 1 com-
pares the results of the compositional analysis of the
burned wall painting fragments [35] with the composi-
tion of the Amakusa pottery clay used in this study. In
the existing literature, chemical analysis was performed
on burnt fragments of white clay from the 12 large wall
paintings. The values in Table 1 are the average of the
results. The chemical composition of Amakusa pottery
clay is based on compositional information of the prod-
uct. Paper fiber was used as susa. Paper fiber is also com-
mercially available as a plastering material. In traditional
plastering work, paper fibers are soaked in water before
being added to the clay paste. In this study, the paper
fiber was soaked for at least 12 h before being mixed with
the clay. Rice glue was used as nori. Commercially avail-
able rice flour is dissolved in water and heated to produce
rice glue. After cooling to room temperature, the rice
content was controlled by adjusting the water content
while the weight was measured. Ten percent rice glue
(10 g of rice glue contain 1 g of rice flour) was used to
prepare the specimens. Distilled water was used to fabri-
cate the specimens, including the water used for soaking
the paper fibers and making the rice glue.

In plaster work today, paper fiber is typically added
amounting to approximately 1% of the mass of the soil.
In this study, compositions were examined with 0%, 1%,

and 3% of paper fibers relative to the mass of clay, includ-
ing compositions with a relatively higher amount of
paper fiber. On the other hand, rice glue is not commonly
used in plaster work today. If rice glue was mixed in, the
ratio to clay was small because adding a large amount of
rice glue could increase the risk of damage by fungi and
worms. However, our specimens without rice glue were
weak and cracked in areas where strain gauges were
attached due to the drying shrinkage of adhesive for the
gauges. As a result of preliminary studies, we determined
that the minimum mixing ratio of rice flour required
for attaching strain gauges was 0.5% to the mass of clay.
Compositions were examined with 0.5%, 1%, and 2%
rice flour, including compositions with increased mixing
ratios. Collectively, nine material-mixing patterns were
examined, with a combination of three patterns for paper
fiber and rice glue. Table 2 lists the material compositions
of each pattern. Amakusa pottery clay, paper fiber, and
rice flour masses were measured at equilibrium at 53%
RH. The mass of water included the water in the soaked
paper fiber, in addition to the water directly added. The
water mass was adjusted by mixing all the other materials
and adding water to achieve the desired total mass.

Table 2 Quantities of materials in simulated white clay

Sample species Amakusa Paper Rice glue (g) Water (g)
pottery clay fiber containing 10%
(9) (9) rice flour
POR05 100 0 5 27.5
POR1 100 0 10 23
POR2 100 0 20 14
P1RO5 100 1 5 315
P1R1 100 1 10 27
P1R2 100 1 20 18
P3R05 100 3 5 39.5
P3R1 100 3 10 35
P3R2 100 3 20 26

The names for the sample species use the letters "P" and "R" to represent

paper fiber and rice flour, respectively. The numerical values indicate the
corresponding mixing ratios. For instance, P1R05 means a mixture of 1% paper
fiber and 0.5% rice flour relative to the mass of clay. The use of a single "P" or "R"
refers to all three patterns of material mixing ratios that include paper fiber or
rice flour in the following test. For example, P1 refers to the mixing ratios P1R05,
P1R1,and P1R2
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Methods

Principle of the tests

In the splitting tensile test (also called the Brazilian
test), the cylindrical specimen is placed so that the sides
of the specimen are subjected to compressive test force
(Fig. 3a). The maximum tensile stress occurred in the
center surface (dotted line in Fig. 3a) in the direction per-
pendicular to the test force, and the specimen broke by
the tensile force. When the base shape remained circular,
tensile strength o.,(MPa) was determined using the fol-
lowing equation:

2P;

7TDOL0’ (1)

Oten =
where Do(m) is the diameter of the specimen, Lo(m) is
the height of the specimen, and P+(MN) is the test force
at failure [37]. The damage criteria based on strain, such
as strain at failure or yield strain, is usually used to pre-
dict damage to cultural properties, mainly because the
stress can relax over time. However, in the splitting ten-
sile test, the directions of the test force and tensile force
that breaks the specimen are different. Furthermore,
the tensile stress and corresponding strain are varied in
the direction perpendicular to the direction of the test
force. These made obtaining critical strain using a test-
ing machine or strain gauge challenging. Thus, obtain-
ing damage criteria based on strain is a problem to be
addressed in future studies.

The compressive test involved applying an axial com-
pressive force to an unconstrained cylindrical specimen
(Fig. 3b). The testing machine recorded the displacement
corresponding to the test force, and the stress—strain rela-
tionship was calculated using the previously measured
dimensions of the specimen. The compressive strength
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was obtained from the stress at fracture, whereas Young’s
modulus was determined from the initial slope. The axial
and circumferential strains were measured using an
orthogonal strain gauge attached to the side of the speci-
men. Poisson’s ratio was calculated based on the relation-
ship between the two strains.

In both tests, the results must be considered in light of
the conservation of cultural artifacts, and any irrevers-
ible deformation or cracking is considered damage. We
obtained the strength from the test force when the clay
part of the specimen cracked even though the specimen
was still able to withstand the test force.

Preparation of samples

Commercially available metal water-pipe parts were uti-
lized as molds for the test specimens. For the splitting
tensile test, molds with a nominal diameter of 32 mm
and a length of 50 mm were employed. For the com-
pressive test, molds with a nominal diameter of 32 mm
and a length of 75 mm were used. The inner surface of
the mold was wrapped with a polychloroprene rubber
sheet to protect the specimens from damage during dry-
ing shrinkage. The molds were positioned on a sponge
sheet and filled with a mixed clay paste. The specimens
were allowed to dry naturally in a laboratory room from
August to November (summer to autumn in Japan) with-
out temperature or humidity control. After 1 week, the
molds were removed, and the specimens were left to dry
for another two weeks. The top and bottom surfaces of
the specimens were sanded with #80 sandpaper to obtain
smooth surfaces. The height of the specimens used in the
splitting tensile test was approximately 35 mm, whereas
that used in the compressive test was approximately
55 mm. Both specimens had a diameter of approximately
30 mm. Following the hardening of the specimens, their
dimensions were measured using digital calipers and
they were placed in desiccators containing a saturated
salt solution to achieve specific equilibrium humid-
ity levels. We selected four equilibrium humidity levels:
33% RH, 53% RH, and 84% RH in addition to oven dry
(105 °C) regarded as 0% RH. The tests were conducted at
least 14 days after the initiation of oven drying and after
at least 90 days for specimens at the other humidity lev-
els. We used five specimens per material mixing ratio and
equilibrium humidity level for the splitting tensile tests.
Three specimens were used for the compressive tests.

Measurement system and testing methods

The measurement system used in the experiments is
shown in Fig. 4. A compact table-top universal testing
machine (EZ-LX, Shimazu Co.) with a load cell capacity
of 5 kN was employed. The splitting tensile and compres-
sive tests were conducted within a thermostatic chamber
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- Table-top universal testing
instruments EZ-LX
(Shimazu Co.)

Fig. 4 Measuring system for splitting tensile and compressive tests

at a temperature of 23 °C. Humidity was not actively con-
trolled, and the humidity levels ranged from 14 to 30%
RH during the splitting tensile test and 19-26% RH dur-
ing the compressive test. Before testing, the oven-dried
specimens were placed in a desiccator containing a des-
iccant agent (silica gel) in the thermostatic chamber for
approximately one hour to cool. In the compressive test,
strain gauges were attached to specimens at equilibrium
humidities of 33%, 53%, and 84% RH for measuring Pois-
son’s ratio. The test was conducted after the adhesive was
allowed to dry for at least 48 h. We used strain gauges
KFGS-10-120-D16-11 and adhesive CC-36 (Kyowa Elec-
tronic Instruments Co., Ltd.). The strain was recorded
using a HiLogger LR 8450 memory connected to a strain
measuring unit U8554 (both manufactured by Hioki E. E.
Co.).

The loading rate was controlled in both tests. For the
splitting tensile test, it was determined based on the
"Method for splitting tension test on rocks" (JGS 2551-
2020) [37]. According to this standard, the loading rate
should be set such that the failure time is between 1
and15 minutes. We selected a loading rate of 0.1 mm/
min and ceased loading when cracks were observed at
the base of the specimens, which typically occurred more
than 10 min from the start of loading. Due to an error,
the tests for the specimens PORO5 at oven-dried, 53%,
and 84% RH; POR1 at 53% and 84% RH; POR2 at 53%

— TN

Memory HiLogger LR8450
+ Strain unit U8554
(Hioki E.E. Co.)

r

RH; and P1R05 at oven-dried were conducted at a load-
ing rate of 1 mm/min. To investigate the effect of load-
ing rate, we conducted additional tests at a loading rate of
1 mm/min for each specimen of P1R2 and P3R1 at oven-
dried, which were spare specimens. The tensile strength
for these specimens was approximately 0.81 times
and 1.29 times that of the specimens tested at 0.1 mm/
min, respectively. The coefficient of variation was less
than 0.26 for all combinations of examined equilibrium
humidities and material mixing ratios at a loading rate of
0.1 mm/min. The 1 mm/min test results are not expected
to deviate significantly from the range of the 0.1 mm/min
test results. Therefore, we considered that the effect of
the loading rate was not so significant, and we combined
the results for both loading rates. Ideally, additional tests
and a statistical basis would be needed to determine how
to treat the test results. However, the small number of
test specimens available for this study made a detailed
comparison difficult. In the compressive test, the loading
rate was determined based on the "Method for uncon-
fined compression test on rocks" (JGS 2521-2020) [37].
According to this standard, the specimens are to be sub-
jected to displacement at a rate of 0.01-0.1% strain per
minute. Therefore, we set the loading rate to 0.05 mm/
min for the test and stopped the loading once the dis-
placement exceeded 1 mm. Cracks on the sides of the
specimens were confirmed visually.
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fiber

Results
Tensile strength
Due to the differences in the fracturing behavior based on
the presence or absence of paper fibers in the specimens,
we modified the methods for determining the maximum
test force. These methods are described below, along with
the corresponding figures. Figure 5a illustrates a typical
test force—displacement/diameter relationship for speci-
mens without paper fibers (P0). Initially, the test force
increased linearly with displacement/diameter, followed
by a sudden decrease. Cracking on the base surface was
observed immediately after the decrease in the test force.
In this case, the specimens were considered to have under-
gone brittle fracture. To calculate the tensile strength, we
used the maximum test force recorded throughout the
dataset (indicated by the red circle in Fig. 5a). Conversely,
Fig. 5b, ¢ depict typical test force—displacement/diam-
eter relationships for specimens containing paper fiber (P1
and P3). As shown in Fig. 5b, the test force increased lin-
early with increasing displacement/diameter, temporarily
decreased, and then increased again. The cracking of the
base occurred after the initial decrease in the test force. As
shown in Fig. 5¢, as the test force continued to increase,
the slope decreased. Cracking was observed when the
slope decreased. The tensile strength was calculated dif-
ferently, depending on the case. For the former case, we
determined the tensile strength from the test force imme-
diately before the initial decrease (red circle in Fig. 5b).
For the latter scenario, we derived the tensile strength
from the test force at which the displacement/diameter
exceeded 0.1% of the initial slope line (red circle in Fig. 5¢).
It is important to note that the reference standards for the
splitting tensile test assumed brittle fracture, whereas the
methods used to determine the test force for calculating
the tensile strength were established so that the results
could be used for predicting damage to cultural artifacts.
In our study, we removed outliers for combinations of
humidity and mixing ratios where the coefficient of vari-
ation exceeded 0.30. We considered 159 values out of a

total of 180 test results (3—5 specimens for each of the 36
combinations) valid. The coefficient of variation was less
than 0.26 for all the combinations. Figure 6 illustrates the
measured and mean tensile strengths for each material
mixing ratio regarding the equilibrium relative humid-
ity (RH). Each plot presents the results of three mate-
rial mixing ratios containing the same paper fiber or rice
flour. The left column shows PO, P1, and P3 from top to
bottom, whereas the right column shows R05, R1, and
R2. The small dots represent individual measurements,
whereas the large dots indicate mean values. The dotted
lines represent plots of the approximated functions, the
details of which are provided in the analysis section of the
Discussion. (Figs. 8 and 9 follow the same plot style). The
mean tensile strength ranged from 0.0785 to 1.17(MPa)
for all the material mixing ratios, with significant vari-
ations depending on the equilibrium RH and material
mixing ratio. As the humidity increases, the strength
decreases. Specifically, the tensile strength at 84% RH
was only 21-37% of that measured for oven-dried speci-
mens. Moreover, the higher the humidity, the smaller the
difference in tensile strength between the different mate-
rial mixing ratios. When examining the material mixing
ratio, we observed that the strength was higher at 2% rice
flour for the same mixing ratio of paper fibers. Further-
more, the strength tends to be higher with a lower mixing
ratio of paper fibers when comparing the same mixing
ratio of rice flour.

Compressive strength

Figure 7a—c present typical examples of the stress—strain
relationships observed in the compressive test. In most
specimens, as depicted in Fig. 7a, b, the stress deviated
from a linear relationship and reached a maximum value
regardless of the paper fiber mixing ratio. In some speci-
mens, as illustrated in Fig. 7a, side cracking occurred
before reaching the maximum stress. For specimens with
3% paper fiber, as Fig. 7c shows, cracking occurred after
the slope of the stress—strain relationship decreased, and
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the stress continued to increase after that. In all cases, we
calculated the compressive strength from the test force at
which the strain deviated by 0.1% from the initial slope
line (red circles in Fig. 7).

We considered all three measured specimens for each
combination of humidity and material mixing ratio
as valid for measuring the compressive strength. The

compressive strengths obtained from these measure-
ments, along with the corresponding mean values for
each material mixing ratio, are shown in Fig. 8. The mean
compressive strength ranged from 0.358 to 3.67 (MPa)
and generally exhibited a decrease with increasing RH for
all material mixing ratios. At an equilibrium RH of 84%,
the compressive strength was approximately 32-63% of
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Fig. 8 Compressive strength for each material mixing ratios concerning equilibrium RH

that observed for oven-dried specimens. Regarding the
material mixing ratio, the compressive strength tends
to be higher with a higher mixing ratio of rice flour or
a lower mixing ratio of paper fibers. When compar-
ing the compressive strength and tensile strength at the
same humidity and material mixing ratio, the tensile
strength was only 10-43% of the compressive strength.
This confirms that white clay is weaker in tension, which
is consistent with the behavior of many earthen materi-
als. Furthermore, when comparing the tensile strength
at 33% equilibrium RH with the compressive strength
at 84% RH for the same material mixing ratio, the ten-
sile strength was 21-59% of the compressive strength.
This implies that tensile fractures are more likely to occur
than compressive fractures when the moisture content in
white clay is distributed and the degree of deformation is
distributed accordingly.

Young’s modulus and Poisson’s ratio

To determine Young’s modulus, we considered all three
measured specimens for each combination of humid-
ity and material mixing ratios as valid for identifying the
compressive strength. Figure 9 illustrates the measured
and mean Young’s moduli for each material mixing ratio
regarding the equilibrium RH. The mean Young’s modu-
lus ranged from 0.0394 to 0.274 (GPa) and exhibited vari-
ations depending on the humidity and material mixing
ratio. Young’s modulus generally decreased as humidity
increased for all material mixing ratios. The magnitude
of this decrease was substantial from 53% RH to 84%
RH, with the value at 84% equilibrium RH representing
approximately 45-69% of that at 53% equilibrium RH.
Regarding the material mixing ratio, Young’s modulus
tends to increase with a decreasing mixing ratio of paper
fiber or an increasing mixing ratio of rice flour.
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For measuring the Poisson’s ratio, we considered one
to three results valid for each humidity and material
mixing ratio. The strain gauges attached to the white
clay specimens came off easily, which made the meas-
urement difficult. We considered available 98 results
out of a total of 108 measurements as valid. Figure 10
illustrates the mean Poisson’s ratio for each material

mixing ratio regarding equilibrium RH. The values
ranged from 0.11 to 0.44 (—). Poisson’s ratio tends to
increase as the humidity increases, with the value at
84% equilibrium RH being larger than that at 33% RH.
On the other hand, the effect of the material mixing
ratio on Poisson’s ratio was not discernible.

Discussions

Effect of humidity and material mixing ratio on mechanical
properties of white clay

The tensile strength, compressive strength, and Young’s
modulus of white clay tend to decrease as equilibrium RH
increases. It is considered that the macroscopic strength
and elasticity of white clay are governed by the bonds
between the clay particles. Further, the bond intensity
is influenced by the attraction of the meniscus formed
among the particles. This attraction depends on factors
such as the capillary pressure, surface tension of the liq-
uid water, and meniscus shape [38]. The capillary pres-
sure decreases as equilibrium humidity increases, which
may reduce the intensity of the bond between the clay
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particles, leading to a decrease in both the strength and
in Young’s modulus. Conversely, Poisson’s ratio of white
clay increased as equilibrium RH increased. Previous
studies have also shown that Poisson’s ratio of unsatu-
rated soils increases as the degree of saturation increases
[39, 40]. In porous materials, the Poisson’s ratio is close
to zero when compression causes pore collapse, thereby
reducing the volume. It reaches 0.5 when there is no
volumetric change. As equilibrium humidity increases,
the elasticity of the solid part in the white clay decreases,
whereas the pore pressure increases, which may make
the pores relatively less collapsible. This can result in an
increased Poisson’s ratio at higher humidity levels.

Young’s modulus and the compressive strength of the
white clay with a relatively higher mixing ratio of paper
fibers demonstrated a decreasing trend. The tensile
strength also decreased although the test force was sup-
ported after the clay cracked. The physical properties of
earthen materials mixed with fibrous materials have been
studied in geotechnical engineering and building mate-
rials research such about soil blocks [41-47]. A simple
comparison of the properties is difficult because research
focusing on structural strength typically considers frac-
tures as a loss of support. Nevertheless, the compressive
or tensile strengths of such materials vary according to
the type of added material, mix ratio, and density deter-
mined by compression during sample preparation [41—
46]. In studies that measured the shear properties of soil
mixed with jute fiber [47] and the tensile strength of com-
pacted soil mixed with polypropylene fiber [46], it was
discussed that the binding between soil particles and fiber
is a crucial factor for achieving shear and tensile strength,
respectively. Concerning white clay, which was dried
without compaction, it is likely that an increased mix-
ing ratio of paper fibers reduces the contact area between
the clay particles. This could weaken their bonds, result-
ing in diminished macroscopic mechanical properties. In
contrast, the tensile strength, compressive strength, and
Young’s modulus of white clay with a high mixing ratio
of rice flour exhibited an increasing trend, indicating that
rice glue potentially intensified the bonds between the
clay particles. However, regardless of the mixing ratio of
rice flour, a decreasing trend in the mechanical proper-
ties with increasing humidity remained observable, indi-
cating that the primary bonding mechanism in white clay
could be a meniscus attraction.

Regarding the change in mechanical properties due to
rice glue mixing, studies on historical building materi-
als in China have presented an increase in the compres-
sive strength of the mortar [48]. The literature attributes
this to the chemical action during lime hardening, which
hardens the pore structure. This mechanism cannot
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be applied to white clay, in which the clay particles are
bonded by the meniscus.

A more detailed elucidation of the effect of the
material mixing ratio on the mechanical properties
would necessitate microstructural observations, such
as scanning electron microscopy or X-ray computed
tomography. Furthermore, evaluating the difference
in fracture behavior with changes in the material mix-
ing ratio through splitting tensile and compressive
tests is challenging. Therefore, tests for fracture tough-
ness and other parameters must be included in future
measurements.

Analysis of obtained data

We present the measured mechanical properties as
functions of the equilibrium RH and material mixing
ratio so they can be used in predicting deformation and
damage to wall paintings. A numerical model of tensile
strength is presented given that tensile fracture pre-
cedes compressive fracture in white clay. The relation-
ship between tensile strength os.,(MPa) and equilibrium
RH /A(—) can be represented as a proportionality equa-
tion, where the tensile strength becomes zero at an RH
of 1:

Oten = Ol(l - h); (2)

where coefficient o was determined using the least-
squares method for each material mixing ratio. As the
paper fiber mixing ratio p(%) increased, the coefficient o
decreased monotonically, following a downward convex
curve. The coefficient displays a similar curve and mono-
tonically increases as the mixing ratio of rice flour (%)
increases. We express the coefficient o as a function of
the extremum values at p =3 and r = 0:

o =a; —6ap+ 612]92 + 6lg}"2 — 6a4pr2 + a4p2r2,
3)
where the values of coefficients ai;~a4 were obtained
using the least-squares method and are listed in Table 3.
The coefficient of determination for this approximate
function was 0.85. The functional lines are indicated by
dotted lines in Fig. 6. As this approximate function is

Table 3 Coefficients of Eq. (3)

Coefficient Value
a 0.5899
a 3.818 x 1072
as 8.875 x 1072

ds 6.466 x 1073
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based on the measurements, the valid range is O0<p<3
and 0.5<r<2. (The valid ranges for Egs. (5) and (6) also
correspond to this).

Moreover, we present the coefficients of the elastic
constitutive law, Young’s modulus E(GPa), and Poisson’s
ratio v(—), as approximate functions. We express Young’s
modulus as a function that decreased as equilibrium RH
increased, and the decrease became more significant at
high humidity levels, reaching zero when the RH was 1.

_ pd—=h)
T1-h+ B @

where the coefficients f; and 2 were determined using
the least-squares method for each material mixing ratio.
The coefficient B; tends to decline as the mixing ratio of
the paper fiber increases. We represent the relationship
as a function of only the mixing ratio of paper fiber, irre-
spective of the mixing ratio of rice flour:

B1 = by + bop®. (5)

We expressed coefficient 8 as a function that varies
linearly with the mixing ratio of paper fiber and rice flour:

B2 = c1+ cap + c3r + capr, (6)

where the coefficients b1, by, c1 ~ ¢4 were determined
using the least-squares method and are listed in Tables 4
and 5. The coefficient of determination in Eq. (4) is 0.90,
and the function is represented by the dotted curves
in Fig. 9. As for the Poisson’s ratio, no dependency on
the material mixing ratio was observed; therefore, we
expressed it as a linear function with consistent coeffi-
cients regarding the equilibrium RH:

V= )/11’1 + 23) (7)

where the coefficients y; and y» were determined using
the least-square method and are displayed in Table 6.
The coefficient of determination was 0.42. Although the
approximation lacks sufficient accuracy, it illustrates a
correlation between Poisson’s ratio and humidity. An
approximate line is shown in Fig. 10.

Table 4 Coefficients of Eq. (5)

Coefficient Value
by 0.2969
b2 —1346 x 1072
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Table 5 Coefficients of Eq. (6)

Coefficient Value

C 03410

&) 0.2704

G —7377 x 1072
Ca —0.1441

Conclusions
White clay was used in Japan from the 7th to the four-
teenth century to construct substrates for wall paint-
ings and Buddhist statues, including in existing cultural
artifacts designated as important cultural properties or
national treasures of Japan. However, the mechanical
properties of white clay remain unknown. In this study,
we aimed to obtain the strength and elastic coefficients of
white clay by simulating the substrate of Hiten wall paint-
ings in the main hall of the Horyu-ji Temple towards con-
structing a deformation and damage prediction model.
We performed splitting tensile tests to obtain the ten-
sile strength and compressive tests to determine the
compressive strength, Young’s modulus, and Poisson’s
ratio. The specimens were prepared at different equi-
librium humidities (from oven-dried to 84% RH) and
various material mixing ratios (0-3% of paper fiber and
0.5-2% of rice flour to the mass of clay), and their effects
on the mechanical properties were evaluated. The tests
revealed that the tensile strength, compressive strength,
and Young’s modulus ranged from 0.0785-1.17(MPa),
0.358-3.67(MPa), and 0.0394-0.274 (GPa), respectively,
with the variations dependent on the equilibrium humid-
ity and material mixing ratio. The tensile strength, com-
pressive strength, and Young’s modulus decreased as
equilibrium RH increased. These properties also tended
to decrease with a higher mixing ratio of paper fibers
or a lower mixing ratio of rice flour. Notably, the tensile
strength was lower than the compressive strength at the
same humidity and material mixing ratio, suggesting a
greater likelihood of tension-induced fractures in white
clay. Furthermore, the tensile strength at 33% equilib-
rium RH is lower than the compressive strength at 84%
equilibrium RH for the same material mixing ratio. This
indicates that tensile fracture is more likely to occur first

Table 6 Coefficients of Eq. (7)

Coefficient Value

" 02297
V2 0.1043
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when white clay deforms, owing to the moisture content
distribution.

We also represented the tensile strength and Young’s
modulus as functions of the equilibrium humidity and
material mixing ratio to be used in predicting deforma-
tion and damage to wall paintings. The mean Poisson’s
ratios for each humidity and material mixing ratio ranged
from 0.11 to 0.44 (—). These values were typically higher
at 84% equilibrium RH than at 33% RH, whereas the
dependence on the material mixing ratio was not explicit.
We provided an approximate line for Poisson’s ratio
regarding the equilibrium RH. Given that these macro-
scopic mechanical properties are likely influenced by the
microscopic bonds of clay particles, further research,
including microstructural observations, is essential to
elucidate the effects of humidity and material mixing
ratio on these mechanical properties in detail.

Our findings on white clay can be applied to the con-
servation and repair work of cultural artifacts made from
white clay, including the target wall paintings. In future
research, we aim to quantitatively clarify the relationship
between the moisture state and deformation of white
clay. We also plan to examine the mechanical properties
of other materials in the lower layers of the target wall
paintings and construct a comprehensive deformation
and damage prediction model for these cultural artifacts.

Abbreviation
RH  Relative humidity
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