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#3) Simulation Analysis on the Drying Process of
Tuff Breccia Stone Composing the Stone Chamber
of Takamatsuzuka Tumulus

Rudolf PLAGGE ™, Takeshi ISHIZAKI and Masahide INUZUKA

Abstract

The mural paintings of Takamatsuzuka Tumulus were found in March 1972 in the village of
Asuka, in Nara prefecture. The mural paintings were designated as a national treasure in April
1974. In 2001, fungi were widely found on the wall plaster. In order to restore mural paintings, the
stone chamber was dismantled and the mural paintings were moved to a restoration facility in
2007. This paper reports the material characterization of the tuff breccia and the simulation
analysis of the moisture content change of the Takamatsuzuka stone in a climatic chamber using
Delphin 5 software developed by TU-Dresden.

1. Introduction

The mural paintings of Takamatsuzuka Tumulus were found in March 1972 in the village of
Asuka, in Nara prefecture. The tumulus was designated as a special historic site in April 1973 and
the mural paintings were designated as a national treasure in April 1974. In 2001, fungi were
widely found on the wall plaster. The Agency for Cultural Affairs organized an emergency
conservation committee for the mural paintings of Takamatsuzuka Tumulus in 2003 and a long-
term conservation committee in 2004 to develop protective measures against the biological
problems of the tumulus. The committee studied various protective measures but finally
concluded in 2005 that it was difficult to conserve the mural paintings 7 situ and recommended
removing the stones for the restoration of the mural paintings. Following this decision, the stone
chamber was dismantled and the mural paintings were moved to a restoration facility in 2007.
After this procedure, the moisture content in the stones of the stone chamber changed drastically
due to the change of the surrounding condition. This paper reports the material characterization
of the tuff breccia and the simulation analysis of the moisture content change of the
Takamatsuzuka stone in a climatic chamber using Delphin 5 software developed by TU-
Dresden V.

2. Physical properties of the stone chamber

The stone used for the stone chamber is tuff breccia taken from Mt. Nijozan in Nara

prefecture 9 In order to make a simulation analysis of moisture flow in porous material, it is
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necessary to obtain the physical properties of the stone such as water retention curve, sorption
isotherm, hydraulic conductivity and vapor diffusivity. These physical properties were measured
for tuff breccia stone samples obtained from Mt. Nijozan. The measured water retention curve
and sorption isotherm curve are shown in Fig. 1 and Fig. 2, respectively.

When suction pressure is applied to porous material, pore water is gradually removed from
the material. With increasing suction pressure, volumetric water content decreases gradually as
shown in Fig. 1. This relationship is quite important for evaluating moisture flow in porous
material. In Fig. 2, with increasing relative humidity up to 95%, volumetric water content
increases gradually. With increasing relative humidity above 95%, volumetric water content
shows a steep relative humidity curve. At a relative humidity of 60%, volumetric water content is
about 5%.The hydraulic conductivity and the water vapor diffusivity of tuff breccia are estimated
by measurement of water vapor diffusion (modified dry-cup and wet-cup experiment) and
moisture conductivity (using a tension infiltrometer having a working range between 1000Pa to
50000Pa, and head-permeameter at moisture saturation).

The application of physical based multi-modal pore structure model® to water retention
data in combination with inverse modeling of drying and wetting experiments leads to important

transport functions, as given in Fig. 3.
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Fig. 1 Moisture retention curve of tuff breccia Fig. 2 Sorption isotherm curve of tuff breccia
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Fig. 3 Hydraulic conductivity of tuff breccia Fig. 4 Test apparatus for water uptake test
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3. Evaluation of the physical parameters by water uptake and drying tests

Water uptake is conducted to evaluate and adjust the physical properties of transport
function. A picture of the apparatus is shown in Fig. 4. In this experiment, a dry sample is
attached to the water reservoir and water is induced to flow by capillary force. The weight of the
sample increases due to water uptake. When the curve became a horizontal line, it shows that the
specimen has reached capillary saturation. During this process, the weight of the sample is
measured at set time intervals.

In Fig. 5 the measured values of two experiments are shown by dot marks and calculated
values are given by the line. The lateral axis shows the square root of elapsed time in seconds.
The vertical axis shows the amount of water uptake. The value unit is kg/m’. The calculated curve
corresponds with the measured values. This shows the validity of the determination of the
physical properties.

4. Evaluation of the physical properties by drying test

For drying, water saturated samples are placed into a wind channel where relative humidity,
temperature, wind velocity and the total mass of the specimen are measured. In Fig. 6, the dots
show the measurement results of the mass change with time for two experiments. The weight of
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Fig. 5 Test results for water uptake test Fig. 6 Test results for drying test
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the sample decreases due to water evaporation. The curve shows the calculated change of water
weight with time, using given material functions. The calculated line corresponds well with the

measured values.

5. Boundary conditions

For the restoration of the mural paintings of Takamatsuzuka Tumulus, the stones are placed
on special tables in the facility for the restoration of mural paintings, where the temperature and
humidity boundary conditions are kept approximately constant. The corresponding relative
humidity and temperature measured at 10 minute intervals is given in Fig 7. It can be seen that
temperature deviates 2°C around 21°C. Relative humidity shows a daily change between 50 and
60%.

6. Calculated results

For numerical simulation, the given material properties and boundary conditions are applied
to model the drying of the tumulus stones.

The initial moisture condition of Takamatsuzuka Tumulus was estimated by the weight and
size of stone during the relocation of the stones. The estimated volumetric water content was
20%. After the relocation of the stones to the restoration facility, the relative humidity around the
stones was reduced to 60% in order to prevent biological activities on the lime plaster surface
with mural paintings.

The change of volumetric water content profile due to this drastic change of environmental
condition was calculated by using heat and mass transfer simulation software (Delphin 5) with
the physical properties of the stones. As a boundary condition, the relative humidity was set to
100% before the dismantlement of the stone chamber and it was set to 60% after it was relocated
to the restoration facility.

Here volumetric water content profile of the north wall with the mural painting of Black
Tortoise (Genbu) was calculated. The size of the stone is 116cm (lateral length) x 151cm (vertical
length) x 45cm (depth). In the calculation, lateral length was set to 58 c¢m, considering the
symmetrical condition of the stone. The calculated volumetric water content profiles in 1 day, 7
days, 100 days, 1 year, 2 years and 3 years after the relocation of the stone to the restoration
facility are shown from Fig. 8a to Fig. 8f, respectively. The lateral axis shows the distance from
the side of the stone to the middle of the stone. The plaster surface shows the location of the
lime plaster with mural paintings. The vertical axis shows the calculated volumetric water
content in each location.

Fig. 8b shows that the initial volumetric water content of the stone was 20% and that after 7
days the volumetric water content near the surface was reduced to 5%. This corresponds well
with the relationship between the volumetric water content and relative humidity in Fig. 2. Fig.
8c shows that the volumetric water content of the stone near the surface decreased gradually.
The 5% volumetric water content region gradually increases after 1 year and 2 years (Fig. 8d and
Fig.8e). After 3 years, the volumetric water content of almost all of the parts reduced to 5%.
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Fig. 8a Volumetric water content profile (1 day) Fig. 8b Volumetric water content profile (7 days)
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Fig. 8¢ Volumetric water content profile (2 years) Fig. 8f Volumetric water content profile (3 years)

7. Conclusion

The extended measurements of material parameters for the tuff breccia stone were
conducted and hydrophysical material functions for the simulation were derived. In combination
with the measured boundary conditions we made a simulation analysis of the moisture profile
change of the stone chamber of Takamatsuzuka Tumulus after the relocation of the stone
chamber to the restoration facility. Based on the physical properties, the change of the moisture
profile was calculated by heat and mass transfer software (Delphin 5) developed by TU-Dresden.
The calculated results showed that in 3 years the volumetric water content of almost all parts
reduced to 5%. The simulation technique is quite effective to evaluate the inside condition of
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cultural properties where direct monitoring is difficult in a non-destructive way.
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