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ABSTRACT Built in the 6th and 7th centuries during the Baekje period, the Buyeo Royal Tombs consist

of seven tombs, including Tomb No. 1, which contains murals. To preserve Tomb No. 1 from damage
caused by microorganisms, periodic microbial-distribution investigations are conducted. Following such
investigations in August 2016, June 2018, and November 2019, the microbes were classified according
to the investigation period, location of collection, and space. This study compares and analyzes the
results. The concentration of airborne microorganisms in Tomb No. 1 and the number of microbial
genera identified in each space of the tomb decreased as proximity to the main room with murals
diminished. During the investigation period, the genera Bacillus, Cladosporium, Penicillium, and
Streptomyces were commonly identified on Tomb No. 1. The microorganisms collected from the main
room walls were mostly isolated from the east and west walls where the genera Bacillus, Cupriavidus,
Paenibacillus, Pseudomonas, and Streptomyces were commonly identified in three or more walls. In
particular, the genus Streptomyces is a dangerous strain capable of damaging murals by penetrating
into and discoloring the pigments on them. The data generated from this study may be useful for future
research on microbial distribution in other domestic mural tombs and those located in North Korea
and abroad.
Key Words Ancient mural tomb, Mural paintings, Biodeterioration, Buyeo royal tombs, Microbes

1. INTRODUCTION

Tomb, and Buyeo Royal Tomb No. 1 were built during the
Gaya and Three Kingdoms period (National Research

Ancient tombs, monuments in which human corpses were

Institute of Cultural Heritage, 2019). For this study, the

buried, provide historical and archaeological data. Mounded

Buyeo Royal Tomb No. 1 (hereafter referred to as Tomb No.

tombs were constructed by covering the upper part of the

1) was selected as the research site among the mural tombs

burial with soil or stone (Park, 2006). In the Republic of

of the Three Kingdoms period in Korea (Figure 1A-B). Tomb

Korea, ancient tombs are generally attributed to the Three

No. 1 is an ancient tomb that belongs to the Royal Tombs

Kingdoms period (Beack, 2017). Various burial relics and

of Buyeo (late 6th to early 7th centuries), which consist of

murals can be found inside ancient tombs. Tomb murals are

seven tombs. The Royal Tombs of Buyeo, designated as

evaluated as materials of rich historical and cultural value

Historic Site No. 14 in 1963, were simultaneously included

because they provide some insight into the lifestyles,

in the Baekje World Historic Area and registered as a

customs, and religious views of ancient societies.

UNESCO World Heritage site in 2015. Among the seven

Ten mural tombs exist in the Republic of Korea. The

tombs, Tomb No. 1 is the only tomb with murals painted

Yeongju Sunheung Mural Tomb, Yeongju Sunheung Eo Suk

on the four walls and ceiling of the tomb chamber. The four

Tomb, Gongju Royal Tomb No. 6, Goryeong Goari Mural

guardian deities are painted on the east, west, south, and
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north walls of the main room, and lotus and cloud patterns

Backje World Heritage Center, 2016). In 2018, microbial

are engraved on the ceiling.

research attempted to analyze substances presumed to be

Tomb No. 1 was the first tomb to be investigated during

microorganisms generated on the wall of main room along

the Japanese colonial period from 1915 to 1917 (Buyeogun,

with their distribution status (Buyeogun and Backje World

2008). At the time of that initial investigation, the murals

Heritage Center, 2018). Research projects to identify the

were relatively clear, but they are are now largely faded (Lee,

suspected microorganisms found inside Tomb No. 1 have

2000; National Research Foundation of Korea, 2021). A

been undertaken twice (National Research Foundation of

systematic and comprehensive investigation of Tomb No. 1

Korea, 2019; 2020).

began in 2008, and the murals’ condition, cause of damage,

The above research is significant because it can help

and preservation environment were first examined. The

predict a mural’s risk of damage based on the microbial

current study focuses on the microbial distribution within the

distribution in Tomb No. 1. However, the status of the

tomb; thus, relevant findings from previous research will first

microbial distribution can only be measured at a specific

be presented.

point of time. In the current study, the microbial distribution

A 2008 study by Gyeongju University focused on

statuses of Tomb No. 1, collected in 2016, 2018, and 2019,

identifying fungi, bacteria, green algae, and cyanobacteria by

were classified according to the investigation period, location

collecting microorganisms from locations where discoloration

of collection, and the space it occupied. Subsequently, the

had occurred because of living organisms (Buyeogun, 2008).

results were compared and analyzed.

In 2013, the airborne and wall microbial distribution inside
and outside of Tomb No. 1 was confirmed, and a report

2. MATERIALS AND METHODS

predicting the growth of microbes, which may damage the
murals, was created based on the general microorganism
growth-temperature (Buyeogun, 2013). Subsequent monitoring
of microbial distribution was conducted in 2016, using the
same methodology as in the 2013 study (Buyeogun and

2.1. Microbial collection and culture
2.1.1. Airborne microorganisms

The interior of Tomb No. 1 comprises four spaces: the

Figure 1. Location of Tomb No. 1 in Neungsan-ri, Buyeo. (A) Aerial photograph of Tomb No. 1 (photo
source: Baekje World Heritage Center), (B) Front view of Tomb No. 1.
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entrance, aisle, front room, and main room with murals, the

Microorganisms were collected from several collection sites

size of which may be found in Figure 2. In our study,

―24 points from the East wall, 24 points from the West wall,

throughout the four-year period, we conducted our research

10 points from the South wall, 12 points from the North wall,

in accordance with the monitoring cycle of Tomb No. 1 and

and 18 points from the ceiling―using sterile swabs (Figure

the 2013 report titled “Microorganism Occurrence Risk

2). The collected microorganisms were placed on a PDA

Prediction”. Airborne microorganisms existing within and

medium and then cultured in an incubator for about two to

outside of each space were investigated in August 2016, June

five days.

2018, and November 2019 (Figure 2). Microorganisms were
collected for two minutes at a flow rate of 100 L/min after
the potato dextrose agar (PDA, Difco, USA) medium was
mounted on a biological sampler (BUCK Bio-CultureTM,
B30120 Pump, A.P. Buck, Inc., USA). The collection was
repeated 2‒3 times in each space, and the microorganisms
were cultured in an incubator (WIG-155, DAIHAN
Scientific, KOR) at 30±2℃ and a relative humidity of
50±5%.

2.2.1. Determination of microbial colony count and
concentration

The number of microbial colonies was counted with the
naked eye or using a colony counter (CC-1, AS-ONE, JPN),
and the concentration was confirmed by calculating the
number of colonies per unit volume in the air (colony
forming units [CFU/m3]).

2.1.2. Wall microorganisms

The microorganisms on the wall of Tomb No. 1’s main
room

2.2. Microbial analysis method

were

collected

simultaneously

with

airborne

microorganisms. They were collected from the center, which
was determined after dividing each wall at regular intervals.

2.2.2. Microbial classification and identification

Cultured microorganisms were isolated into a single
colony based on the colony’s form, size, and color. Fungi
were cultured in the PDA medium, and bacteria were cultured

Figure 2. The locations from which airborne and wall microorganisms in Tomb No.1 were collected
(Buyeogun and Baekje World Heritage Center, 2016; 2018; Buyeogun, 2017; National Research
Foundation of Korea, 2019).
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Table 1. The numbers and concentration of airborne microorganisms inside and outside of Tomb No. 1
Investigation
period
Collecting sites

Aug. 2016

Jun. 2018

Colony

3

CFU/m (avg.)

Outside

25

Entrance

146

Nov. 2019

Colony

3

CFU/m (avg.)

Colony

CFU/m3 (avg.)

407

57

TNTC

20

283

TNTC

62

TNTC

110

TNTC

Aisle

60

TNTC

21

305

96

TNTC

Front room

53

TNTC

21

305

60

TNTC

Main room

18

243

12

144

6

6

TNTC: Too numerous to count
in nutrient agar (NA, Difco, USA) after inoculation. This

concentration of microorganisms in June 2018 was TNTC

process

of

outside and at the entrance of Tomb No. 1, while it was

microorganisms was isolated. After undergoing one more

confirmed that the average concentration of microorganisms

morphological classification, sequencing analysis was

was 305 CFU/m3 for the aisle and front room, and 144

performed.

CFU/m3 for the main room (Table 1).

was

performed

until

a

single

colony

For sequencing, the identification service of Macrogen
(Seoul, KOR) was used. Fungi were primarily analyzed with
the sequencing of the 26S rRNA gene (D1/D2/D3 region),

3.1.2. Microbial genus level distribution according to
investigation period

and the ITS region and 18S rRNA region were secondarily

Twenty genera and 40 species were identified from the

analyzed for the unidentified strain. Bacteria were analyzed

microorganisms collected in August 2016. Among the

with a 16S rRNA region. The analyzed sequencing was

microorganisms, 14 fungi genera (such as Aspergillus) and

identified by using the Basic Local Alignment Search Tool

six bacteria genera (such as Arthrobacter) were identified.

(BLAST) of the National Center for Biotechnology

The genera Penicillium and Bacillus were the dominant

Information (NCBI).

microbes, which accounted for a high distribution rate of
15.0% and 12.5%, respectively (Figure 3A). In June 2018,

3. RESULTS

21 species from 18 genera (11 fungal genera, seven bacterial

3.1. Comparison of airborne microbial distribution

microbe was identified as the microorganisms were

genera) of microorganisms were isolated, and no dominant
composed of one or two strains and belonged to each genus

3.1.1. Number and concentration of microorganisms

unit (Figure 3B). In November 2019, 35 species from 24

During our investigations in August 2016, June 2018, and

genera of microorganisms were identified. Among them, 16

November 2019, the average number of microorganisms

genera of fungi and eight genera of bacteria were identified.

collected from inside and outside of Tomb No. 1 was as

The genus Aspergillus, which occupies a high distribution

follows: 34 from the outside, 106 at the entrance, 59 in the

rate of 14.3%, was identified as the dominant microbes

aisle, 45 in the front room, and 12 in the main room

(Figure 3C).

(Table 1). The number of microorganisms tended to decrease
from the outside to inside, with the entrance having the
highest concentration.
The concentration of microorganisms in August 2016 and

3.1.3. Characteristics of dominant microbes according to
investigation period

During the entire investigation, the genera Bacillus,

November 2019 was “too numerous to count” (TNTC) in the

Cladosporium,

entrance, aisle, and front room. The concentration of

commonly isolated (Figure 3A-C). Bacillus genus is a

microorganisms in the main room was the lowest at 243

representative soil microorganism, and a total of seven

CFU/m3 and 6 CFU/m3 in 2016 and 2019, respectively. The

species (B.

Penicillium,

cereus,

B.

and

flexus,

Streptomyces

B.

megaterium,

were

B.
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pseudomycoides, B. safensis, B. stratosphericus, and B.

S. nojiriensis, and S. subrutilus). Data on microbial species

thuringiensis) were identified. Cladosporium genus was

in this content are not presented in tables or graphs.

identified with C. cladosporioides, C. halotolerans, C.
tenuissimum, and C. sp.; C. sp. grows optimally at 18∼28°C,

3.1.4. Microbial distribution according to space

and can also grow at 30∼35°C (Larone, 1987; Patterson and

In August 2016, genera collected in each space comprised

McGinnis, 2009). Penicillium genus was identified with P.

the following: eight genera of microorganisms from the

copticola and six other species (P. decumbens, P. herquei,

outside, 12 genera at the entrance, five genera in the aisle,

P. oxalicum, P. rolfsii, P. sanguifluum, and P. sp.) and

11 genera in the front room, and eight genera in the main

Streptomyces genus, a type of actinomycetes, was identified

room. Moreover, all microorganisms were also found inside

with five species (S. durhamensis, S. galbus, S. naganishii,

except for the genus Nigrospora, which was collected from

Figure 3. Airborne and wall microbial distribution in Tomb No. 1 classified by investigation periods.
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Table 2. Distribution of airborne microorganisms based on the space of Tomb No. 1 where they were found
No.

Description (genus)

1
Achromobacter
2
Alternaria
3
Apiosporaceae
4
Arthrinium
5
Arthrobacter
6
Aspergillus
7
Bacillus
8
Biopolaris
9
Choanephora
10
Cladosporium
11
Cochliobolus
12
Conidiobolus
13
Curtobacterium
14
Curvularia
15
Dermacoccus
16
Doratomyces
17
Engyodontium
18
Epicoccum
19
Fusarium
20
Kozakia
21
Leifsonia
22
Leptosphaerulina
23
Lysinibacillus
24
Melanophoma
25
Methylobacterium
26
Microbacterium
27
Mortierella
28
Mucor
29
Neosetophoma
30
Nigrospora
31
Pantoea
32
Paraconiothyrium
33
Paraphaeosphaeria
34
Penicillium
35
Phaeosphaeriaceae
36
Phanerochaete
37
Phoma
38
Pseudomonas
39
Pseudopithomyces
40
Rhizomucor
41
Robillarda
42
Scopulariopsis
43
Streptomyces
44
Subsessila
45
Trichurus
46
Tsukamurella
○: Investigation period -2016. 08.
◈: Investigation period -2018. 06.
■: Investigation period -2019. 11.

Outside

Entrance

◈
■

◈

Collecting sites
Aisle
■
■

Front room

Main room

◈

◈
○
○■
○■
○
○◈■

○■
○◈■
○
○
○◈■
○◈
○■

◈
○■
○■
○

○
○■
○■

◈■
○
○
■

○◈■
○■
○■
○

○■

○◈
○■

○
◈
■

■
◈

■

○
○
○

○
■

○
○

■
■
■
■
■

■

◈
■
○
◈

○

◈
○
■

◈
○◈■
■

○
○◈■

○■

○

◈
◈
◈
■
○
■
■

■
◈■

■

○◈

○■

◈
○
◈
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the outside. The genera Aspergillus and Penicillium were

(C. basilensis, C. campinensis, D. japonica, F. oxysporum,

isolated from all interior spaces, whereas Leptosphaerulina

M. sp., P. alginolyticus, P. terrae, and V. boronicumulans)

and Paraconiothyrium were identified only in the main room

were identified. C. basilensis and C. campinensis are

with the murals. In June 2018, Alternaria and six other genera

Gram-negative bacteria isolated from the soil (Goris et al.,

(Cladosporium, Mucor, Pantoea, Paraphaeosphaeria, Phoma,

2001), and the optimum growth temperature was reported to

and Subsessila) were collected from the outside (Table 2).

be 25∼30℃ (CCUG 49340; DSM 11853). D. japonica is

Among them, the genera Alternaria, Cladosporium, and

a gram-negative bacterium mainly found in soil. This strain

Paraphaeosphaeria were also found. As we entered the

can flourish at 10∼37℃, grows optimally at a temperature

interior space, the number of collected microorganisms

of 25∼30℃ and pH 5.6∼8.0 (Xie and Yokota, 2005), and

decreased; Arthrobacter and Tsukamurella were found only

produces a bright orange pigment (Dar et al., 2020). V.

in the main room. In November 2019, a total of nine genera

boronicumulans has a yellow color, and optimum growth

of microorganisms were identified outside; among them,

conditions require a temperature of 4∼37℃ and a pH of 5∼

genera Bacillus, Cladosporium, Phaeosphaeriacea, and

9 (Miwa et al., 2008). Data on microbial species in this

Robillarda were also found inside. Specifically, Aspergillus

content are not presented in tables or graphs.

was identified in all interior spaces, whereas Bacillus and
Cladosporium were isolated from the entrance, aisle, and

3.2.3. Microbial distribution according to wall location

front room. Achromobacter and 15 other genera were only

In August 2016, June 2018, and November 2019, the

collected during this investigation (Table 2).

average number of microbial genera isolated from the main
room wall was calculated. Most microorganisms were found

3.2. Distribution comparison of wall microorganisms

on the East wall (20 genera), followed by the West wall (18
genera), the South and North walls (14 genera each), and the

3.2.1. Microbial genus level distribution according to
investigation period

The microorganisms collected in August 2016 were
classified into 32 genera and 50 species. The microbial genus
unit included 14 fungal genera (such as Bionectria) and 18
bacterial genera (such as Acinetobacter). Streptomyces
(10.0%), Mortierella (8.0%), and Paenibacillus (8.0%) were
identified as the dominant microbes (Figure 3D). In August
2018, 41 genera and 68 species of microorganisms were
classified, and a total of 21 fungal genera and 19 bacterial
genera were identified. Streptomyces (14.7%), Bacillus
(8.8%), and Paenibacillus (7.4%) were identified as the
dominant microbes (Figure 3E), with the genus Streptomyces
occupying the highest distribution ratio and identified with
S. atratus and nine other species (data not shown). In
November 2019, 36 genera (20 fungal genera, 16 bacterial
genera) and 77 species of microorganisms were classified; the
genus Streptomyces was identified as the dominant microbe
with a distribution ratio of approximately 5% or more (Figure
3F).

ceiling (13 genera).
In August 2016, Bacillus and eight other genera were
identified on three or more walls; genera Cupriavidus and
Mortierella were found isolated on all the walls. In June
2018, the east and west walls isolated 20 genera, the most
significant number of microorganisms. The genera Bacillus,
Cupriavidus, and Streptomyces were isolated from all walls,
whereas six species from the genus Bacillus, three species
from the genus Cupriavidus, and 10 species from the genus
Streptomyces were identified. In November 2019, Bacillus
and 14 other genera were isolated from three or more walls,
including Bacillus, Chaetomium, Cupriavidus, Mortierella,
Pseudomonas, and Streptomyces which were isolated from all
walls (Table 3). Among microorganisms, the genus
Streptomyces was identified the most, with a total of 14
species (Data not shown).
3.2.4. Characteristics of dominant microbes isolated in
wall locations

During

the

entire

investigation

period,

Bacillus,

Cupriavidus, Paenibacillus, Pseudomonas, and Streptomyces
3.2.2. Characteristics of dominant microbes according to
investigation period

During the investigation, B. cereus and eight other species

were commonly identified on three or more walls (Table 3).
The genus Bacillus is an aerobic and facultative anaerobic
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Table 3. Distribution of surface microorganisms by wall sites in Tomb No. 1’s main room
No.

Description
(genus)

Sampling sites
E

W

S

N

C

No.

Description
(genus)

■

36 Leucobacter

○

37 Microascaceae

Sampling sites
E

W

1

Absidia

2

Acinetobacter

3

Alternaria

■

38 Microascus

◈

4

Arthrobacter

◈

39 Microbacterium

◈

5

Aspergillus

6

Bacillus

7

Bionectria

○

8

Bipolaris

■

9

Bjerkandera

◈

◈
■

10 Bradyrhizobium

■ ○◈■

11 Burkholderia

◈

12 Cantharellus

◈

13 Cellulomonas

○

14 Ceriporia

◈

16 Chaetomidium
17 Chaetomium

◈
◈■ ◈■
■

■

◈
◈
○■

■

18 Chitinophaga
■
○

○■

■

25 Daedaleopsis

○

■

■

◈■

○
○

32 Eupenicillium

35 Hypocrea

○

■
◈■

○■ ○◈■○◈■ ◈ ○◈■

49 Paraphaeosphaeria

○
○

■

55 Purpureocillium

○◈■ ■
◈■ ◈■

○■ ○◈■ ◈■
■

■

○
◈
◈

◈
◈

60 Sinomonas

◈

61 Sphingomonas

■

62 Stenotrophomonas

■

○

63 Streptomyces

■
○

■

66 Umbelopsis

■
○◈

■

○◈■ ◈ ○◈■
○■ ○■

■

68 Verticillium

○
◈

○◈
○

69 Volutella

◈

70 Zygomycete

◈

E: East wall, W: West wall, S: South wall, N: North wall, C: Ceiling
○: Investigation period -2016. 08.
◈: Investigation period -2018. 06.
■: Investigation period -2019. 11.

◈

○◈■○◈■○◈■ ◈■ ○◈■

○◈ 64 Trametes
65 Trichoderma

◈
◈

57 Rhodococcus

67 Variovorax
○◈

◈■

53 Pleosporales

◈

■

31 Enhydrobacter

◈

■

■

29 Dyella

◈

◈■ ◈■

◈

○■

◈

59 Serratia

30 Elizabethkingia

34 Glaciimonas

◈

○■ 52 Phyllobacterium

■

27 Dermacoccus

33 Fusarium

◈

47 Paecilomyces

○◈■○◈■○◈■○◈■○◈■ 58 Scopulariopsis

26 Daldinia
28 Doratomyces

46 Ochrobactrum

■ ○◈■

◈

24 Curvularia

■

56 Rhizomucor

22 Crenobacter
23 Cupriavidus

◈
■

54 Pseudomonas
■

◈

○■ ○◈

19 Chryseobacterium ○■ ○■ ○■
20 Collimonas

○◈■

◈■ 51 Penicillium
○

21 Conidiobolus

○

45 Novosphingobium

50 Pedobacter

◈

○■ ○◈■○◈■ ○■ ○■

42 Mucor

48 Paenibacillus

C

■

44 Myrmecridium

◈

N

◈

43 Mycobacterium
■

15 Ceriporiopsis

■

40 Micrococcus

○◈■○◈■○◈■○◈■ ◈■ 41 Mortierella

S

◈

◈
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strain commonly present in soil and nature (Cohn, 1872).

suffer due to the lack of standards regarding the concentration

Among the genus Bacillus, B. cereus was identified in all

of airborne microorganisms in the ancient tombs or a

investigation periods and is known to grow at 10∼50℃

conservation and management plan regarding the same

(ICMSF, 1996). The genus Cupriavidus is a strain commonly

domestically or internationally. However, we have confirmed

found in soil, and in August 2016 and June 2018, C.

that the levels present in the tomb are lower than those

basilensis was isolated from all walls. C. basilensis grows

stipulated by the maintenance and recommendation standards

optimally at 25∼30℃ (CCUG 49340; DSM 11853), and it

of the Enforcement Regulations of the Indoor Air Quality

has been confirmed in soil samples taken from burial relics

Management Act (total airborne bacteria 800 CFU/m3 or less,

inside the ancient tombs (Ha et al., 2013). In November

fungi 500 CFU/m3 or less).

2019, C. campinensis, C. necator, and C. numazuensis were

The genera Aspergillus, Bacillus, Cladosporium, Penicillium,

identified on all the walls. The genus Paenibacillus exists in

and Streptomyces were mostly distributed in Tomb No. 1, and

a variety of environments such as soil, water, and plants

the distribution of dominant microbes collected in August

(McSpadden Gardener, 2004; Montes et al., 2004; Ouyang

2016 and November 2019 were similar. According to the

et al., 2008; Padda et al., 2017), and P. alginolyticus and

“Microbial Occurrence Risk Prediction of Buyeo Royal Tomb

seven other species were isolated. The genus Streptomyces

No. 1”, the period from March to July was estimated to be

is a kind of actinomycetes and it mainly inhabits decaying

the “safe period for microbial occurrence,” while August‒

plants and soil. S. alboniger and 20 other strain species were

February of the following year was estimated to be the

identified on the walls, and among them, S. aureus, S.

“caution period for microbial occurrence” (Buyeogun, 2013).

cirratus, S. lavendulae, S. subrutilus, and S. xanthophaeus

It can be inferred that the microbial distribution was similar

were most isolated. Data on microbial species in this content

because the two investigation periods belonged to the

are not presented in tables or graphs.

“caution period for microbial occurrence.” Microorganisms
collected in June 2018 belonged to the “safe period for

4. DISCUSSIONS AND CONCLUSIONS

microbial occurrence” as only a relatively small number of

In this study, the microbial distribution statuses of Tomb

and November 2019. Moreover, the genus Arthrinium and

No. 1 in August 2016, June 2018, and November 2019 were

nine other genera were confirmed only during this period.

compared and analyzed according to the investigation period,

A difference in the microbial distribution in each space

microorganisms were isolated compared with August 2016

inside Tomb No. 1 was also discovered. Some factors such

location of collection, and space.
The results reveal that the concentration of airborne

as temperature, humidity, and nutrient sources affect

microorganisms inside Tomb No. 1 decreased as one got

microbial growth (Garg et al., 1995; Seo et al., 2013); thus,

closer to the main room. The number and concentration of

it can be inferred that the microbial distribution in Tomb No.

microorganisms in the entrances adjacent to the outside were

1 was different due to differences in external air inflow and

highest in all investigation periods. This is believed to be

temperature. Aspergillus, Bacillus, Cladosporium, and

caused by the increase in microbial contamination due to the

Penicillium detected from the outside were found in the front

habitat of insects belonging to the family Rhaphidophoridae.

and main room and are thought to have been introduced by

Another major reason for this phenomenon may be the

the air flowing in from outside. The average temperature of

presence of stagnant air over a long period in the outer space

each interior space according to the investigation period was

that is let into the tomb when someone enters or leaves.

16.2°C in August 2016 (aisle: 16.9°C, front room: 16.2°C,

Therefore, installing ultraviolet light for sterilization or using

main room: 15.5°C), 13.7°C in June 2018 (aisle: 14.0°C,

an air sterilizer to control microorganisms is required.

front room: 14.1°C, main room: 13.0°C), and 18.2°C in

The concentration of airborne microorganisms in the main

November 2019 (aisle: 18.1°C, front room: 18.4°C, main

room with murals was in the range of 6‒243 CFU/m .

room: 18.1°C) (Buyeogun and Baekje World Heritage Center,

Currently, it is difficult to estimate the level of risk posed

2016; 2018; National Research Foundation of Korea, 2019).

to the murals in terms of potential damage that they may

It is assumed that the microbial distribution varied because

3
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the temperature difference occurred from a minimum of

Science and ICT (Grant number: 2019K1A3A1A25000303).

0.3°C to a maximum of 5.4°C according to the time and
space of microbial investigation.
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ABSTRACT A long-term monitoring investigation at Sarushima Battery (Kanagawa, Japan), which is

one of the modernization heritages was conducted from 2017.06 to 2020.12. The investigation of the
temperature and relative humidity (RH), measurement of the amount of brick decay, and X-ray
diffraction analysis of the brick decay was conducted to understand in detail the environment in which
the historical brick structure, the state of deterioration, identify the factors of deterioration. Furthermore,
it was discussed whether the suitability of these investigation methods for assessing the status,
identifying the level of deterioration and the factors that led to deterioration at the historical brick
heritages.
It was found that the brick deterioration at the site progressed especially in two periods: in April, and
from June to August. These periods coincided with the period when the RH inside the structure
decreased, and the Toyo-gumi bricks were in the process of absorbing moisture. Several different types
of salts were detected in brick decay, especially thenardite, which is considered highly hazardous and
destructive during periods when the amount of brick decay increased.
Therefore, the RH in the structure and the salts present in the bricks were identified as one of the
factors in the deterioration of the bricks at the site. The methods used in this study are appropriate
as the initial survey methods for investigating the current conditions and identifying the causes of
deterioration because it is possible to understand the environment within the modernization heritages,
grasp the details of deterioration progression, and identify the characteristics of deterioration progression
and its factors through long-term investigation using the simple methods.
Key Words Brick, Environmental survey, Modernization heritage, Salt weathering, XRD

1. INTRODUCTION

modernization heritages are important cultural assets for
understanding the history and culture of modernization in

In recent years, Japan has been promoting the preservation

Japan. Since Wieliczka and Bochnia Royal Salt Mines in

and utilization of buildings called “Modernization Heritage”

Poland was registered as a UNESCO World Heritage site in

in the country. According to the Agency for Cultural Affairs,

1978, modernization and industrial heritage sites have been

modernization heritages in Japan refer to buildings and

registered as world cultural heritages around the world. In

facilities related to the industry, transportation, and civil

Japan, the Tomioka Silk Mill and Related Sites was

engineering that played a major role in Japan’s modernization

registered as a world heritage site in 2014, and Sites of

from the end of the Edo period (the 1850s ~ 1860s) to the

Japan’s Meiji Industrial Revolution: Iron and Steel,

World War II period and contributed to the modernization

Shipbuilding and Coal Mining which consisting of 23

of Japan (Agency for Cultural Affairs, 2019). Therefore,

components across several areas were registered as a world
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cultural heritage in 2015 (Jodai et al., 2020). Thus, interest

modernization

in modernization heritage is growing with the inscription of

environment. In the monitoring investigation, temperature and

heritage

sites

exposed

to

a

unique

several modernization heritage sites on the UNESCO World

relative humidity (RH) in the brick structure were

Heritage list in Japan. Most of those are brick or concrete

investigated, the amount of brick decay from a brick wall was

buildings and structures. However, a survey on modernization

measured, and X-ray diffraction analysis (XRD) of the brick

heritage conducted by the Tokyo National Research Institute

decay was conducted. The aim of this monitoring

for Cultural Properties in 2017 reported that brick structures

investigation was threefold: to understand in detail the

account for approximately 30.9% of the total non-timber

environment in which the historical brick structure was

modernization heritage and have the highest number of

exposed, the current state of deterioration of the structure,

registered buildings (Tokyo National Research Institute for

and to identify the factors of deterioration. Furthermore, the

Cultural Properties, 2017).

suitability of these monitoring investigation methods as the

However, brick modernization heritages are often exposed

initial survey methods for assessing the current status and

to outdoor conditions, and those sites in Japan are located

highlighting the deterioration of historical brick heritage sites

in diverse or unique environments, such as urban areas and

was discussed.

coastal areas. Therefore, deterioration of bricks due to salt
weathering caused by the surrounding environment has been
observed in various parts of Japan (Figure 1). Studies have

2. TOYO-GUMI BRICK IN SARUSHIMA
BATTERY

been conducted on the phenomenon of salt weathering, and
the mechanism of occurrence of the phenomenon. Also, the

Brick production in Japan started at the end of the Edo

characteristics of salt and the degree of danger have already

period (1853 ~ 1868) and it is considered to have been

been elucidated. It is essential to understand the deterioration

introduced by foreign engineers. In the Meiji period (1868 ~

of brick heritage sites in detail through investigation of the

1912), the bricks produced in Japan were widely used in the

current conditions and to clarify the deterioration factors to

construction of lighthouses and foreign settlements, sewage

consider conservation treatment methods for deterioration of

systems, and factories. Furthermore, domestic brick

bricks caused by salt weathering. Long-term field

production began to expand in various parts of Japan in the

investigation over several years is necessary to elucidate these

1870s. (Saitou, 2007)

deterioration factors. However, it is currently unclear what
investigation methods are appropriate for this purpose.

Toyo-gumi bricks are one of the bricks that was produced
in Japan during the Meiji period, manufactured by

In this study, a long-term monitoring investigation for

Toyo-gumi, which was founded around 1882 (Figure 2). The

three years and six months at Sarushima battery (Kanagawa,

Toyo-gumi bricks excavated so far are distributed in the size

Japan) was conducted. Sarushima battery is one of the

range of 108∼115 mm × 57∼61 mm at the headers, and

Figure 1. (A) Brick surface with peeling, and (B) Bricks with salt weathering.
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Figure 2. Toyo-gumi brick.

Figure 3. The physical property of Toyo-gumi bricks.

223∼227 mm at the stretchers, and they have a light orange

500°C(Fukami, 2019).

color (Yokosuka city, 2002). The main material of

Toyo-gumi bricks with the above characteristics were used

Toyo-gumi Brick was clay collected in Nishio City, Aichi

as building bricks at the Sarushima battery located in

Prefecture, and that it was manufactured by mixing the sand

Yokosuka City, Kanagawa, Japan. Sarushima Battery is a

containing mineral fragments of quartz, potassium feldspar,

coastal battery constructed between 1881 and 1884, and it was

biotite, and granite rock fragments with the main material.

registered as an officially-designated historical site in 2015.

Additionally, Cement mortar was used to join the bricks. The

Sarushima Island where the battery was constructed is located

cement mortar was made by mixing cement and sand in a

approximately 1.7 km off Yokosuka Port (Yokosuka city,

certain ratio and adding water, with one volume of cement

2014), and the island is surrounded by the sea. Brick structures

and three volumes of sand being the standard mix ratio. The

constructed using different brick masonry methods such as

cement mortar used at the Sarushima Battery contained shell

Flemish bond and Dutch bond (Figure 4), remain on the site

fragments. It was indicating that sea sand was used

and are considered one of the most important sites for

(Yokosuka city, 2002). The results of physical property tests

understanding modern politics and civil engineering in Japan.

of Toyo-gumi bricks indicated that the bricks had a water
absorption rate of 17.0 ± 1.6% and a compressive strength
of 9.5 ± 3.8 N/mm2. It is specified that modern Japanese
ordinary bricks must have a water absorption rate of 15.0%
or lower and a compressive strength of 15.0 N/mm2 or higher
in the current Japanese standard for brick (JIS R 1250).
Therefore, it has been found that Toyo-gumi bricks

Figure 4. (A) Flemish bond and (B) Dutch bond. (Created
by the author.)

manufactured in the Meiji period do not meet the standards
of modern Japanese bricks and they had varied physical

3. METHODS

properties (Figure 3). Furthermore, the results of thermal
analysis (thermogravimetry and differential thermal analysis)

Based on the physical properties of Toyo-gumi bricks

and X-ray diffraction (XRD) of the Toyo-gumi bricks

which are one of the Japanese historical bricks, the on-site

suggested that The Toyo-gumi bricks had been ignited at less

monitoring investigation was conducted for three years and

than 900°C. However, an endothermic reaction was observed

six months from 2017.06. ∼ 2020.12. The aims of the

between 450°C to 600°C in the differential thermal analysis

monitoring investigation are through observing the brick

(DTA). For this reason, it indicated that the firing

walls, measuring the temperature and relative humidity (RH)

temperature of the central part of the brick did not reach even

inside the brick structure, and measuring the amount of brick
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decay from the brick wall, to understand the current state of

particularly significant deterioration among the brick

deterioration and to clarify deterioration factors. In addition,

structures at the site. The brick structure investigated was the

a qualitative analysis using XRD was conducted to identify

second floor of the north building of an ammunition depot

the materials contained within the brick decay.

on the south side (f1-2) (Figure 5, 6). The interior of f1-2
measures 4.28 m × 13.56 m. The structure of f1-2 is a tunnel

3.1. Investigation spot
The investigation was conducted in a brick structure with

vault with a height of 3.67 m from the floor to the top of
the vault. The ceiling is plastered over bricks, but some of
the plaster was peeling. Although there are no windows

Figure 5. Map of Sarushima. (Yokosuka city, 2002.)
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inside f1-2, there is a window near the entrance that connects

considered to have been constructed to prevent moisture from

to the outdoors. Since there is no door at the entrance of f1-2,

entering the ammunition depot and to discharge moisture

it is possible that outside air is flowing in through this

from the inside to the outside. In f1-2, a large collapse of

window and the passageway from the tunnel to inside f1-2.

the south wall was observed, and the deterioration of the

The partition wall parallel to the south wall and the west wall

brick surface on the east wall was observed (Yokosuka City,

is constructed with Dutch bond. On the other hand, the east

2014). The area of f1-2 where the survey was conducted is

and west walls are constructed with a Flemish bond.

currently closed to the public. Therefore, people do not enter

According to Yokosuka City’s report, it was reported that the

this area except researchers.

east and west walls were the original construction walls and
the partition wall was added after the construction of the
batteries since Flemish bond was a brick masonry method
found in structures built in the Meiji 10s and Dutch bond
was used in structures built in the Meiji 20s and later.
Moreover, the partition wall parallel to the west wall is

3.2. Environmental investigation
Temperature and relative humidity were measured during
the environmental investigation. Onset Hobo U23-001
outdoor temperature/ relative humidity data logger was used

Figure 6. (A) The entrance of f1-2 from tunnel, (B) The window near the entrance of f1-2, (C) inside
of f1-2, (D) The east wall in f1-2, and (E) 2D diagram of inside f1-2. (Created by the author.)
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as the measurement device. The device was placed in the

a glass holder for measurement. The measurement conditions

center of f1-2 at a height of approximately 100 cm from the

were set that the cathode was set to Cu, the voltage to 40

floor (Figure 6E). Temperature and RH measurements were

kV, and the current to 40 mA. The measurement range was

recorded every 30 minutes. The temperature and RH data

5° to 90° with a measurement speed of 0.1 sec/step in 6000

logger was placed inside the solar radiation shield to obtain

steps.

accurate data inside the structure. For comparison, the other
temperature and RH data logger was also installed outdoors

4. RESULTS AND DISCUSSIONS

and recorded every 30 minutes intervals.
4.1. Environment in the Brick Structure on
3.3. Survey of brick decay from a brick wall
3.3.1. Measuring the amount of brick decay

Sarushima battery
The temperature and RH results measured inside f1-2 and

The amount of brick decay from the brick wall was

outdoors from 2017.06. ∼ 2020.12 were shown in Table 1.

measured by placing three trays, each with a bottom area of

Moreover, the temperature and RH behavior inside f1-2 was

140 cm2 in contact with the brick wall (Figure 7). The trays

shown in Figure 8. As a result of the monitoring

were made of polypropylene, cut to a width of 20 cm and

investigation, the temperature and RH inside the brick

a depth of 7 cm (Dispo-tray manufactured by As One

structure have not changed significantly over the past three

corporation). These trays were placed near the right edge of

years, and that the same temperature and RH behavior was

the east wall (Figure 6D.) The measurement was conducted

maintained every year. The temperature inside the structure

from 2017.06. ∼ 2020.03. The brick decay was collected

is 1°C to 2°C lower than outdoors, and the range of

once every month or every two months and weighed. The

fluctuation is slightly smaller. However, the RH is higher

amount of brick decay was converted to the amount of it per

than that of the outdoors, and the RH reached 100% from

30 days in each measurement period because of the variation

June to August, when both temperature and RH were at their

in the measurement period in the month of the investigation.

highest. Thus, the environment inside f1-2 was found to be
high humidity environment.

3.3.2. XRD analysis

XRD analysis was used to determine if the materials that
have caused the deterioration were contained in the brick
decay collected at each period during the amount of brick
decay measurement. A Bruker AXS D8 ADVANCE was
used for XRD analysis. The brick fragments were crushed
for analysis, and the crushed brick samples were placed in

Moreover, a climograph was created from one year of
temperature and RH data for 2018 to understand the annual
temperature and RH behavior(Figure 9). The colored markers
show the temperature and RH distribution for each month in
f1-2, and the dotted line shows the outdoor temperature and
RH distribution range. As expected, the temperature is

Figure 7. Measuring the amount of brick decay.
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Table 1. Results of the temperature and RH from 2017.06 ~ 2020.12

Figure 8. Behavior of the temperature and RH in f1-2.
generally lower, and the RH is higher than that of the

brick under the environment in f1-2 was discussed. Figure

outdoors. The temperature and RH are lowest in the winter

10 shows the result of water adsorption/desorption test of

months of January and February and gradually increase after

Toyo-gumi bricks conducted under 25°C conditions with the

March which is the spring season in Japan. The RH reaches

cooperation of Environmental System Research Laboratory,

100% during the rainy season from June to July and remains

Hokkaido University, Japan. In the case of Toyo-gumi bricks,

high humidity until September, followed by a gradual

it was found that when the RH exceeded 80%, moisture

decrease in both temperature and RH until December.

absorption proceeded, and the amount of moisture contained

Additionally, this behavior was linked to the outdoor

in the bricks increased. The moisture was then released with

temperature and RH behavior. These results indicated that the

the RH decreases. During the moisture release process, little

temperature and RH in f1-2 changed in tandem with the

moisture was released from the brick until the RH reached

outdoor temperature and RH behavior, but the environment

90%, but moisture was released when the RH fell below

became slightly cooler and more humid than outdoors. As

90%. Considering this characteristic together with the

mentioned earlier, since there is a window near the entrance

temperature and RH environment in f1-2, it is considered that

of f1-2 for outside air to enter f1-2, the temperature and RH

the bricks are in the process of absorbing moisture from

behavior in f1-2 seems to be affected by the outside air.

February to June, when the RH begins to increase to 75%

Secondly, the effect of the environment on the moisture

or more and then, from June to September, when the RH in

absorption and desorption characteristics of the Toyo-gumi

f1-2 reaches 100%, the bricks retain the moisture they have

272 | Journal of Conservation Science Vol.38, No.4, 2022

absorbed. The moisture in f1-2 is considered to be released
from October to January, when RH begins to decrease, but

4.2. Current deterioration of Toyo-gumi bricks
and its factors

due to the moisture absorption and desorption characteristics
of Toyo-gumi bricks indicated that they retained more

Deterioration of the bricks in f1-2 based on the

moisture during the moisture desorption process than during

environment inside f1-2 and the moisture absorption and

the moisture absorption process, even under the same RH

desorption characteristics of the Toyo-gumi bricks was

environment. Therefore, during the moisture release process,

discussed. The behavior of the amount of brick decay from

from October to January, although the RH in f1-2 begins to

the brick wall and RH in f1-2 were shown in Figure 10. The

decrease, the RH is still above 90% until November,

amount of brick decay in f1-2 was found to increase in April,

suggesting that little moisture is released, and that moisture

which corresponds to the spring season in Japan, and from

is retained in the bricks. Based on the above results,

June to August, which corresponds to the rainy season to the

measurements of moisture content on the brick surface using

summer season. In particular, the rapid increase of the

a moisture meter were conducted from 2018.08. ∼2019.12

amount of brick decay in June 2018, was attributed to the

as an additional survey in this study. Measurements were

presence of detached brick decay approximately 1.5 cm in

conducted on a portion of the wall (104.5 cm high, 245 cm

diameter in addition to bricks that had collapsed in powdery

wide, total number of bricks was 215) where the amount of

form within the collapsed bricks. Moreover, the period when

brick decay was measured. The results showed that the

the amount of brick decay increased matched with the period

moisture content of the bricks changed with the seasons.

when RH in f1-2 increased. However, the tray installation

Furthermore, some bricks had a low moisture content of less

method needs to be improved because when the trays were

than 3% and others had the high moisture content of over

checked during the survey in July 2018, we found that the

20% were mixed on the wall. Additionally, the condition of

trays had tipped over and were not accurately measured. On

the brick surfaces was observed. The bricks which the

the other hand, the amount of brick decay tended to decrease

moisture content frequently changed, and the bricks with a

from August onward and during the winter season, and few

moisture content higher than 12% when it rose showed

brick decay were observed from the brick walls, especially

peeling and collapse on the brick surfaces. As these results,

in January and February of each year. Furthermore, the

the temperature and RH environment in f1-2 seem to be

period of the decrease in the amount of brick decay matched

affected by the outside air, and that this environment

with the period of the decrease in RH. According to the

influence the moisture content change and surface collapse

results of an investigation which was conducted in 2002 by

of the bricks.

Oguchi at the kiln of the Shimotsuke Brick Production
Company, Gunma, Japan, the weight of brick decay was

Figure 9. Behavior of the temperature and RH for each month Figure 10. Water adsorption/desorption isotherm of
in f1-2.
Toyo-gumi brick.
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Figure 11. Behavior of the amount of brick decay and RH in f1-2.
reported to increase during period from early spring to late

is that it has been converted to thenardite during the mailing

summer, when brick decay is triggered at the periods of

process from the time the brick decay was collected until it

increased RH and tidal dissolution of existing salts in the

was analyzed in the laboratory. Thenardite and epsomite are

bricks (Oguchi et al., 2002). It has been pointed out that this

soluble salts and are known to be more destructive and

is because the salts on the surface have absorbed the moisture

dangerous than other salts. Specifically, thenardite undergoes

in the air and become heavier, which adsorbs the brick parts

a phase change to mirabilite (Na2SO4⋅10H2O) when the RH

at the time they collapse from the surface and encourages

changes from 70% to 100% at 20℃. The solubility of

them to collapse together (Kuchitsu, 2005). When considered

mirabilite is known to be strongly dependent on temperature,

in conjunction with the moisture absorption and desorption

and this salt is unstable at temperatures above 32°C.

characteristics of Toyo-gumi bricks, the period from March

However, when the temperature is lower than 32°C, the range

to April, when the amount of brick decay increased the most,

of RH at which the salt is stable expands as the temperature

matchs with the period when the bricks were in the moisture

decreases. For example, it has been reported that the

absorption process and the RH in f1-2 reached over 90%.

transition to mirabilite can occur at 25°C and 80% RH, or

The correlation coefficient between RH and the amount of

even at 0°C and 60.7% RH (Flatt, 2002). Moreover, the

brick decay was calculated and found to be positive at 0.5.

pressure generated during this phase change is found to be

For these reasons, a relationship was found between the

50 MPa. (Winkler and Wilhelm, 1970). Since 1 MPa is the

increase in RH in the structure and the collapse of the brick

pressure at which a weight of about 102 tons acts on an area

surface.

of 1 m in length and 1 m in width, the 50 MPa generated

In addition, substances detected in collapsed brick

during the phase change of thenardite to mirabilite is a very

fragments from brick wall at every month were shown in

large pressure, and it is the pressure that is sufficient to

Table 2. In addition to feldspar and mica minerals, which are

destroy the bricks. In other words, if the environment meets

thought to have been the main constituents of the bricks,

the above temperature and RH conditions, the pressure

Gypsum (CaSO4⋅2H2O) and Calcite (CaCO3) were detected

generated by the phase change of thenardite will promote the

in the brick fragments. Thenardite (Na2SO4), Epsomite

fracture of the bricks. Temperature and RH in f1-2 where the

(MgSO4⋅7H2O), and Sylvite (KCl) were detected in addition

brick decay was measured, fluctuates throughout the year in

to previously detected salts in April and May 2018, when the

the range of approximately 7℃ to 28℃, 50%RH to 100%RH.

amount of brick decay increased. One possible reason why

That is the environment inside f1-2 meets the conditions for

mirabilite was not detected in the brick decay at this time

a phase change from thenardite to mirabilite, and it is
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Table 2. Substances detected in collapsed brick fragments

suggested that the repeated occurrence of this phenomenon

amount of moisture inside the bricks. However, the results

may have accelerated the deterioration of the bricks due to

of the temperature and RH investigations and the site

salt weathering. However, this mechanism of accelerated

conditions suggested that airflow from the outside air may

brick deterioration due to salt hydration needs to be tested

have been one of the factors that affected the collapse of the

empirically, but this study did not include this verification.

bricks. Therefore, there is a need to investigate airflow in the

Therefore, this test needs to be done as a future issue.

structure and their influence on the collapse of the brick

In addition, as mentioned earlier, the moisture absorption

surfaces in future surveys. Additionally, it is necessary to

and desorption characteristics of Toyo-gumi bricks was

identify the origin of the salts as a future task because this

considered in conjunction, the period from March to April,

survey did not reach the identification of the origin of the

when the amount of brick decay increased the most,

salts contained in the bricks.

coincided with the period when the bricks were in the process
of absorbing moisture. Furthermore, it is possible that the RH

5. CONCLUSIONS

in the brick structure reached over 90%, which may have
increased the amount of moisture absorbed by the bricks, and

The long-term monitoring investigation at the Sarushima

the salts contained in the bricks may have become heavy and

battery, where one of the modernization heritages built with

collapsed together with the brick parts.

bricks exposed to the unique environment was conducted to

For these reasons, it is found that the one possible factor

understand the state of deterioration of the bricks and to

causing deterioration of the bricks at the Sarushima Battery

elucidate the causes of the deterioration. The main

is the RH in the brick structure and several types of salts

conclusions derived from this study are as follows.

contained in the bricks. In addition, it was identified that
brick decay at the Sarushima Battery is triggered during the

⋅Temperature and RH investigation, measurement of

spring season, when the bricks absorb moisture from the air,

brick decay from the brick wall, and XRD analysis of

and during the summer season, when they retain a large

the collapsed brick fragments were conducted as the
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long-term monitoring investigation methods. The results

necessary to consider new survey methods and conduct

of the temperature and RH investigation showed that the

additional surveys to investigate these factors.

temperature and RH inside the brick structure changed

Therefore, the methods used in this study are appropriate

in tandem with the outdoor temperature and RH

as the initial survey methods for investigating the current

behavior, but the environment was slightly cooler and

conditions and identifying the causes of deterioration,

more humid than the outdoor environment. Furthermore,

because it is possible to understand the environment within

it was found that the RH reached 100% during the rainy

the modernization heritages, to grasp the details of

season from June to July and remained at this high

deterioration progression, and to identify the characteristics

humidity level until September.

of deterioration progression and its factors through long-term

⋅The measurements of the amount of brick decay

investigation using the simple methods. The knowledges of

indicated that the amount of brick decay at the

this study can be used to suggest a good temperature and

Sarushima Battery increased most in April, which is the

RH environment for the preservation of brick heritages and

spring season in Japan, and from June to August, which

a time ideal for conducting conservation treatments in the

corresponds to the rainy season and summer season in

future. Since the origin of salts, one of the degradation factors

Japan. These periods coincided with the period when

did not determine in this investigation, it is necessary to

the RH inside the brick structure decreased, and the

conduct additional survey to determine the origin of salt, and

moisture absorption and desorption characteristics of the

to find more effective conservation methods for heritage sites

Toyo-gumi bricks indicated that the bricks were in the

once the origin of salt is clarified.

process of absorbing moisture.
⋅It is possible that the amount of water contained in the
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ABSTRACT ‘Eve 58-1’, the subject of this study is a statue made of plaster and its structural stability

was evaluated by utilizing the CAE program in order to prevent the risk of damage arising from impact
and vibration that are generated during the packaging and transportation process given its material
characteristics. CAE is an abbreviation for Computer Applied Engineering for realization by predicting
changes at the time of application of virtual physical energy. It is applied by reflecting the physical
property conditions and each boundary condition of plaster, and the digital images of the internal and
external structure of the work were acquired through 3D scanning and CT analysis for interpretation
by executing finite element modeling. When acceleration is applied to the work in the direction of
its own weight, the left-right side and the front-rear side, it was possible to confirm a maximum
displacement value of 15.24 mm in the head section of the front-rear side direction that has been tilted
by approximately 27° from the Y-axis and the largest stress value of 12.46 MPa was at the left ankle
section. The corresponding results confirmed that the left ankle section is the most vulnerable area and
the section for which precautions need to be exercised and supplemented at the time of transporting
the work by means of objective values.
Key Words Modern and contemporary, Sculpture, Stability, CAE, Finite element analysis

1. INTRODUCTION

testified that lessons were given with a focus on producing
human model works by moving from the head, bust and

The majority of sculptures of the modern and
contemporary era use representation techniques based on

life-sized statues with the use mainly of clay and plaster
(Kwon et al., 2017).

realistic descriptions such as head, nude or human figure

In particular, plaster is easy to handle and allows the

sculptures, which were emphasized in the educational

obtaining of exquisite expression of texture, and precise

curriculums of Japan. Since the majority of pioneers of

dimensions due to its low expansion and contraction levels.

modern sculpture were educated in Japan, works of the

In addition, it is readily available. As such, although it is used

maestros of the Ancient and Renaissance eras were used

extensively by all levels of artists ranging from beginners to

thoroughly as the foundation for their replication of plaster

experts, many modern sculptures that had been produced

sculpture or the drawing of the human body due to the

were lost at the time of the Korean War due to its fragility

influence of the education that they had. Kyung Seung Kim

towards physical impact and difficulty of transportation, etc.

(1915 ~ 1992), a First-generation sculptor from Korea,

In recent years, plaster sculptures are frequently packaged
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and transported for purposes such as exhibition and rental,

and won the grand prize in the 7th National Art Exhibition

etc. It is anticipated that damages will occur due to impacts

(1958) and could be deemed a monumental work by the artist

and vibrations applied to the works during the process. In

through which he joined the art circle upon graduation from

particular, in the case of life-sized plaster sculpture, impact

university in 1958. In this study, a structural stability

and vibration delivered to the bottom section causes cracks

evaluation using FEA is executed on ‘Eve 58-1’, a work by

and breakages, thereby leading to structural damage (Kwon

the artist Man Lin Choi, to assess the structural vulnerability

et al., 2017). In addition, given the trend of concerns for the

of the sculpture to prepare for possible damage in advance

means of safe prevention of disasters such as earthquakes for

and proposed standards for the safe transportation and

cultural heritage since the occurrence of an earthquake in

handling of the sculpture are presented.

Gyeongju in 2016, further studies are necessary.
Diversified optical technologies such as photography and

2. THEORETICAL BACKGROUND

microscopes, or non-destructive safety diagnosis methods
including X-ray, CT, ultrasonographic analysis and thermal
image cameras, are used to investigate the accurate state of,
or extent of damages to such modern and contemporary
sculptures. Furthermore, preparations are made for damage
that could be incurred in the future by establishing a DB
including information and images of important original
artworks in possession in the format of 3D data.
Overseas countries have already been actively pursuing
studies using finite element analysis (FEA) in order to assess
the structural stability of structural cultural assets and
heritage. For example, evaluation of the stresses and
deformation imparted on structures such as the Equestrian
Statue of Marcus Aurelius of Italy has been done since the
1990’s by using FEA in order to improve the accuracy of
non-destructive investigation (X-ray) of the cracked sections
(Bici et al., 2018). In addition, structural analysis using FEM
was executed to diagnose the safety of the statue of David
by Michelangelo and the Barletta statue (Borri and Grazini,
2006; Alfio et al., 2022). Static safety diagnosis of the weight
of each of the subsidiary materials of outdoor modern cultural
heritage items including the Paci-type steam train and a Busan
streetcar were made in Korea (Cho et al., 2021). Finite
element analysis used here utilizes the system of computing
the stress and deformation of the structure by changing the
3D digital image scanned subject into a numerical analysis
model and by means of diversified constraining and load
conditions.
With ‘Eve 58-1’(1958), a sculpture by the artist Man Lin
Choi (1935 ~ 2020) as the subject of this study, it has thin
arms and legs along with bulging abdomen and has highly
vulnerable proportional structure in comparison to its height
of 133 cm. ‘Eve 58-1’ is the first work of the Eve series

2.1. CAE(Computer Aided Engineering)
CAE is a program capable of executing the virtual
simulation of the designed structure by using computers and
is used widely, not only in the areas of machines, but also
in all industrial areas as it is possible to verify the design
and deduce improvements of structure. It is possible to reduce
cost through realization with the program without directly
producing and demonstrating the mounting post, which is
expensive avionics equipment, in the design stage (Lee et al.,
2010) and it can be utilized efficiently in various aspects in
the event of playing the role of improving the stability
through optimization design and modeling by checking the
vulnerable sections and stress applied in accordance with the
load to the legs of the chair (Nam et al., 2015), etc.
To apply CAE, consider and reflect on the physical
material properties and boundary conditions of the structures.
For physical material properties, modulus of elasticity,
Poisson’s ratio and density, etc. obtained through material
tests are used. Boundary conditions can be classified into
constraining conditions and load conditions, and a wide range
of boundary conditions, including displacement, force,
pressure and temperature, can be endowed by reflecting the
environment applied to the actual structure.
At this time, computational processes of the structures
include the computation of stiffness through the configuration
of the structures and applied physical material properties and
the deformation of the structures is computed by means of
the inputted constraining conditions and load conditions.
Deformation can be divided by the original length to compute
strain and the stress of the structures is finally computed.
Structural safety of the structure is evaluated by comparing
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the diversified resultant values computed by means of CAE

the results through visualization (Lee, 2020) (Figure 1).

with safety regulations or the destruction standard values

In this study, the physical structure of the artwork is

(deformation, yield strength and tensile strength, etc.) of the

analyzed through the provision of objective data following

materials applied.

FEM conversion of ‘Eve 58-1’ for application to the
improvement of stability through realization by means of CAE.

2.2. Finite element method
Finite element method (FEM) is a numerical analysis
technique of finding the solution by dividing the model
produced with CAD into a limited number of elements and
approximating the computational equation for each element




Stiffness :   



Displacement :   



Stress :   

Stain :   

Figure 1. Formula for FEM computation.

by means of a linear algebraic equation. Studies aimed at the

3. STUDY METHOD

improvement of stability, accuracy and efficiency are
continuing in the FEM domain with the improvement of
stability among these 3 elements as the ultimate goal.
The basic process of FEA meshing the domains of the
problem into finite elements before composing equipment for
each individual element (in matrix format). Then, after having
composed the equation for the entire system by assembling
the mathematical formula of each element, solve the equation
for computing the displacement at each node. After having
computed various displacement, strain and stresses, illustrate

3.1. Material analysis
The purpose of this study is to support monitoring for
safety diagnosis and preventive preservation through the
utilization of digitization technology by acquiring scientific
information on and current status of the sculptures. Therefore,
Table 1 was referred to the results of the preceding study
that executed microscopic, SEM-EDS and Raman analysis,
etc. to secure primary information on the materials used for

Table 1. Results of material analysis of ‘Eve 58-1’
Analysis

Microscope

SEM-EDS

Raman

× 200

EDS mapping
(× 1000, R: Fe, G: Ca, B: Si)

Brown particle

× 500

EDS mapping
(× 850, R: Cr, G: Ca, B: Si)

White particle

Surface

Substrate
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and X-CT scanning X-CT (CR Moduler, YXLON, DEU) was

the works (Shin et al., 2022).
As the results of microscopic observation of the surface

executed to check the internal structure. Then, editing to

layer, yellow, brown, black, white and transparent particles

merge the overall 3D scan image and CT image of the work

are in irregularly mixed state and, as the results of SEM-EDS

was executed. At the same time, after having converted the

analysis, Ca (Calcium) and S (Sulfur) are detected at high

merged image into a compatible extension file, internal and

strength overall while Si (Silicon) is detected intensively

external images were 3 dimensionally embodied by using

within relatively large crystalline particles. As per the results

Geomagis Design X, a software of 3D system (Figure 2).

of Raman analysis, a weak peak is confirmed in the vicinity
of 217, 282 and 514 cm-1, in the case of brown surface layer
particles, which corresponds to the characteristic peaks of

3.3. Digital image conversion and finite element
modeling settings

Iron(III) oxide monohydrated (Fe2O3⋅H2O) and Iron(III)
Each of the acquired overall internal and external images

oxide(Fe2O3).
As the results of microscopic observation of the substrate

of the ‘Eve 58-1’ sculpture were merged through CT and 3D

layer, white and transparent particles account for the majority

scanning, and clean-up work was carried out by using Ansys

with the state of irregularly mixed small quantity of black

SpaceClaim. Through this process, the facet domain of the

and brown particles. Meanwhile, the results of SEM-EDS

model was reduced and sharp domains were corrected into

analysis display the detection of Ca and S at high strength

a 3D model for which a finite element model can be

for the white portion in comparison to the surface layer with

generated. In order to execute the finite element modeling for

the tendency of localized detection of Si, Al and K, etc.

structural analysis, solid conversion of the facet model is

according to the location of analysis. As the results of Raman

necessary.

analysis, characteristic peak of gypsum is confirmed in the

At this time, it was ensured that appropriate mesh density

vicinity of 1,008 cm for the white particle in the substrate

could be applied since too many meshes can excessively

layer. It was possible to confirm that ‘Eve 58-1’ was

increase time taken for analysis without major effect on the

produced by using the surface coating method of having

analysis results. Relatively softer surface figuration in

applied coloring agent in the iron oxide range to the top of

comparison to the existing original model was confirmed and

plaster since the cross-section can be visually distinguished

it was possible to visually confirm that the number of facets

into a brown surface layer and a white substrate layer.

has been reduced and sharp domain has been corrected in

-1

the detailed figuration that compared the existing merger
model and solid conversion model of the thorny bush

3.2. 3D modeling through digital imaging

expressed at the center of the sculpture (Figure 3).
3D scanning of the exterior of the work was executed for

Finite element modeling setting of the facet model was

the internal and external structural safety diagnosis of the

generated by utilizing the meshing function of Ansys

sculpture (AICON Stereo SCAN NEO R16, Hexagon, SWE)

Mechanical. Tetrahedron elements are applied since the ‘Eve

3D scan

Scene of CT imaging

Figure 2. Process of acquisition of exterior and internal CT 3D digital images.

3D and CT image merging
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58-1’ model has a relatively complex configuration and mesh

mesh size to enhance the accuracy of analysis.

was generated by using the Patch Independent method since
the external surface has highly extensive surface divisions.

3.4. Physical material property values and

Figure 4 illustrates the finite element modeling of ‘Eve 58-1’

boundary conditions

and was modeled to ensure thorough expression of the
maximum characteristics of the structure by applying tight

a) Optical photo

To apply physical material properties to an FEM model,

b) Merging of CT(left), 3D scan(right) images

c) 3D Scan and CT image merger model

d) Facet domain correction and solid conversion
model

Figure 3. 3D digital image merging and facet model correction.
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Figure 4. Finite element modeling setting.
the preceding study was conducted for the analysis of

displacement value that changes by being induced to the

physical properties of the materials used in ‘Eve 58-1’.

structure subjected to external force was compared with

Plaster (CaSO4) is the main material for the substrate layer

numerically quantified stress, which is the force for the unit

of the sculpture and it is presumed that soil-borne minerals

area generated within the deformed object.

such as quartz, etc. were artificially mixed or some impurities

As the boundary conditions for the execution of structural

have been mixed to improve the hardness and durability of

analysis of ‘Eve 58-1’, plaster conditions that restrain all the

relatively weak plaster.

degrees of freedom at the floor of the statue were generated.

For the physical properties of plaster used for ‘Eve 58-1’,

For the load conditions, acceleration conditions for each

the physical material property library (Ansys Granta) that

direction were applied to compute its own weight and force

Ansys holds was applied and the material density was

of inertia due to spontaneous acceleration that can occur at

reflected in consideration of the actual weight of the paster

the time of transporting plaster statue. Acceleration conditions

sculpture at 14.8 kg (Table 2). For the resultant value, the

for each direction of 9.81 m/s2, which is the same as its own

Table 2. Physical properties of plaster material
Materials

Elastic Modulus(MPa)

Poisson’s Ratio

Compressive Strength(MPa)

Plaster

6,000

0.273

17

* Material Reference : Ansys Granta Selector

Constraining
conditions

Case 1 Own weight

Case 2 –
Left side

Case 3 –
Right side

Figure 5. Boundary conditions (constraining conditions and load conditions).

Case 4 Front

Case 5 Rear
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As a result of the confirmation of the stress value,

weight, were applied (Figure 5).

compression stress as the key stress is distributed in the

It was possible to analyze the structure as follows by
substituting the Poisson’s ratio of 0.273 for the tensile

Z-axis direction of thigh → knee → ankle, and focused on

strength in accordance with the material ratio under the

the front of the left ankle marked with red color (Figure 6).

condition of the modulus of elasticity of 6,000 MPa of the

It was confirmed that the left angle section where the stress

plaster itself.

is concentrated has a maximum stress value of 0.85 MPa.

4. RESULTS OF FINITE ELEMENT ANALYSIS

4.2. Results of kinetic structural analysis of ‘Eve
58-1’

In order to evaluate the structural safety of ‘Eve 58-1’ by
the artist Man Lin Choi, physical properties similar to those

When acceleration is applied to the work from right →

of the plaster used for the work were reflected. Since the

to left (in a horizontal) direction, which is negative (-), with

sculpture is transported by being hand lifted after having

X-axis as the reference, displacement is manifested in the

placed the work on pallet, acceleration was applied in the

frontal diagonal direction at the angle of ∡42° with Y-axis

direction that will have the most force at the time of

as the reference at each position. Among the displacements,

transportation. Directions of acceleration of force are divided

it was possible to confirm that the maximum displacement

largely into static (lowering) and kinetic (left, right, front and

of 7.48 mm occurred at the head section. As the results of

rear directions) structural analysis, and the results of

the confirmation of stress value, compression stress as the

structural analysis after application are summarized in the

key stress is distributed in the Z-axis direction of the thigh
→ knee → ankle, and focused on the front of the left ankle

Table 3 below.

marked with a red color. It was confirmed that the left angle
section where the stress is concentrated has a maximum stress

4.1. Results of static structural analysis of ‘Eve

value of 7.96 MPa (Figure 7).

58-1’

When acceleration is applied to the work in a left → to

When acceleration is applied to the top of the work →

right (horizontal) direction, which is positive (+), with X-axis

the bottom (vertical direction) with Z-axis as the reference,

as the reference, displacement is manifested in the rear

displacement is manifested in the frontal diagonal direction

diagonal direction at the angle of ∡42° with Y-axis as the

at the angle of ∡29° with Y-axis as the reference at each

reference at each position. Among the displacements, it was

position. Among the displacements, it was possible to

possible to confirm that the maximum displacement of 7.48

confirm that the maximum displacement of 0.92 mm occurred

mm occurred at the head section. As the results of the

at the head section.

confirmation of stress value, compression stress as the key

Table 3. Results of acceleration application structure analysis
Static
Acceleration application direction

Lowering
(top→bottom)

Kinetic
Left
(right→left)

Position of
maximum value
Displacement

Stress

Right
(left→right)

Front
(rear→front)

Rear
(front→rear)

Head

Direction (Y-axis
as reference)

Front ∡29°

Front ∡42°

Rear ∡42°

Front ∡27°

Rear ∡27°

Displacement
value (mm)

0.92

7.48

7.48

13.45

13.45

10.62

10.62

Position of
maximum value
Stress value (MPa)

Left ankle
0.85

7.96

7.96
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Front

Left side

Direction and angle of displacement movement

Stress spectrum

Maximum stress spectrum

Figure 6. Static acceleration applied displacement and stress spectrum.

Front

Left side

Stress spectrum

Direction and angle of displacement movement

Maximum stress spectrum

Figure 7. Right → left (horizontal direction) acceleration applied displacement and stress spectrum.
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Front

Left side

Stress spectrum

Direction and angle of displacement movement

Maximum stress spectrum

Figure 8. Left → right (horizontal direction) acceleration applied displacement spectrum.

Front

Left side

Stress spectrum

Direction and angle of displacement movement

Maximum stress spectrum

Figure 9. Rear → front (horizontal direction) acceleration applied displacement spectrum.
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Front

Left side

Stress spectrum

Direction and angle of displacement movement

Maximum stress spectrum

Figure 10. Front → rear (horizontal direction) acceleration applied displacement spectrum.
stress is distributed in the Z-axis direction of thigh → knee

reference at each position. Among the displacements, it was

→ ankle, and focused on the front of the left ankle marked

possible to confirm that the maximum displacement of

with a red color. It was confirmed that the left angle section

13.45 mm occurred at the head section. As the results of the

where the stress is concentrated has a maximum stress value

confirmation of the stress value, compression stress as the

of 7.96 MPa (Figure 8).

key stress is distributed in the Z-axis direction of the thigh

When acceleration is applied to the work from the rear

→ knee → ankle, and focused on the back of the left ankle

→ the front (horizontal) direction, which is negative (-), with

marked with a red color. It was confirmed that the left angle

Y-axis as the reference, displacement is manifested in the

section where the stress is concentrated has maximum stress

frontal diagonal direction at the angle of ∡27° with Y-axis

value of 10.62 MPa (Figure 10).

as the reference at each position. Among the displacements,
it was possible to confirm that the maximum displacement

5. DISCUSSIONS

of 13.45 mm occurred at the head section. As the results of
the confirmation of the stress value, compression stress as the

As the results of structural analysis after having applied

key stress is distributed in the Z-axis direction of the thigh

its own weight and acceleration in each direction (Table 3),

→ the knee → and the ankle, and focused on the back of

the maximum displacement occurred in the top head section

the left ankle marked with a red color. It was confirmed that

with the initial position as the reference. As the results of

the left angle section, where the stress is concentrated, has

the stress analysis, maximum stress occurred in the left ankle

a maximum stress value of 10.62 MPa (Figure 9).

section. However, a value smaller than the maximum

When acceleration is applied to the work in the front →

compression strength of plaster of 17 Mpa manifested,

to the rear (horizontal) direction, which is positive (+), with

thereby confirming that it is within the current structural

Y-axis as the reference, displacement is manifested in the rear

safety range. The same left-right value and front-rear value

diagonal direction at the angle of ∡27° with Y-axis as the

are obtained because they have the same structural stiffness
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Table 4. Results of application of acceleration in the maximum displacement direction (∡27° with Y-axis as reference)
Location of maximum value

27° direction

Displacement value (mm)

Head section

15.24

Stress value (Mpa)

Left ankle

12.46

with the only difference being in the direction of the load

technologies for the aspects that humans cannot predict by

applied.

transcending the realm of analogue preservation processing

When its own weight, and left-right and front-rear

to enhance the durability of the artworks. The structural

directional accelerations are applied to the work, the biggest

safety diagnosis utilizing the CAE program for modern and

displacement manifested in the front direction tilted at the

contemporary sculpture summarized in this study is an

angle of ∡27°. At this time, since the work can be moved

example that can be presented as an area of digitized

to the direction in which the maximum displacement

preservation processing.

manifests, analysis was executed by applying acceleration in

Internal and external aspects of ‘Eve 58-1’, an artwork by

the frontal diagonal direction at the angle of ∡27° with the

the artist Man Lin Choi, were turned into a database through

Y-axis as the reference where the maximum displacement

3D and X-CT scanning, and structural safety diagnosis and

manifests. Table 4 illustrates the analysis results, and it was

predictive simulation analysis of the artwork was executed by

possible to confirm manifestation of the maximum

presuming the application of acceleration to artwork through

displacement of 15.24 mm at the head section and maximum

3D CAE program utilized in industrial design. As a result, it

stress of 12.46 Mpa at the left ankle section that supports

was possible to quantify the fact that the maximum impact is

the load. The corresponding results illustrate that the left

applied to the left ankle and maximum displacement occurs in

ankle section is most vulnerable at the time of application

the head section through acquisition of objective values thereof.

of pressure and is the section for which maximum

Since stress is generated at the ankle, even with minute

precautions need to be exercised at the time of transporting

impacts and vibrations from the surroundings, by means of

the work.

minimizing vibration at the top portion of the artwork is
required for the future along with continuous monitoring. In

6. CONCLUSION

addition, there is a need to review the installation of support
and production of crates for exclusive use in storage in order

With the emergence of the Fourth generation industrial
revolution in the current era, technological convergence

to ensure that minimum load at the bottom of the sculpture
occurs at the time of transporting the artwork.

between different industries is becoming essential. In

Although there is a need to predict diversified situations

particular, it has become very important to adapt to the

and apply hypothesis in order to implement preventive

changes first as the ‘First Mover’ based on flexibility and

preservation that transcends the domain of preservation

agility, which are key competitive factors in the current era

through direct handling of the artworks, limitations have been

of the Fourth generation industrial revolution (Lee, 2019).

placed only on theories until now.

Although diversified digitalization areas are being applied to

However, it was possible to objectively verify the

and utilized by the preservation sciences for cultural heritage

ambiguous thought that stress can occur in the ankle even

in accordance with the changes of the time, it is focused only

through minute impacts and vibrations in the surroundings

on digitization or reproduction of the visual characteristics of

through finite element analysis as technologies are advancing.

such cultural heritage in Korea.

It is anticipated that study performances capable of realizing

In the current era of the Fourth generation industrial

this goal further by applying more diversified technologies

revolution, there is a need for the conservator to personally

to preservational processing can be achieved, beginning with

confront artworks and expand the area of preservation

the results of this study.

processing to digitized preventive preservation processing
that realizes a virtual future through diversified convergent
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ABSTRACT In the 6th and 7th centuries, 5 iron artifacts excavated form the Baekje Stone Tomb in

Guryong-ri site, Ungcheon, Boryeong, were studied. The sample were metal microscopic observation,
SEM-EDS analysis and Raman micro-spectroscopy analysis were conducted to understand the
metallurgical characteristics. The microstructure observation showed the presence of ferrite and pearlite
throughout, and differences in carbon content existed depending on the direction. Non-metallic inclusions
were in the form of long lines, and most of them were wüstite, fayalite. It is indicated that the artifacts
were forge welded using hypoeutectoid steel, with signs of carburizing and decarburizing processes.
Some crystals with high P2O5, TiO2, CaO content were identified as sarcopside, ulvöspinel, and
perovskite, respectively, through Raman spectroscopy. A comparison of the results with previous studies
on the sites of Bujang-ri site in Seosan and Bongseon-ri site in Seocheon, which are adjacent sites
in the coastal area, revealed that, while heat treatment technology was available, the artifacts were not
heat-treated considering the purpose for use for these artifacts. The chemical composition of the
non-metallic inclusions P2O5, TiO2, CaO were plotted in proportions to SiO2 and compared with adjacent
sites. Considering that the P2O5/SiO2 ratio was widely distributed, the refining technology was not
uniform. In addition, the TiO2/SiO2 ratio was found to be higher than that of other sites, meaning that
a titanium-containing ore was used to manufacture the artifacts, unlike in surrounding sites, but it is
not detected in all artifacts, so it may have been affected by various factors such as furnace walls
in addition to raw materials. Although slag formers were used, considering the CaO/SiO2 ratio and
the (Al2O3/SiO2)/(CaO/SiO2) ratio, which appear to be similar to the surrounding sites, but it is possible
that CaO containing raw ore was used because it is also affected by the components of raw ore. As
a result of the study, it is highly likely that ore different from that of the surrounding sites was used
for production, but a more comprehensive comparative study with the surrounding sites is needed in
the future.
Key Words Iron artifact, Microstructure, Non-metallic inclusion, Manufacturing method

1. INTRODUCTION

technology of iron differs according to the era, society and
class, spreads and develops through the expansion,

Changes in the production capacity and technology of

movement, and exchange of powers. Therefore, the change

metals in ancient times influenced the development of ancient

in a group’s culture and power relationship can be speculated

society such as politics, military, and agricultural culture.

through the study of the material production process and

Therefore, iron-making technology and iron-making ability

technology of the excavated iron artifacts (Lee, 2002).

are one of the important factors influenced and influenced in

The physical properties of iron are determined by crystal

the beginning and development of ancient society on the

structure and microstructure, and microstructure can be

Korean Peninsula (Noh, 2000).

controlled by applying artificial treatment. Through this, it is

The iron culture of the Korean Peninsula was estimated

possible to analyze the microstructure of the artifact and infer

to have been introduced from China around 4 century B.C.

the treatment method applied at the time of processing (Scott,

and had a great influence on the formation process of the

1991).

Three Kingdoms in A.D.. The production and manufacturing

Iron artifacts excavated from the Korean Peninsula are
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diverse, including a long sword, an iron axe, an iron nail,

including earthenware, stoneware, and metals, were excavated

an iron chisel, and an iron head. The iron axe is similar to

(Baekje Cultural Properties Research Institute, 2019).

a contemporary axe and is named thus. Axes excavated from

The purpose of this study is to estimate the production

the tomb are categorized according to their forms and

method of 5 iron artifacts excavated from the Baekje stone

functions. A forged iron axe is generally understood to be

chamber tombs of the Guryong-site in Ungcheon, Boryeong

used as a hoe as well. Regarding an iron chisel, it is

(6-7 century A.D.) and understand the metallurgical

presumed that there are morphological differences based on

characteristics of iron used as material. In addition, the results

its function and the era it was used in, but it was mainly

of this study are compared with previous research on

used to make grooves in wood (National Research Institute

surrounding sites to examine the characteristics of the sites.

of Cultural Heritage, 2015).
The Guryong-ri site in Ungcheon, Boryeong is located at

2. SAMPLES AND ANALYSIS METHOD

San 172 Guryong-ri, Ungcheon-eup of Boryeong-si,
Chungcheongnam-do, and it was found during a cultural

The 3 iron axes and 2 iron chisels were selected as

artifact excavation conducted between April 2016 and January

samples to identify the metallurgical features as iron artifacts

2017. Excavations were conducted at a total of 9 sites (Figure

excavated from Baekje Stone Tombs in Guryong-ri site,

1). Through the investigation, the sites of the Bronze Age,

Ungcheon, Boryeong (Table 1).

the Baekje Period, the Goryeo Dynasty, the Joseon Dynasty,

Sample were collected to minimize the demage to the

and the unknown period were identified, and 975 artifacts,

artifacts. The specimens were mounted with an epoxy resin,

Table 1. List of samples
No.

Area

Tombs

Objects

Sampling point

th

Stone chamber tomb No. 6

Iron axe

2

th

6

Stone chamber tomb No. 10

Iron axe

Blade

3

6th

Stone chamber tomb No. 10

Iron chisel

Middle

4

6th

Stone chamber tomb No. 26

Iron axe

Blade

5

th

Stone chamber tomb No. 26

Iron chisel

Middle

1

6

8

Blade

Figure 1. Location map and entire drawing of archaeological site of Guryong-ri site, Ungcheon, Boryeong (Baekje cultural
properties research institute, 2019).
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polished in order of density with sand paper of 100-4000

analysis)) was performed to identify the crystals of

mesh, and washed with water. Then, they underwent fine

non-metallic inclusions. Raman shift, which has been cited in

polishing using abrasive cloth (MD-Mol, MD-Nap, Struers,

the reference, was used to determine the result of the analysis.

Denmark) and an abrasive (DP-Spray 3 μm, 1 μm, 0.25 μm,
Struers, Denmark). The polished samples were etched using

3. RESULTS

Nital 3% (HNO3 3% + Ethyl alcohol 97%) solution.
The etched sampels were observed for microstructure and
non-metallic inclusions under a metallurgical microscope
(NEXCOPE, U.S.A.). After the surface of the samples was
coated with platinum, microstructure and non-metallic
inclusions were observed with a scanning electron
microscope (SEM, MIRA3, TESCAN, Czech), and an energy
dispersive spectrometer (EDS, QUANTA300, BRUKER,
Germany) was used to analyze the chemical composition of
the non-metallic inclusions.
In addition, Raman micro-spectroscopy (LabRamARAMIX,
Horiba, Jobin-Yvon, France; Nd:YAG Laser 514 nm(He-Ne

3.1. Iron axe (No. 1)
A part of the blade of the iron axe (No. 1) was lost, but
overall the artifact is complete. The planar form widens from
the blade tip toward the blade. The joint is wide and the line
of the blade is arc-shaped (Baekje Cultural Properties
Research Institute, 2019).
Figure 2A show the part of the iron axe (No. 1) from
where the sample was collected. The left of Figure 2B looks
toward the interior and the right toward the blade of the
artifact. A difference in the carbon content and grain size can

Figure 2. Sampling point of No. 1 iron axe and micro structure of sample.
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Table 2. EDS analysis results of No. 1 iron axe
Composition (wt.%)

Analysis
position

SiO2

P2O5

CaO

FeO

Al2O3

MgO

MnO

K2O

TiO2

Na2O

A-1

2.54

-

1.28

60.73

2.21

2.09

0.99

0.43

29.73

-

A-2

31.25

-

20.54

18.84

9.27

2.64

-

4.76

11.93

0.78

B-1

21.29

1.93

8.54

58.25

4.15

0.97

-

4.56

0.30

-

B-2

-

-

-

100.00

-

-

-

-

-

-

Figure 3. SEM image and point of EDS analysis of No. 1 iron axe.
be observed. Because of high carbon content, the figure was

FeO and 21.29wt.% SiO2. Point B-2 was identified as wüstite

dark at the blade, and become brighter toward the interior.

of 100.00wt.% FeO.

The inner portion of the artifact shows relatively large ferrite
and elongated non-metallic inclusions (Figure 2C, 2D).
The composition of non-metallic inclusions was identified
through SEM-EDS analysis (Table 2, Figure 3). Point A-2

The TiO2 content was high at 29.73wt.% at point A-1;
thus, Raman micro-spectroscopy was performed. As a result
(Figure 4), a Raman shift of 484, 556, 681 cm-1 were
detected, confirming it as ulvöspinel (Fe2TiO4).

was presumed to be a glass matrix with high CaO and TiO2
content. Point B-1 was identified to be fayalite of 58.25wt.%

3.2. Iron axe (No. 2)
The iron axe (No. 2) narrows down from the fore-end
toward its blade tip and gradually widens toward the blade.
Traces of wooden substance can be found inside the tip of
the blade, and the line of the blade is arc-shaped (Baekje
Cultural Properties Research Institute, 2019).
Figure 5A show the part of the iron axe (No. 2) from where
the sample was collected. The left and right sides of Figure
5B show the blade and the interior of the artifact, respectively.
Three layers were found due to intensity differences along the
direction of the non-metallic inclusions. At the center of the
sample, small grain-sized pearlite was observed. Carbon
content decreases near the surface; thus, light-colored ferrite
with a large grain size was observed. Moreover, non-metallic

Figure 4. Raman micro-spectroscopy analysis results of
No. 1 iron axe (RRUFF, 2022).

inclusions exist as long lines (Figure 5C, 5D).
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Figure 5. Sampling point of No. 2 iron axe and micro structure of sample.
Table 3. EDS analysis results of No. 2 iron axe
Composition (wt.%)

Analysis
position

SiO2

P2O5

CaO

FeO

Al2O3

MgO

K2O

TiO2

A-1

17.25

15.02

1.85

62.67

1.03

1.82

0.36

-

A-2

-

-

-

100.00

-

-

-

-

B-1

-

-

-

100.00

-

-

-

-

B-2

9.38

20.26

8.08

57.94

1.42

-

2.92

-

The composition of non-metallic inclusions was identified
through SEM-EDS analysis (Figure 6, Table 3). Point A-2

were detected, identifying them as polycrystals of fayalite
(Fe2SiO4) and sarcopside (Fe3(PO4)2).

and B-1 were identified to be wüstite containing FeO as the
main component. Point A-1 and B-2 was detected at
15.02wt.% and 20.26wt.% P2O5.
To identify the crystal, Raman micro-spectroscopy was
conducted on Point B-2. As a result (Figure 7), Raman shift
of 153, 196, 295, 393, 554, 606, 826, 932, 970 and 1063 cm-1

3.3. Iron chisel (No. 3)
The blade of the iron chisel (No. 3) is missing, and the
head is square-shaped. The handle narrows toward where the
missing blade is presumed to have been connected (Baekje
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Figure 6. SEM image and point of EDS analysis of No. 2 iron axe.
Al2O3, P2O5 and K2O were also detected.
3.4. Iron axe (No. 4)
The iron axe (No. 4) narrows down slightly from the
fore-end toward the blade tip of the axe, and gradually
widens toward the blade. The line of the blade is arc-shaped
(Baekje Cultural Properties Research Institute, 2019).
Figure 10A shows the part of the iron axe (No. 4) from
where the sample was collected. The upper and lower
portions of Figure 10B were the surface and the interior of
the artifact, respectively. Because of severe corrosion, only
the microstructure of the artifact’s interior can be observed.
Mixed ferrite and pearlite were found together overall
(Figure 10C, 10D).
The composition of non-metallic inclusions was
Figure 7. Raman micro-spectroscopy analysis results of
No. 2 iron axe (RRUFF, 2022).

identified through SEM-EDS analysis (Figure 11, Table
5). At point A-1, 96.57wt.% of FeO and 0.96wt.% of Cl
were detected, which are identified to be iron oxide

Cultural Properties Research Institute, 2019).
Figure 8A shows the part of the iron chisel (No. 3) from
where the sample was collected. The upper and lower
portions of Figure 8B were the surface and the interior of
the artifact, respectively. Ferrite grown in an isometric form
was observed near the surface of the artifact, toward the
interior of the artifact, the color becomes brighter, and
large-grain ferrite was found (Figure 8C, 8D).
The composition of non-metallic inclusions was identified
through SEM-EDS analysis (Figure 9, Table 4). Points A-1
and B-1 were identified to be wüstite, Feo content of
89.92wt.% and 99.62wt.%, respectively. Points A-2 and B-2
were found to be glass matrixes with high CaO content,

produced by corrosion. Points A-2 and B-2 were assumed
to be the glass matrixes, and CaO, Al2O3, and TiO2 are
also detected.
At point B-1, 28.13wt.% of CaO and 33.16wt.% of TiO2
were found; thus, Raman microspectroscopy was conducted
for identification. As a result (Figure 12), Raman shifts of
178, 248, 286, 336, 470, 504, and 777 cm-1 were detected,
confirming it as perovskite (CaTiO3).
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Figure 8. Sampling point of No. 3 iron chisel and micro structure of sample.

Figure 9. SEM image and point of EDS analysis of No. 3 iron chisel.

Table 4. EDS analysis results of No. 3 iron chisel
Composition (wt.%)

Analysis
position

SiO2

P2O5

CaO

FeO

Al2O3

MgO

MnO

K2O

TiO2

A-1

5.54

-

2.42

89.92

1.26

-

-

0.86

-

A-2

31.36

3.27

22.09

35.74

5.02

-

-

2.52

-

B-1

-

-

-

99.62

-

0.38

-

-

-

B-2

28.76

2.69

16.59

42.10

5.29

0.90

-

3.67

-
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Figure 10. Sampling point of No. 4 iron axe and micro structure of sample.

Figure 11. SEM image and point of EDS analysis of No. 4 iron axe.

Table 5. EDS analysis results of No. 4 iron axe
Composition (wt.%)

Analysis
position

SiO2

P2O5

CaO

FeO

Al2O3

MgO

K2O

TiO2

Na2O

Cl

A-1

2.47

-

-

96.57

-

-

-

-

-

0.96

A-2

48.08

-

23.02

2.54

10.75

2.42

6.67

5.54

0.98

-

B-1

17.64

-

28.13

11.68

6.88

1.45

1.07

33.16

-

-

B-2

33.57

-

29.82

7.71

11.89

2.78

3.37

10.86

-

-
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Figure 13A show the part of the iron chisel (No. 5) from
where the sample was collected. The upper and lower
portions of Figure 13B were the surface and the interior of
the artifact, respectively. Ferrite was observed near the
surface of the artifact, and it was bright in color as there was
less carbon content. The interior of the artifact become
darker, and pearlite increases. In addition, non-metallic
inclusions were elongated, and crystal grains were found in
various sizes (Figure 13C, 13D).
The composition of non-metallic inclusions was identified
through SEM-EDS analysis (Figure 14, Table 6). Point A-1 was
presumed to be wüstite with FeO as the main component, and
Figure 12. Raman micro-spectroscopy analysis results of
No. 4 iron axe (RRUFF, 2022).

points A-2 and B-1 were estimated to be fayalite due to the
high content of FeO and SiO2. Points A-3 and B-2 were assumed
to be the glass matrixes, CaO, Al2O3, K2O were also detected.

3.5. Iron chisel (No. 5)
The head of the iron chisel (No. 5) is missing. The handle
narrows down to where the blade had been connected (Baekje
Cultural Properties Research Institute, 2019).

4. DISCUSSION AND CONCLUSION
The study observed and analyzed the microstructure and
non-metallic inclusions of 3 iron axes and 2 iron chisels

Figure 13. Sampling point of No. 5 iron chisel and micro structure of sample.
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Figure 14. SEM image and point of EDS analysis of No. 5 iron chisel.
Table 6. EDS analysis results of No. 5 iron chisel
Composition (wt.%)

Analysis
position

SiO2

P2O5

CaO

FeO

Al2O3

MgO

K2O

TiO2

V2O5

A-1

-

-

-

98.96

-

-

-

-

1.04

A-2

23.16

-

0.67

74.60

-

1.57

-

-

-

A-3

11.47

5.74

9.15

64.23

5.24

-

4.18

-

-

B-1

21.36

-

1.47

74.57

0.87

1.22

0.51

-

-

B-2

36.97

-

8.77

37.79

9.78

-

6.68

-

-

excavated from the Baekje stone chamber tombs of the

Seosan (4-5 century) and the Bongseon-ri site in Seocheon

Guryong-ri Site in Ungcheon, Boryeong (6-7 century).

(4-6 century). It is found that the iron artifacts excavated

Ferrite and pearlite were observed in the iron artifacts

from the Bujang-ri site in Seosan were slowly cooled from

excavated from the Guryong-ri site in Ungcheon, Boryeong,

high temperatures and underwent procedures such as

suggesting that hypoeutectoid steel was used as the material.

molding, quenching, decarbonization or tempering based on

In most artifacts, non-metallic inclusions in the form of long

their use (Son, 2011). The iron artifacts excavated from the

lines are identified because of the forge welding process. In

Bongseon-ri site in Seocheon were molded into iron tools,

the case of the iron axe, the grain size was larger or smaller

but martensite was formed in some artifacts due to

than that of the iron chisel, and more non-metallic materials

quenching. These artifacts went through carburizing and

were also confirmed to be elongated. In addition, differences

decarbonization processes (Cho et al., 2014). This confirms

in carbon content were observed in some artifacts depending

that heat treatment technology existed in the surrounding sites

on the direction of the sample For the iron axe (No. 1), the

of the previous period, and the artifacts of the Guryong-ri

carbon content increases near the surface; thus, it was

site in Ungcheon, Boryeong didn’t undergo heat treatment

carburized to strengthen the surface. The carbon contents of

considering their purpose of use.

the iron axe (No. 2) and the Iron chisel (No. 5) decrease near

As for the chemical composition of the non-metallic

the surface, indicating that these artifacts underwent a

inclusions, P2O5, CaO, TiO2 were detected in addition to FeO

decarbonization process from molding. Though the size of

and SiO2; crystals of wüstite, fayalite, ulvöspinel, sarcopside

grains varies because of the difference in the degree of

and perovsikte were also identified. This means that the iron

processing, no signs of heat treatment have been found.

bloom produced by direct smelting was used to manufacture

The metallurgical characteristics of these artifacts were

the artifacts. Further, to examine the P2O5, CaO and TiO2 that

examined by comparing them with the sites in the coastal

were found in high contents, they were plotted out in ratio

area around the samples, which are he Bujang-ri site in

to SiO2 (Figure 15). As SiO2 is an oxide that is hardly
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Figure 15. (A) Graph of P2O5/SiO2, (B) Graph of TiO2/SiO2, (C) Graph of CaO/SiO2, (D) Graph of Al2O3/ SiO2CaO/SiO2.
reduced when directly smelted, the ratio is similar to that of

contain additives that are similar to the surrounding sites. It

an ore (Cho, 2015).

is possible that CaO containing raw ore was used because

As the P2O5/SiO2 ratio (Figure 15A) was widely
distributed compared with that in other site, the refining

CaO was affected not only by the use of slag former but also
by the ingredients of raw ore.

technology was identified to not have been uniform, In

Therefore, the iron artifacts excavated from the Baekje

addition, the TiO2/SiO2 ratio (Figure 15B) was found to be

stone chamber tombs at the Guryong-ri site in Ungcheon,

higher than that of other site. This proves that a

Boryeong, were manufactured by folding and tapping

titanium-containing ore was used to manufacture the artifacts,

hypoeutectoid steel using the iron bloom manufacture through

unlike in other surrounding sites. TiO2 is usually caused by

the direct smelting method, and they underwent the

raw materials, but it is not detected in all artifacts currently

carburizing process according to their purpose of use.

analyzed, so it is likely that it was affected by various factors

Moreover, compared with the sites of Bujang-ri site in Seosan

such as furnace walls in addition to raw materials. When the

and Bongseon-ri site in Seocheon, which are closely located

CaO/SiO2 ratio (Figure 15C) and the (Al2O3/SiO2)/(CaO/SiO2)

to the Guryong-ri site in Ungcheon, Boryeong, the show

ratio (Figure 15D) were 0.42 or more and 0.83 or less,

similarities in that the direct smelting method was used, and

respectively, it can be understood that an additive has been

additives were added. However, it is confirmed that the

included (Kim, 2014; Lee, 2017). As the results from the

refining techniques used to manufacture the iron artifacts

samples fall within the range, it confirms that the iron

were not uniform. In addition, it is highly likely that ore

artifacts of the Guryong-ri site in Ungcheon, Boryeong

different from that of the surrounding sites was used for
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production, but a more comprehensive comparative study
with the surrounding sites is needed in the future.
This study examined the iron artifacts from the Guryong-ri
site in Ungcheon, Boryeong, identified the metallurgical
characteristics and compared them with artifacts from
surrounding sites. It is theorized that if further related
research is conducted in the future, the characteristics of each
region and period will be more clearly identified.
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ABSTRACT We made a Korean white porcelain or Joseon Baekja jar and based on the raw materials
used and reproductions of each stage, we aimed to compare and analyze the physicochemical changes
of the raw materials such as clay at each manufacturing stage, as well as identify the characteristics
and correlations. Although the basic main components of clay and glaze material are similar, their
texture becomes denser in the process of bisque firing pottery (Chobeol-pyeon) and glaze firing pottery
(Jaebeol-pyeon), and we confirmed that in addition to the tendency of increasing vitrification,
low-temperature minerals such as mica and illite gradually disappeared, while high-temperature
minerals such as cristobalite were newly created. This phenomenon has also been verified by the rapid
decrease in absorption rate while the change in specific gravity was small. In addition, the color was
greatly affected by the firing atmosphere, and the yellow-red chromaticity of the raw materials was
higher during bisque firing but showed a rapidly decreasing characteristic during glaze firing. The
value of magnetic susceptibility, which is related to iron (Fe) component, showed a tendency to
decrease in glaze firing pottery. CT images were confirmed as a method that can indirectly estimate
the change in the material properties of the object step-by-step for the entire object. In conclusion,
the study of manufacturing stages of reproduction can provide basic data for scientific research on
the estimation of porcelain and pottery making technology and changes in raw materials.
Key Words Traditional Korean white porcelain, Reproductions, Manufacturing stage, Physico-chemical

changes, Computed Tomography (CT) image

1. INTRODUCTION

Representative porcelain in Korean history includes
celadon produced in the Goryeo Dynasty and white porcelain

With the development of mankind, the manufacturing of

produced in the Joseon Dynasty. The Joseon white porcelain

containers using clay has continued, and its development

that was made in “Gwanyo,” i.e., royal kiln, in Gwangju,

further repeated with the development of firing technology.

Gyeonggi-do and at the kilns in other regions, is

Among them, porcelain refers to all objects fired after making

characterized with graceful features an elegant style without

with clay and is used in a broad sense to refer to all of

exaggeration (Kang, 2012). In particular, the White Porcelain

earthenware, pottery, and porcelain (Kang, 2012). Porcelain

Jar with Openwork Peony and Scroll Design in Underglaze

is made by sufficiently sintering the base material comprised

Cobalt Blue, which is estimated to have been produced in

of a mixture of kaolin clay, quartz, feldspar, and pottery stone

a kiln located in Gwangju, Gyeonggi-do in the late 18th

until it is porcelainized at a high temperature of 1300℃ or

century, was made with the openwork technique, and has

higher, and as glaze, feldspar oil, limestone oil, and talc oil

vine patterns made with Cobalt blue on the shoulder and a

are mainly used (Bae, 2019).

flower pattern band on the waist. The outer jar has a curved
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shape that is typical of common Joseon jars (Cultural

inner)”, “Assembled inner and outer jars” of two jars after

Heritage Administration, 2022).

modeling, “Carved jar” after assembling, “Bisque fired jar

Porcelains made from clay, including white porcelain,

(firing temperature about 850∼900℃)” after “Cobalt blue

undergo two firing, the bisque firing and glaze firing, which

jar” coated with glaze after painting, and “Glaze fired jar

change the physical properties of raw materials such as the

(firing temperature about 1250℃)” after coating with glaze

constituent minerals that make up the clay, density, and

(Figure 2).

absorption rate, and the identification of the change in
physical properties of white porcelain according to the
manufacturing stage provides important information on
porcelain and pottery making techniques and raw material
characteristics. Until now, there have been many studies that
have examined the characteristics of white porcelain made
using traditional methods, but few studies have closely
compared the characteristics by dividing it into each process
(step-by-step).
In this study, we produced reproductions of white
porcelain, blue-and-white openwork peony arabesque pattern
jar for each manufacturing stage and intended to research the
detailed physical and chemical properties of the reproductions

2.2. Methods
To observe the surface characteristics of the materials used
in pottery manufacturing and the reproductions at each
manufacturing stage, the surface condition was observed
using a portable microscope (DG-3, Scalar, JPN) and a
stereoscopic microscope (SMZ800N, Nikon, JPN), and the
chromaticity was measured using a portable color difference
meter (CM-700d, Minolta, JPN) and then graphed using CIE
LAB color space. The machine was set up to use the average
value measured three times.
We took a part of the clay and pulverized it to analyze

by comparing them with the raw materials used.

the crystal structure of the constituent minerals using an

2. SUBJECT AND METHODS

under the analysis conditions set to 40 kV, 15 mA, 5°~80°,

X-ray diffraction analyzer (Miniflex 600, Rigaku, JPN),
scan step 0.02°, and scan speed 2°/min.
In addition, we heated the powder sample at 950°C for

2.1. Subject

3 h to measure the scorching heat loss (L.O.I) and made it

Manufacturing of the reproduction of the White Porcelain

into a glass bead to analyze 10 major components and

Jar with Openwork Peony and Scroll Design in Underglaze

compared material properties using the wavelength-dispersive

Cobalt Blue used in the study was commissioned to a pottery

X-ray Fluorescence Sequential Spectrometer (S8 Tiger Series,

workshop (Dajeong Pottery) in Icheon-si, Gyeonggi-do, and

Bruker, USA). The analysis was requested to the Daegu

three types of materials including clay, glaze, and cobalt blue

Center of the Korea Basic Science Institute.

pigment for drawing the patterns were used (Figure 1). We

To compare the physical properties related to the pores

made eight pieces of reproductions in accordance with the

of the clay, the apparent porosity ratio, absorption rate,

manufacturing stages, which include “Modeled jar (outer and

apparent specific gravity, and volumetric specific gravity

Clay

Glaze material

Cobalt blue pigment

Figure 1. Raw materials used to make white porcelain jar with openwork peony and scroll design in underglaze cobalt
blue.
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were measured with reproductions of each manufacturing

Microscope, Leica, DEU), and we observed constituent

stage using precision electronic scales (GR-200, A&D, JPN)

particles and their states with secondary electron images

and specific gravity measuring kit (AD-1653, A&D, JPN).

(secondary electron images) and back scattered electron

In order to confirm the physical properties of the body, the

images of a scanning electronic microscope (SEM, SU3800,

glaze layer was removed before measuring.

Hitachi, JPN).

To check the change in the magnetic susceptibility value

To nondestructively check the composition and defects of

that appears in the production and firing process of the

the overall internal cross-section of pottery, Dukin Co., Ltd.,

reproductions, the magnetic susceptibility was measured in

on our request, obtained CT images with a Computed

interpolation mode using a portable magnetic susceptibility

Tomography (Bright 240 450 CTR, DI Solution, KOR) under
the measurement conditions set to 200 kV and 100 μA. After

meter (SM-30, ZH Instruments, CZE).
To observe the microhistological characteristics of the

taking 720 2D X-ray precision images while dividing each

cross-section, a mounted specimen was made to confirm the

reproduction into the top and bottom and rotating 360°, the

layered configuration with a stereoscopic microscope (M80

entire image was materialized as a 3D CT top and bottom

Modeled outer jar

Modeled inner jar

Assembled with
inner and outer jars

Carved jar

Bisque fired jar

Underglazed jar with
Cobalt blue pigment

Glazed jar

Glaze fired jar

Figure 2. Replica produced according to the manufacturing stage of traditional Korean white porcelain.
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combined

image

using

a

reconstruction

algorithm.

Characteristic images extracted were analyzed after capturing
with an image viewer program (Volume Graphics VGL).

the color observed visually also showed a clear difference
from the other two materials (Figure 3).
When we measured chromaticity of modeled clay
sculpture, bisque firing piece, glazed piece, and glazed firing

3. RESULTS

piece based on firing among the reproductions for each of
the manufacturing stage, we obtained the same results as

3.1. Color difference

those found through visual observation. In the case of the
modeled clay sculpture, L* value was 70.99, a* value was

From the color difference, we get to know the characteristics

2.49, and b* value was 10.67. But in the case of the bisque

of the materials contained in the raw materials, and the

firing piece, L* value was 81.95, a* value was 10.43, and

surface color of the reproductions appears differently

b* value was 15.98, which showed increase in both

depending on the chemical composition of the raw material

brightness and chroma. The glazed piece showed L* value

and the firing environment. So, we can compare the burning

of 92.88, a* value of 0.03 and b* value of 3.87, which

degree and firing atmosphere based on color information.

showed decrease in chroma and significant increase in

Ultimately, since the collection of minerals that make up the

brightness compared to the bisque firing piece. This is

material is the clay that makes up the pottery, the difference

believed to result from the chromaticity characteristics of the

in mineral crystals which appears becomes the core of pottery

previously analyzed glaze material applied on the surface of

classification through appearance (Mitri and Davit, 2004).

bisque firing piece. The glaze firing piece had the L* value

The measured values were graphed using CIE LAB color

of 75.00, a* value of –3.66 and b* value of 2.56, where both

spaces represented by a*(red-green) b*(yellow–blue) and

brightness and chroma decreased compared to the bisque

L*(brightness) corresponding to KS A 0067 among the

firing piece and glazed piece (Table 1).

methods of displaying colors in the Korean Industrial Standard
(KS).

The distinguishing characteristics of color difference in
raw materials and reproductions are that the red and yellow

First, the clay and cobalt blue pigments, which are pottery

chromaticity of the bisque firing primary piece are higher

raw materials, were found to have similar brightness (L*) and

than those of modeled pieces made of raw materials. We

chroma (a*) values and were not significantly distinguished

could see that the red and yellow chromaticity of the glaze

by color except for slight differences in brightness visually.

firing piece decreased drastically compared to all materials,

In the case of glaze, the brightness (L*) was 88.56, which

and the brightness showed relatively little change.

was relatively higher than that of the other two materials, and

Figure 3. Color coordinates of raw materials and reproductions.
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Table 1. Chromaticity measurement results of raw materials and reproductions by manufacturing stage
Species

L*

a*

b*

Clay

53.45

3.55

10.58

88.56

0.05

4.77

Raw materials Glaze material

Reproductions

Cobalt blue pigment

47.77

3.82

7.3

Modeled jar

70.99

2.49

10.67

Bisque fired jar

81.95

10.43

15.98

Glazed jar

92.88

0.03

3.87

Glaze firied jar

75.00

-3.66

2.56

3.2. Constituent minerals

indicative minerals to infer the firing temperature of pottery.

We applied the X-ray diffraction analysis method to find
out the changes in the raw materials of white porcelain and
the

constituent

minerals

of

Color

reproductions

of

each

manufacturing stage and compared the characteristics. This
method began in the early 1970s as a technique of identifying
minerals in various potteries made of clay and estimating the
firing temperature (Moon and Lee, 1996).
In the process of making white porcelain, the crystal
structure of the internal clay changes through the two firing.
The most typically identified changes in crystal structure are
the phase transition of quartz occurring around 573℃, mullite
generating around 1050℃, and cristobalite generating at
1250℃ or higher. Mullite and cristobalite, due to their
generating temperature, can be used as high temperature–

As a method for identifying these indicative minerals, a
crystal structure analysis method using an X-ray diffraction
analysis is the most representative. Through this, it is possible
to estimate the firing temperature by indirectly analyzing the
crystal generation and change of the temperature-indicative
mineral present therein. In addition, the characteristics of
each specimen can be compared and analyzed based on the
analysis results and used for estimating their provenance of
production (Han, 2006).
As a result of X-ray diffraction analysis for analyzing the
constituent minerals of clay, glaze, and cobalt blue pigments,
which are reproduction raw materials, quartz and mica were
commonly identified in all materials. In glaze with high
content of limestone, calcite and albite of plagioclase group
were identified, and in the cobalt blue pigment, spinel was

Figure 4. X-ray diffraction patterns of raw materials and reproductions.
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Table 2. Major constituent minerals of raw materials and reproductions by manufacturing stage
Species

Constituent minerals
Quartz

Mica

Mullite

Albite

Clay

○

○

○

Glaze material

○

○

○

Cobalt blue pigment

○

○

Modeled jar

○

○

Bisque fired jar

○

○

Glaze fired jar

○

Calcite

○

Spinel Cochromite

○
○
○

○

○

○

○
○

identified. In particular, Cochromite, a cobalt chromium
oxide, was identified only in cobalt blue pigment, which is
estimated to be a major factor of blue color development. As
a result of analyzing the constituent minerals of the
reproductions by manufacturing stage, quartz, mica, albite,
and kaolinite were identified in the modeled jar, and in the
bisque firing piece, the kaolinite, which was identified in the
modeled jar, disappeared, and the peak intensity of quartz,
mica, and albite was reduced. In the glaze fired jar,
low-temperature minerals disappeared and high temperature–
indicative minerals, mullite and cristobalite, were identified.
In conclusion, we can see that mica and illite existing in
the making raw materials continue to exist until the bisque
firing stage, but in the glaze firing piece at a high
temperature, these two minerals disappear, and the
high-temperature minerals, mullite and cristobalite, are
generated (Table 2, Figure 4).

Kaolinite Cristobalite

○
3.3. Major components
As a result of analyzing 10 constituents to see the basic
characteristics of the reproduction constituents, the high
content of silica (SiO2) and alumina (Al2O3) were identified
in all materials, indicating that former material (acidic oxide:
RO2) and plastic material (neutral oxide: R2O3) accounted for
most of reproduction raw materials (Table 3). In the case of
clay, silica (SiO2) content was found to be the highest, and
the glaze was confirmed to have a relatively high content of
calcium oxide compared to other materials. The cobalt blue
pigment has a relatively higher content of iron oxide (Fe2O3)
than the other two materials, and chromium oxide (Cr2O3)
has been uniquely identified in it, which was estimated to
be a major factor in the blue color development. It shows
the similarity to chromium cobalt oxide confirmed in the
Cobalt blue pigment in the previous analysis of the

Figure 5. Major components of raw materials for manufacturing reproductions.
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Table 3. Oxide content of raw materials
Oxide content (%)

Acidic oxide (RO + R2O)

Neutral oxide (R2O3)

Alkali oxide (RO2)

Clay

60.44

17.89

3.08

Glaze material

52.08

9.77

12.90

Cobalt blue pigment

47.51

29.45

4.42

constituent minerals. In addition, we can see that clay and

of the object to the middle, and a decreasing tendency when

glaze have similar basic composition ratio (Figure 5).

moving from the middle to the bottom.
As a result of confirming the overall distribution, the
distribution value of the magnetic susceptibility was lowered

3.4. Magnetic susceptibility of reproductions
In order to confirm the change in the degree of
magnetization by step of the reproduction, magnetic
susceptibility was measured.
As a result of measuring the changes in the magnetic
susceptibility

of

white

porcelain

reproduction

by

manufacturing stage, the average in the modeling stage was
about −0.0418 and the standard deviation was about 0.0181,
in the bisque firing stage, the average was about 0.0294 and
the standard deviation was about 0.0306, in the glazing stage
the average was about 0.0250 and the standard deviation was
about 0.0418, and in the glaze firing stage, the average was

in the order of the bisque fired jar and glazed jar, modeled
jar, and glaze fired jar. The magnetic susceptibility value was
almost the same in the bisque firing piece and glazed piece.
Therefore, as is generally known, experiments show that the
magnetic material contained in clay, which is a raw material
for manufacturing pottery, is set to zero during the firing,
causing a decrease in the magnetic susceptibility value
(Figure 6).
3.5. Apparent porosity, absorption rate, and specific
gravity of reproductions

about −0.0482 and the standard deviation was about 0.0534

We measured the apparent porosity, absorption rate, and

(10-3 Sl unit). And in all of the reproductions in four stages

specific gravity of the bisque firing pieces and the glaze

which are targets of measurement, magnetic susceptibility

firing

showed an increasing tendency when moving from the top

manufacturing stage, and to clearly compare only the clay

piece

among

the

pottery

Figure 6. Magnetic susceptibility values of reproductions by manufacturing stage.

reproductions

by
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Specific gravity

Bulk specific gravity

Absorption rate

Apparent porosity

Figure 7. Graph of apparent specific, bulk specific, absorption rate and apparent porosity for reproductions.
characteristics, the glaze layer was removed before measuring

particle size is selected before being used. In addition, in the

in case of the glaze firing piece. As a result of the

case of modeled jars and bisque fired jars, traces of the use

measurement, it was confirmed that the apparent specific

of a spinning wheel were observed during the manufacturing

gravity was 2.61 for the bisque fired jar and 2.16 for the

stage.

glaze fired jar, namely that for the glaze fired jar was

The detailed features are as follows. First, compared to

relatively lower. In the case of the volumetric specific

the modeled jar, the color of the clay changed from dark

gravity, that of the glaze fired jar was 2.14, relatively higher

brown to light ocher, and the particle size of the mineral was

than that of the bisque fired jar, which was 1.71, unlike the

very fine like the modeled jar. The glazed jar had a white

apparent specific gravity. In the case of the absorption rate,

color overall. The matrix was fine and uniform like clay, and

20.2% for the bisque fired jar and 0.562% for the glaze firing

the mineral particle was very fine. In the case of the glaze

piece were confirmed, and the apparent porosity was 34.6%

fired jar, a good number of pores were observed as a whole,

for the bisque fired jar and 1.2% for glaze fired jar. Both

and the color of the clay changed from ocher to white

the absorption rate and the apparent porosity were very low

compared to the bisque fired jar. In the base layer jade green

in the glaze firing piece compared to the bisque fired jar. In

and blue patterns were observed. Vitrification occurred

conclusion, we can see that the pores disappeared as the

because of the high temperature environment, which

inside and outside of the clay were vitrified. However, the

increased luster and transparency (Table 4).

small change in specific gravity suggests that there are still
many closed pores trapped inside (Figure 7).

3.7. Characteristics of reproduction’s cross-sectional
texture

3.6. Surface properties of reproductions
Through cross-sectional observation of pottery using an
When we observed the surface of the reproduction by

optical microscope or an electron microscope, it is possible

manufacturing stage of the white porcelain, the matrix of the

to check the pores or bubbles formed in the firing process

clay was fine and uniform regardless of the manufacturing

to be present in the clay and glaze and the crystal size and

stage, and the mineral particles were fine. This seems to be

distribution condition of constituent minerals and to observe

due to the process called levigation, a method of purifying

the generated crystals and their states.

clay by sedimentation, by which only clay below a certain

Therefore, when we observed the cross sections of the
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Table 4. The properties of reproductions by manufacturing stage
Stage

Modeled jar

Bisque fired jar

Glazed jar

Normal
surface

Glaze
fired jar

Pigment
-colored
surface

Surface observation
Optical microscope (× 1.5)

Digital microscope (× 100)
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pottery reproductions of bisque fired jar and glaze fired jar

bisque fired jar, which was caused by vitrification of the clay

by manufacturing stage, the bisque fired jar were

particles through the glaze firing at a higher temperature. In

apricot-colored overall and orange or red particles were

addition, we can see that the glaze layer has little air bubbles

observed here and there, and in the case of glaze fired jars,

in the glassy layer that is completely melted compared to the

the clay was white, and a few black particles were observed

clay layer and can confirm that some air bubbles that could

here and there. The color seen in the bisque fired jar results

not escape to the outside gathered to form large air bubbles.

from the phase of the mineral generated in the oxidizing

What is unusual is that bubbles or new mineral crystals were

environment of the clay material, and it is estimated that it

not identified between the glaze layer expressed in blue and

was mainly affected by the iron (Fe) component. On the other

the transparent glaze layer in the stereoscopic microscope.

hand, in the case of the glaze firing piece, the clay color

We presume this is because the blue pigment was painted

changes to white and some black particles are observed as

on the glaze layer, and the blue pigment penetrating into the

the reduction atmosphere of a high temperature is formed.

glaze layer was almost completely dispersed and distributed

As a result of analyzing them, iron (Fe) and a minor amount

to manifest as a color (Table 5).

of titanium (Ti) were detected. Therefore, they are presumed
to be ilmenite (FeTiO3) or iron oxide, which are frequently
reported in celadons (Han and Lee, 2020).
The degree of vitrification progress can be identified based
on the shape and size of the pores, which are part of the
microstructural characteristics. From the fact that there are no
large or irregular-shaped particles in the bisque fired and
glaze fired jars, we can see that very fine-grain and selected
raw materials were used. In the bisque fired jar, there is
difference in density between the glaze layer and the clay
layer, but there are many irregular pores and air bubbles. On
the other hand, in the case of glaze fired jar, the particle
nature of the clay was found to be lower than that of the

3.8. Image analysis of reproductions
We performed CT image photography on the bisque fired
jars and the glaze fired jars out of the pottery reproductions
for each manufacturing stage according to the firing and
using the image viewer program we could observe the defects
inside the reproductions that were difficult to visually
identify. In the image analysis, we found cracks at the bottom
of the object or at the area where the outside and the inside
were combined. And fragments that had got into the object
during the pattern carving process and not been removed
were also found at the bottom of it. In addition, we found

Table 5. Characteristics cross section of bisque and glaze fired reproductions
Stage

Bisque
firing
pottery

Glaze
firing
pottery

Optical microscope
(× 50)

SEM image
(× 50, SE mode)

SEM image
(× 50, BSE mode)
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Figure 8. Physical characteristics analysis of making technique for bisque fired jar by CT images.
a number of cracks and wall thickness differences inside the

or moisture in pores as the firing temperature rose to a high

upper end of the bisque fired jar, which indicate that the wall

level. In addition, we could nondestructively identify the

thickness of the object was not properly controlled in the

difference in density and thickness and the change in firing

manufacturing stage. In the case of the glaze fired jar, some

from the outer and inner shapes and the shading of CT

of the internal clay protruded at the bottom, which may have

images at the middle part (Figure 8,9).

resulted from expanding and swelling of a specific material

Figure 9. Physical characteristics analysis of making technique for glaze fired jar by CT images.
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4. DISCUSSION AND CONCLUSTIONS

can see that the magnetic susceptibility value changes during
the firing. In other words, there was a tendency of the

We produced the reproductions of Korean white porcelain,

magnetic susceptibility value decreasing in the order of

White Porcelain Jar with Peony and Scroll Design in

glazed jar and bisque fired jar → modeled jar → glaze fired

Underglaze Cobalt Blue, and analyzed the materials used and

jar. From making this reproduction by stage, we confirmed

reproductions at each stage. In addition, we compared and

that magnetic materials such as iron contained in the clay,

analyzed what physicochemical changes the clay showed in

a material for making pottery, are set to zero during the

the process and considered its characteristics and their

firing, causing a lower magnetic susceptibility value.

correlation.

The most important thing in the change in characteristics

First, we observed the surface of the reproductions by the

at each manufacturing stage is the change in the

manufacturing stage and measured their chromaticity.

microstructural characteristics of the cross-section. Although

Therefore, we confirmed that the clay was of considerably

there is a slight difference in density between the glaze layer

high quality because the clay matrix was fine and uniform

and the clay layer of the bisque fired jars, in the glaze fired

regardless of the manufacturing stage, and the mineral

jars the difference is completely distinguished because of

particles were fine. Going through the firing, bisque fired

vitrification of the glaze layer. Also, there were a large

jar’s the color of the reproductions by manufacturing stage

number of irregular pores and air bubbles in the bisque fired

had increased in red and yellow chromaticity compared to the

jars, but very few were observed in the glaze fired jars. A

raw materials, but had drastically decreased in the glaze fired

similar

jars. It can be confirmed visually as well as from the

measurement. It was unusual that the area colored with cobalt

chromaticity graph illustrated in the LAB color space. This

blue pigment was not distinguishably observed. We think it

confirms that the color of the material is important, but the

was because the inlaid technique was not used, but the

relative quantity of constituent minerals present therein, and

coloring technique of applying the pigment on top of the clay

the firing atmosphere have a great influence on the

using a brush was applied. However, orange or red particles

chromaticity. Namely, what affects this color is the content

observed here and there on the bisque firing pieces

and composition ratio of the main constituents along with the

disappeared in the glaze firing pieces, the body was white,

firing atmosphere. In the actual component analysis, we see

and a small number of black particles were observed. The

that all materials have high content of silica (SiO2) and

cause is presumed to be FeTiO3 or iron oxide contained in

alumina (Al2O3), so former materials (acidic oxide: RO2) and

iron (Fe).

tendency

appeared

in

the

specific

gravity

plastic materials (neutral oxide: R2O3) account for most of

Lastly, we checked the physical characteristics of the

the raw materials of pottery, which affect basic color change.

white porcelain by manufacturing stage nondestructively

Of course, the content of iron controlling the color

using CT scan images. Cracks were observed at the bottom

development is more important.

of both the bisque fired jars and the glaze fired jar, which

Next, the change in constituent minerals and the firing

were presumed to have occurred at the area where two

temperature have a characteristic correlation by stage. In the

objects are overlapped considering the nature of the

actual analysis of compositional minerals, mica, feldspar, and

openwork jar into which two jars are combined after made.

kaolinite, which were found in the modeled clay sculpture,

We also confirmed that we could identify the cracks in the

tended to disappear after their peak height decreased while

reproduction which were difficult to find with the naked eye

going through the bisque firing and the glaze firing processes.

and effectively observe the firing state of inner layer body,

The high temperature–indicative minerals, both mullite and

thickness and density at each point of the reproduction, and

cristobalite, were not present in the modeled jar but found

the changing looks by production stage.

in the glaze fired jars. Basically, this enables us to estimate

In conclusion, identifying the physical properties of the

that the glaze firing temperature is 1250°C or higher. In other

initial materials used in pottery making and identifying the

words, we can observe the disappearance and generation of

changes in physical properties after making reproductions by

various minerals in reproductions by stage. In addition, we

manufacturing stage could provide useful information in
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finding out the production technique for actual excavated
relics and it could become a basis for easily estimating the
information on the materials compared to the actual future
excavated cultural properties.

Cobalt Blue. https://www.heritage.go.kr/heri/cul/culSelect
Detail.do?pageNo=1_1_1_1&ccbaCpno=1121102400000
Han, M.S., 2006, A Scientific Provenance Study for Goryeo
Celadon Excavated from Seabed. PH.D. thsis,
Chung-Ang University, Seoul, 120.

Graduate School Research and Development Support Project

Han, M.S. and Lee, J.J., 2020, Scientific comparison study
on characteristics of firing and making materials for
sherds excavated from celadon kiln site of Punggil-ri,
Jangheung. Journal of Conservation Science, 36(2), 117.
(in Korean with English abstract)

of Korea National University of Cultural Heritage｣.
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ABSTRACT Investigation of conservation status, optical survey, infrared thermography, and ultrasonic

examination were performed on Avalokitesvara Bodhisattva mural and Buddhist Monk Bodhidharma
mural to determine the conservation status and physical properties. As a result of investigation of
conservation status, the types of damage are largely divided into the wall and finishing layer damage,
painting layer degradation, damage due to restoration materials, stains and contamination, and biological
damage. As a result of the optical survey, drawing, stains, and repainted site were confirmed. Result
of the infrared thermography, the delamination of the finishing layer was confirmed, and some locations
and shapes of the wooden lath inside the wall were identified. The result of the 3D scanning, the
deviation, and the separation of the wall was confirmed. As a result of ultrasonic examination, it was
confirmed that the physical properties of the mural were identified and the ultrasonic speed was
relatively low due to physical damage such as delamination and exfoliation of the finishing layer and
cracking. Ultrasonic speed values were also high in some wall cracks or delamination, and it was
confirmed by the infrared thermography results that the wooden lath inside the wall was located in
those parts. It was possible to understand that the wooden lath inside the walls affects the ultrasonic
speed during the ultrasonic examination. Therefore, management through periodic inspection of the
relevant elements is necessary, and a countermeasure for damage that may occur in the future should
be prepared along with intensive monitoring of the major damage identified in this diagnosis result.
Key Words Buddhist mural painting, Conservation status, Non-destructive diagnosis, Investigation,

Preservation

1. INTRODUCTION

and in addition to theoretical studies such as damage factors
and conservation methodology, research applicable to

Buddhist murals in Korea are constantly damaged due to

conservation

treatment,

preliminary

investigation

and

environmental factors, limitations of the materials, and

diagnosis, and restoration materials treated in the past,

structural factors of the wooden structures (Lee, 2012).

research results were published. As an example of mural

Especially the murals painted on earthen walls suffer from

diagnosis research conducted in Korea, there is a study on

various types of damage compared to damage on other relics,

the status of damage to the murals on the inner wall of

therefore it is necessary to continuously record and observe

Geungnakjeon Hall of Muwisa Temple in Gangjin (Institute

the damage.

of Conservation of Paintings, Konkuk University et al., 2006)

Research related to the conservation of the Buddhist

and overseas, there is a diagnostic study on the mural in

murals in Korea has been widely conducted since the 2000s

Phaya-Thone-Zu Temple in Bagan, Myanmar (Korea Cultural
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Heritage Foundation et al., 2018).

For the wall, wooden lath was weaved with twine to

The Avalokitesvara Bodhisattva mural and the Buddhist

prepare a frame, and then the first layer, middle layer, and

Monk Bodhidharma mural in Geungnakjeon Hall of

finishing layer were made with pugging mixed with sand, red

Daewonsa Temple in Boseong are on the east and west walls

clay, and fibers. For the painting layer, green earth was used

inside of Geungnakjeon Hall. The two murals, said to have

to form a ground layer, and then pigments such as lead white,

been made in the mid-18th century, were designated as

white clay, atacamite, copper green, smalt, cinnabar, hematite,

treasures in 2015 and conserved for their cultural value

and minium were used(Bosung-gun et al., 2021).

(Figure 1). It is estimated that the murals were repaired at

As part of the mural conservation treatment project in

the time of repair of Geungnakjeon Hall and Dancheong in

2021, a investigation on the conservation status of the murals

1983 and reported that conservation treatment was made in

was conducted, and damage such as cracks and exfoliation

2012 by universities in Korea and Japan (Kim, 2018).

of the wall, deterioration of the painting layer, contamination,

The wooden structure of the Avalokitesvara Bodhisattva

and damage due to restoration materials, and it was

mural and the Buddhist Monk Bodhidharma mural of

confirmed that conservation treatment was necessary

Geungnakjeon Hall of Daewonsa Temple in Boseong is

(Bosung-gun et al., 2021).

formed between the Jongryang (floorboard) at the top and the

Scientific diagnosis and investigation of the murals can

Changbang (lintel) in the center, with the central Goju (high

record the degree of damage and reveal the cause and suggest

column) of the two rows of left and right side walls of the

a more reliable and effective conservation methodology (Lee

Geungnakjeon Hall building. In the center of the mural, a

et al., 2018). Therefore, in this study, various scientific

two-row vertical Jungbangjae (windowsill) prevention is

diagnostic methods were applied to the Avalokitesvara

located. The Avalokitesvara Bodhisattva mural and the

Bodhisattva mural and the Buddhist Monk Bodhidharma

Buddhist Monk Bodhidharma mural are painted on the

mural in Daewonsa Temple, and the physical properties of

earthen wall and Jungbangjae (windowsill), and represent the

the murals were identified, and the overall conservation status

style for making Buddhist murals in the Joseon Dynasty.

was evaluated by comparing and analyzing the results of the

Figure 1. 3D scanning image and scale for current status (A: Avalokitesvara Bodhisattva mural, B: Buddhist Monk
Bodhidharma mural).
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conservation status investigation.

2.3. Infrared Thermography
A high-resolution thermal imaging camera (Testo 882,

2. RESEARCH METHOD

Testo, Germany) and interlocking software were used to
diagnose the surface cracks and delamination of the murals.

2.1. Investigation of Conservation Status

Since the investigation environment is indoors, an active

To understand the type and degree of damage to the

method of applying heat using a halogen lamp was used.

murals, the status of conservation was investigated based on
the visual investigation. A digital camera (G-15, Canon,
Japan; TG-3, Olympus, Japan) was used to record the
damage. The damage was divided into the wall and painting
layer and subdivided by the main type (Table 1). To create
damage mappings for murals, we used digital image analysis
program PicMan (WaferMasters, Inc., USA) and the image
editing program Photoshop (Adobe, USA). The conservation
status was evaluated by creating a damage mapping based on
the color information of the mural’s digital image and

2.4. Ultrasonic Examination
To identify the distribution of the surface properties of the
murals, ultrasonic measurement (Ultracon-170, MKC Korea,
Korea) using a needle rod type probe was performed.
Measurement was carried out by an indirect method, and the
measurement conditions were set as P wave, voltage of
1200 V, and a frequency of 5 Hz. The distance between the
probes was 150 mm, and the ultrasonic speed was measured

comparing it with the damage status investigation result.

at 276 points for the Avalokitesvara Bodhisattva mural and

2.2. Optical Survey

then an image distribution map was created based on the

262 points for the Buddhist Monk Bodhidharma mural, and
average value.

Infrared and ultraviolet photography was carried out to
identify matters such as the presence of drawings, which are
difficult to visually confirm, and traces of past conservation
treatments such as repainting. Infrared photography was used
by installing a 912 filter on an IR lamp and infrared camera
(EF-X8, Fujifilm, Japan). The ultraviolet photograph was
performed using a UV lamp and DSLR camera (EOS 800D,
Canon, Japan).

2.5. 3D Scanning
3D-scanning (Faro X330

3D Laser Scanner, Faro

Technologies Inc., USA) was performed to evaluate the wall
spacing and wall surface smoothness. Since the murals are
placed high on the left and right walls of the building, a
wideband scan was performed to obtain 3-dimensional shape
coordinates.

Table 1. Classification according to the type of damage and used color information
Classification
Crack of Wall
Delamination of Finishing Layer
Exfoliation of Finishing Layer
Delamination of Painting Layer

Color Information used in the PicMan
H

S

V

4-114

30.6-53.3

1.2-27.8

-

-

-

16-55

49.8-76.5

15.3-42.0

-

-

-

Exfoliation of Painting Layer

27-52

24.7-51.4

66.7-85.5

Contamination

20-45

27.5-46.3

72.9-87.8

Restoration Material

4-72

37.6-87.8

27.8-78.0

Damage of Wooden Structure

4-58

24.7-71.0

2.4-32.9

Biological Damage

28-68

2.7-21.6

53.3-64.3
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3. RESULTS

part of the Yeonhwamun (louts pattern) (Figure 2C). In the
Buddhist Monk Bodhidharma mural, delamination and

3.1. Investigation of Conservation Status

exfoliation are observed mainly in the orange painting layer

The main damage to the wall is cracks. In the case of
the Avalokitesvara Bodhisattva mural, cracks are found
throughout the mural, and it is concentrated in the center and
the right part (Figure 2A). In the case of the Buddhist Monk
Bodhidharma mural, cracks were observed in Buddha’s face
(Figure 3A), and the cracks were worsened in the lower left
part of the mural.
For damage to the finishing layer, exfoliation and
delamination

damage

are

mainly

observed

in

the

Avalokitesvara Bodhisattva mural at the point where the edge
and the Junggit meet (Figure 2B). Buddhist Monk
Bodhidharma mural, like Avalokitesvara Bodhisattva mural,
was also mainly found to have damage to the finishing layer
in the area in contact with the edge and Junggit of the mural
(Figure 3B).
In both murals, the painting layer painted on the earthen
wall was mostly in good condition, but delamination and
exfoliation damage mainly occurred in the painting layer on
the surface of the Junggit. Regarding the Avalokitesvara
Bodhisattva mural, delamination and exfoliation are mainly
observed in the green painting layer painted on the Junggit,
and another painting layer is found under the exfoliated
painting layer in the turquoise color of mudra and the lower

painted over the Junggit (Figure 3C).
Damage to the area restoration material during the past
repair is confirmed in both murals. In the Avalokitesvara
Bodhisattva mural, the restoration material area is roughly
treated, therefore it feels different from the surrounding mural
surface, and cracks or separation from the surrounding mural
are observed (Figure 2D). The restoration material areas of
the Buddhist Monk Bodhidharma mural also show damage
similar to those of the Avalokitesvara Bodhisattva mural
(Figure 3D).
In case of the surface stains and contamination of murals,
the Avalokitesvara Bodhisattva mural shows them mainly on
the parts painted in skin colors such as Buddha’s face and
Samdo (the three lines of Buddha’s neck) and mudra. In
addition, the substance presumed to be the fixative from the
past treatment forms spots around the cracks, and white
contamination are observed in the painting layer of the
Junggit (Figure 2E). In the Buddhist Monk Bodhidharma
mural, white contamination is observed on the orange
painting layer of the Buddha’s face, skin-colored parts, and
Junggit (Figure 3E).
The biological damage is mainly caused by insects,
presumed to be arachnids, and the damage is found both in
the Avalokitesvara Bodhisattva mural and the Buddhist Monk

Figure 2. Type of damages of Avalokitesvara Bodhisattva mural (A: Crack of finishing layer, B: Exfoliation of finishing
layer, C: Exfoliation & Delamination of painting layer, D: Restoration material, E: Contamination, F: Biological damage).
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Figure 3. Type of damages of the Buddhist Monk Bodhidharma mural (A: Crack of finishing layer, B: Exfoliation of
finishing layer, C: Exfoliation of painting layer, D: Restoration material, E: Contamination, F: Biological damage).
Bodhidharma mural. In particular, webs of spiders inhabiting

Bodhisattva Mural, it was confirmed in the order of

the surface of the murals are observed, and the concentration

contamination (7.30%)> restoration material (6.26%)> crack

tends to be high in the lower part of the murals (Figure 2F,

(1.65%)> exfoliation of finishing layer (1.01%)> delamination

Figure 3F).

& exfoliation of painting layer (0.58%)> delamination of

Summarizing the damage caused of the Avalokitesvara

finishing layer (0.27%). In addition, damage of wooden

Figure 4. Damage mapping image (A: Avalokitesvara Bodhisattva mural, B: Buddhist Monk Bodhidharma mural).
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Figure 5. Graph of area by damage type of Avalokitesvara Figure 6. Graph of area by damage type of Buddhist Monk
Bodhisattva mural.
Bodhidharma mural.
structure was 0.34%, and biological damage was 0.24%
(Figure 5). In the case of the Buddhist Monk Bodhidharma
Mural, it was confirmed in the order of restoration material
(4.33%)> contamination

(4.14%)> crack (2.01%)>

exfoliation of finishing layer (1.42%)> delamination of
finishing layer (1.33%)> delamination & exfoliation of
painting layer (0.45%). In addition, damage of wooden
structure was 0.22%, and biological damage was 0.11%
(Figure 4, Figure 6).

3.2. Optical Survey
As a result of infrared photography, drawing under the
painting layer, which is difficult to visually identify (Figure
7A, 7B), was confirmed, and damage such as exfoliation or
contamination of the painting layer was identified. As a result
of UV photography, restoration material and contaminated
parts were detected in both murals.
In the case of the Avalokitesvara Bodhisattva mural, the

Figure 7. Result of the infrared survey (A: Detection of drawings under the painting layer in
Avalokitesvara Bodhisattva mural, B: Detection of drawings under the painting layer in Buddhist Monk
Bodhidharma mural).
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Figure 8. Result of uv survey (A: Detection of presumed to be a fixative, B: Detection of stains, C:
Damage detection through uv light, D: Detection of repainted site and drawing in Huike Duanbei).
form of a material that was presumed to be a fixative from

clothes above the Junggit (Figure 8B), stains that are not

past treatment in the Buddha’s face was identified by UV

identified in the visible light area cause a fluorescence

fluorescence reaction (Figure 8A). In the part of the white

reaction to UV light, and a similar reaction was observed in

Figure 9. Result of the infrared thermography (A: Delamination of finishing layer, B: Contamination
of mural’s surface, C: Restoration material, D: Detection of wooden lath in wall).
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various parts such as the skin color of the Sudhana Kumāra.

finishing layer that occurred around some wall cracks (Figure

In the Buddhist Monk Bodhidharma mural, it was

9A). The temperature distribution on the face and chest was

investigated that the part of the Buddha’s beard, the right

shown in a grid shape, and the location and shape of the

shoulder, and the green repainted wall adjacent to the Junggit

wooden lath inside the wall were identified. Also, on the

showed UV fluorescence reaction (Figure 8C). In addition,

Buddha’s face, there was a difference in the temperature

ultraviolet fluorescence reactions were detected in areas

distribution of the part presumed to be the fixative used in

repainted on Huike Dianbei, and drawing such as eyebrows,

the past conservation treatment (Figure 9B). In the Buddhist

eyes, and nose was identified (Figure 8D).

Monk Bodhidharma mural, the range of the restoration

And in both murals, biological damage such as spider webs

material around the edge and the Junggit was identified

that occurred throughout the murals reacted strongly to UV light.

(Figure 9C), and the shape of the wooden lath of the inner
wall was confirmed from the chest (Figure 9D).

3.3. Infrared Thermography
3.4. Ultrasonic Examination

Infrared thermography was used to identify the range of
physical damage to the murals. In the case of the

With the ultrasonic speed value, it was possible to grasp

Avalokitesvara Bodhisattva mural, there was a difference in

the relative physical properties of each mural. The average

the temperature distribution due to the delamination of the

ultrasonic speed of the wall of the Avalokitesvara Bodhisattva

Table 2. The results of the ultrasonic examination (m/s)
Avalokitesvara Bodhisattva

Buddhist Monk Bodhidharma

Wall

Junggit

Wall

Junggit

Average

382.0

699.5

415.6

581.7

Minimum

79.5

204.0

166.0

244.0

Maximum

802.0

1277.0

872.5

1178.0

Figure 10. Ultrasonic examination mapping image (A: Avalokitesvara Bodhisattva mural, B: Buddhist Monk
Bodhidharma mural).
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Figure 11. The result of displacement in wall.

Figure 12. Detection of wall protruded to 3D scanning (A: Avalokitesvara Bodhisattva mural, B: Buddhist Monk
Bodhidharma mural).
mural was about 382.0 m/s, the minimum was 79.5 m/s and

the degree of wall deformation of the murals (Figure 11). It

the maximum was 802.0 m/s. In the case of the Junggit, the

was confirmed that the average thickness of the walls was

average ultrasonic speed was measured to be approx. 699.5

about 100 mm from the results of the cross-sectional and

m/s, the minimum of 204.0 m/s, and the maximum of 1277.0

longitudinal scan images of the walls. In the case of the

m/s. The average ultrasonic speed of the wall of the Buddhist

Avalokitesvara Bodhisattva mural, it seems that the left center

Monk Bodhidharma mural was approx. 415.6 m/s, the

of the wall protrudes about 35 mm, and some restoration

minimum 166.0 m/s, and the maximum 872.5 m/s, and the

materials are separated from the wall (Figure 12A). The

ultrasonic speed of the Junggit was measured to be approx.

Buddhist Monk Bodhidharma mural also showed that the left

581.7 m/s, the minimum 244.0 m/s, and the maximum 1178.0

center of the wall protruded about 32 mm, and some

m/s (Table 2, Figure 10).

restoration materials were separated (Figure 12B).

3.5. 3D Scanning
As a result of the 3D scanning, it was possible to estimate

4. DISCUSSION
As a result of the investigation of conservation status of

Conservation Status Diagnosis of Mural Painting in Geungnakjeon Hall of Daewonsa Temple, Boseong
/ Hwa Soo Lee, Tae Ho Eom, Bong Goo Jee, Sun Jo Yi, Yeong Gyeong Yu, Kyeong Soon Han | 323

the Avalokitesvara Bodhisattva mural and the Buddhist Monk

were also high in some wall cracks or delamination sites, and

Bodhidharma mural in Geungnakjeon Hall of Daewonsa

it was confirmed by the infrared thermal imaging results that

Temple, the types of damage are largely divided into the wall

the wooden lath inside the wall was located in those parts

and finishing layer damage, painting layer damage, damage

(Figure 13D, 13E, 13F).

due to restoration materials, stains and contamination, and

If structural deformation of the murals occurs under the

biological damage and the damage types are similar in both

condition that the wooden lath is adjacent to the surface of

murals.

the mural, cracks in the wall or exfoliation of the finishing

The cracks in the walls of the Avalokitesvara Bodhisattva

layer may be developed faster, and additional damage may

mural and the Buddhist Monk Bodhidharma mural are mainly

occur in the current conservation status. Therefore, it is

found in the location adjacent to the north side of the

necessary to observe the physical change in the murals

building. Damage to the finishing layer was mainly found in

through periodic monitoring and to respond promptly when

the area where the Junggit and the wall meet, and it was

a change occurs.

confirmed by the 3D scanning result that part of the finishing

Another factor that affects wall damage is the wall

layer was separated around the Junggit. In a wooden

restoration material used in the past repair. Through various

architecture heritage, the load on the roof is large and the

diagnostic techniques, damage to the wall caused by the

structural members tend to be deformed due to the anisotropy

restoration material or damage caused to itself was

and corroding nature of the wood itself, and such changes

confirmed. The difference in physical properties between the

worsen the damage such as cracks and exfoliation of the wall

wall and the restoration material was identified through

(Lee et al., 2015).

infrared thermography and ultrasonic examination (Figure

The geographical condition of Geungnakjeon Hall, around

13A, 13B), and as a result of the 3D scanning, deviation or

which there are mountains and a lake (Juam Lake), can

separation from the original wall was confirmed (Figure

accelerate physical changes in the structure of the building

13C). Since the difference in the physical properties of the

and the walls. Also, considering that the two murals are large,

wall and the restoration material and the physical change of

the micro-movement and deformation of structural members

the wall can indicate continuous damage, reinforcement using

due to the self-load and the surrounding environment are

materials with similar properties to the wall as a supplement

factors that can cause cracks in the walls and damage to the

for a weak element or a wall reinforcement should be

finishing layers.

considered.

Damages such as wall cracks and exfoliation of the

In addition to the examination of the diagnosis results, it

finishing layers found in various parts of the murals can also

was possible to understand that the structure inside the walls

be related to the influence of the wooden lath, which is the

affects the ultrasonic speed during the ultrasonic examination

wall structure, and as a result of infrared thermography, the

(Figure 13E). Since the ultrasonic examination result is not

temperature distribution image in the form of a grid was

an absolute value indicating the physical properties of the

confirmed for both murals.

murals, this study suggests that it is necessary to use it along

This is considered to be due to the result that the murals

with a technique such as infrared thermography in order to

of Geungnakjeon Hall in Daewonsa Temple were made with

increase the reliability of the physical property diagnosis

the wooden lath adjacent to the finishing layer compared to

result.

other Buddhist murals. The ultrasonic measurement results of

In the case of painting layer damage, exfoliation and

both murals were found to be somewhat higher than those

delamination were observed mainly in the painted area of the

of the existing Buddhist murals of the Joseon Dynasty (Chun

Junggit. It seems that the coefficient of contraction and

et al., 2009; Kim et al., 2014; Lee et al., 2018).

expansion of wood is larger than that of the wall, and the

This is due to the influence of the wooden lath, which

decay status of wood also affects it. The main factor in the

has a higher ultrasonic speed than the wall and it is assumed

exfoliation of the painting layer is a decrease in adhesion due

that the wooden lath is close to the wall surface therefore

to the decomposition of the medium, but it may also occur

the average speed is measured high. Ultrasonic speed values

due to the different physical properties of the painting layer
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Figure 13. The result of non-destructive diagnosis in the Avalokitesvara Bodhisattva mural (A: Detection the ultrasonic
speed difference between the wall and the restoration material, B: Delamination of wall detection by an infrared
thermograph, C: 3D scanning image of deviation site, D: High values of ultrasonic speed in some wall cracks or
delamination sites, E: Wall interior wooden lath detection by an infrared thermograph, F: A real image of E).
and the support layer. Therefore, it can be said that a fixing

It seems that measures such as fixation treatment are

treatment is necessary for the deteriorated painting layer to

necessary for areas where the painting layer is cracked or

increase the bonding force between the pigments and the

exfoliation or delamination off due to the change in the

adhesion with the support layer.

presumed fixative. Also, areas showing luster and stains

As a result of the optical survey, the conservation status

while the presumed fixative forms a film of paint on the

of various types of painting layers was identified through

surface of the painting layer may show damage due to

ultraviolet fluorescence reaction. There are two aspects of

deformation or discoloration in the future, therefore a

staining, the first aspect seems to be the effect of the

methodology for periodic inspection and stabilization should

presumed fixative used in the past conservation treatment,

be prepared (Figure 14A, 14C).

and the second aspect is the influence caused by a specific

Another type of stain is the irregular stains seen in many

action taken at the time the mural was painted or after the

painting layers. It is found mainly in the orange robes of the

mural was painted.

Buddhist Monk Bodhidharma mural, and this is also

In some cases, the conservation status is good where a

confirmed in some cases in the UV fluorescence response to

stain caused by a presumed fixative is found, but there are

other Buddhist murals. It can be said that a detailed

parts where the painting layer has deteriorated (Figure 14B).

investigation of the cause is needed through additional

Figure 14. Damage caused by presumed to be the fixative (A: Crack, B: Delamination, C: Gloss).
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Figure 15. Comparison of damage to murals.
research.

through periodic inspection of the relevant elements is

And UV fluorescence reaction different from the

necessary, and a countermeasure for damage that may occur

surrounding color was confirmed in the parts that were

in the future should be prepared along with intensive

repainted on restoration material in the past repair. It is

monitoring of the major damage identified in this diagnosis

necessary to periodically observe the change in color or

result.

restoration material area while maintaining the current

5. CONCLUSIONS

condition for regions that do not show great heterogeneity
in the visible light area.
As a result of comparing the area values of the two murals

A more accurate and objective judgment is needed

by type of damage, the Buddhist Monk Bodhidharma mural

because the conservation status diagnosis for murals can be

showed 1.84% higher damage to the wall and finishing layer

used as important data for conservation treatment. Through

than the Avalokitesvara Bodhisattva mural, and in particular,

such diagnosis, it was possible to identify the types and

the damage to the delamination of finishing layer showed a

ranges of damage according to various conditions and

greater difference. The damage to the painting layer is 3.29%,

characteristics, such as the structures and materials of the

indicating that the Avalokitesvara Bodhisattva mural is more

murals, and the restoration material sites. The diagnosis

damaged than the Buddhist Monk Bodhidharma mural

results obtained from the study were used as effective

(Figure 15).

information to evaluate the conservation status of the murals,

In addition to structural factors, damage to murals is

and by examining the causes of damage and conservation

caused by various factors such as the materials used, painting

methodology,

techniques, and the surrounding environment. Although the

Avalokitesvara Bodhisattva mural and the Buddhist Monk

a

conservation

methodology

for

the

types of damage caused to the two murals are similar, the

Bodhidharma mural in Geungnakjeon Hall of Daewonsa

Avalokitesvara Bodhisattva mural was evaluated to have a

Temple was suggested. In the future, technical research on

relatively greater degree of damage compared to the Buddhist

the diagnosis of murals should be continuously conducted,

Monk Bodhidharma mural. Although the two murals were

and effective conservation measures for the conservation of

created inside the same building, as mentioned above, the

the murals should be suggested.

degree of damage varies depending on the structural
relationship where the murals are located in the building, the
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Southern styles, but there is little research on scientific analysis for mural paintings. In this study, we
analyze white, yellow, and red clay pigments which were collected from ancient producing sites.
Analyzing pigment samples shows that samples are containing aluminum oxide(Al2O3) and silicon
dioxide(SiO2) which are connected to the soil. And a degree of iron oxidation determines yellow or
red colors. To understand the characteristics of clay pigment samples, we go over previous pigment
analyses of mural paintings in Sri Lanka. Kaolin is identified after the 17th century, yellow and red
ochre are applied in early periods, Classic and Late Classic styles. The change in raw materials of
pigments occurred in the 17th century.
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1. INTRODUCTION

cities. As kingdoms grow, the contents, expressions,
materials, and techniques of mural paintings have developed

Mural painting is a reflection of culture, religion, and

based on their cultures. The styles of mural painting in Sri

perspective of life at the time. It has been used as a

Lanka are categorized by period; Classic (2nd-13th century

decoration for walls, buildings, or caves since the paleolithic

A.D.), Late Classic (10th-13th century A.D.), Kandyan

period. People used to get pigments that they can easily

(17th-18th century A.D.), and Southern (late 18th century A.D.)

access, and the several pigments which can collect from

(Seneviratne, 2013).

nature followed as; Lead white (2PbCO3⋅Pb(OH)2), Calcite

One of the famous mural paintings in Classic style is the

(CaCO3), Kaolin (Al2O3⋅2SiO2⋅2H2O), Yellow ochre,

Ancient city of Sigiriya. It is popular because of the Lion

Orpiment (As2S3), Red ochre, Cinnabar (HgS), and Red lead

Rock Fortress and huge gardens, but also the mural paintings.

(Pb3O4), etc.

Even though Buddhism has prevailed, the nymph or Apsara

Sri Lanka is famous for its variety of mural paintings

(a female spirit of the clouds and water in Hinduism) was

which have their own styles from the 5th to 19th centuries.

painted on Sigiriya. It assumed that those features were

The ancient cities flourished in the center and south-western

affected by coup d’État of Kashayapa Ⅰ. And lots of

region, and 41 mural paintings have been found around the

research has been continued because the painting has artistic

328 | Journal of Conservation Science Vol.38, No.4, 2022

identified in Classic and Late Classic styles. On the other

and historical values.
In the 11th century, the Polonnaruwa kingdom had been

hand, Kaolin, Barium white (BaSO4), Orpiment (As2S3),

established by immigrants of the Chola dynasty, India.

Massicot (PbO), Gamboge, Cinnabar (HgS), and Red lead

However, in the 12-13th century, Sinhalese got back to the

have been detected in Kandyan and Southern styles (Agrawal

major group in Sri Lanka, and the Late Classic style was

and Wikaramsinghe, 2002; Seneviratne, 2013).

succeeding the Classic style. Tiwanka Image House has

This study analyzed the clay pigments that were referred

typical contents, drawing techniques, lines, and forms of the

to an ancient production site for a long time. The data were

Late Classic.

compared with the results of mural pigment analysis, and it

The Kandyan kingdom had been impacted by near
countries a lot; Tamil, Thai, and Myanmar. And it has strict

can be applied to set the analytical methods and further
research.

rules for lines and colors. Rangiri Dambulla Cave Temple is
one of the famous Kandyan mural paintings. Southern style
is a local culture in the 18th century. Because the trading with

2. ANALYSIS SUBJECT

Western was stimulated, the Southern style has Western and

The pigments which were analyzed in this paper are white,

Sri Lankan at the same time. Any research has not been

yellow, and red color used in common (Table 1., Figure 1,

performed in Kathaluwa Puwarama Viharaya, but the colors,

2.). The producing area of clay pigment was selected

lines, and contents of this mural show typical style.

according to Seneviratne B. J. N. who is a researcher at the

Scientific analysis and research have been going on by a

department of archaeology in Sri Lanka. These areas have

few researchers in Sri Lanka. Agrawal and Wikaramsinghe

been known as traditional sites of clay pigments, and each

(2002) introduced materials and techniques in India that have

pigment was collected from the subsoil layer. It is near Horton

influenced Sri Lanka. They also analyzed 20 mural paintings

Plains National Park where 57 woody species belonging to

and organized general information on mural painting in Sri

31 families have been encountered where 50% are endemic

Lanka. Seneviratne (2013) analyzed mural samples and

to Sri Lanka (Premathilake and Nilsson, 2001).

binding materials by XRF, XRD, SEM-EDS, FT-IR, and

O. P. Agrawal and N. A. Wikaramsinghe (2002) deduced

GC/MS to understand the techniques of paintings. Also,

an elutriation process of Sri Lanka based on Indian ancient

Seneviratne (2018) arranged the materials for mural painting

literature. The process is as follows; First, Collect fine sands

in Sri Lanka, Korea, and Myanmar and revealed the

or clays nearby a river and middle of the forest. Second,

techniques applied in mural paintings. Thantilage et al.

Clean the materials with clear water and grind them. Third,

(2017) are focused on revealing the red pigments used in the

Pour water and use floating particles for pigments. Since the

Kandyan murals. They organized the ancient literature and

process is similar to the Korean traditional way, we refer to

research that connected to red pigments and revealed that red

Kang, et al. (2016; 2017) and Mun, et al. (2019).

pigment was used in order of Iron oxides, Cinnabar, and Red
lead in Kandy period. The investigators revealed that the

3. ANALYSIS METHOD

ancient painters used different materials for each style.
According to mentioned research, they found that pigments

The optical microscope (NM910, Nexcope, USA) is used

that were applied to mural paintings are changed as styles.

to observe and compare the dispersed pigment particles. The

Lime (CaCO3), Yellow ochre, and Red ochre have been

colorimetric analysis is performed by spectrophotometer

Table 1. List of clay pigment samples in this study
No.
SR-PN-01
SR-PN-02

Pigment
Kaolin
Yellow ocher

SR-PN-03
Red ocher
* Collected in Sri Lanka (Feb, 2020)

Coordinate of producing site
6°42'3"N, 80°45'21"E
6°48'44"N, 80°59'26"E
6°52'4"N, 80°56'52"E
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Figure 1. The images of pigment samples selected in this study; A: SR-PN-01(White), B: SR-PN-02(Yellow), C:
SR-PN-03(Red).
(CM-700d, Konica Minolta, JPN). The data are expressed as

energy dispersive X-ray spectroscopy (Qunatax, Bruker,

CIELAB which shows as Lightness (L*) and chromaticity (a*

GER)

*

equipped

with

scanning

electron

microscopy

stands for red-green and b stands for yellow-blue). Also, the

(MIRA3-LMH, Tescan, CZE). Samples were coated with

data are measured with D65 illumination source and 10°

platinum (Pt), and results are performed at 20 kV under

observer angle. Elemental analysis is operated by a portable

backscattered electrons (BSE) mode and 120 seconds of

X-ray Fluorescence spectrometer (SEA 200, Seiko, JPN). The

exposure time. X-ray diffraction analysis is performed with

spot size is 2 mm, the acceleration voltage and current are

Miniflex600 (Rigaku, JPN). The diffraction patterns are

maximal 50 kV and 200 μA, and the exposure time is 300

recorded at 40 kV, 15 mA, and a scanning range of 5°-80°.

seconds. Pigment analysis and observation were operated by

Figure 2. The images of mural paintings in Sri Lanka; (A): Rock of Sigiriya (Classic style), (B): Polonnaruwa Tiwanka
Image House (Late Classic style), (C): Rangiri Dambulla cave temple (Kandyan style), (D): Kathaluwa Purwarama
Viharaya (Southern style). (B) and (D) are provided from Seneviratne B.J.N. (2013).
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Table 2. Chromaticity of clay pigment samples selected in this study
Sample

L*(D65)

a*(D65)

b*(D65)

SR-PN-01
(White)

Ave.

95.62

0.44

5.68

Std. Dev.

0.10

0.01

0.41

SR-PN-02
(Yellow)

Ave.

74.40

12.00

39.00

Std. Dev.

0.12

0.11

0.34

Ave.

54.86

19.06

17.90

Std. Dev.

0.14

0.07

0.06

SR-PN-03
(Red)

4. RESULTS OF ANALYSIS AND
CONSIDERATION
Table 2 is shown the mean and standard deviation of
chromaticity measured 5 times. Clay pigment samples have
distinguishable colors. The lightness and chromaticity of each
sample are similar to color which is perceived by the human
eyes (Figure 3). Optical microscope images of grains show
that samples contain grains or particles which determine
colors. SR-PN-01 (White) contains dispersed white-transparent
grains, SR-PN-02 (Yellow) is composed of yellow and white
grains, and SR-PN-03 (Red) contains transparent grains which
are surrounded by small red particles.
In the XRF, the clay pigment samples are different in the
intensity of Potassium and Iron (Table 3). SR-PN-01 contains
Potassium which can be connected to earth elements. On the
other hand, SR-PN-02 and 03 contain Iron which is a key
element for red pigments, especially Iron oxide pigments.
The results of SEM-EDS show that Al2O3 and SiO2 are
contained in samples (Table 4). Those compounds can be
connected to Kaolin, Orthoclase, and Quartz. Particles of

Figure 3. CIELAB colorspace of clay pigment samples in
this study.
particles which are composed of Fe2O3 (Figure 4). XRD
patterns of pigment samples show that all samples contain
clay minerals; Kaolinite, Orthoclase, Muscovite, and Quartz
(Figure 5). As a result, clay minerals are substituted for the
three clay pigment samples in this study. And we can
consider that the divisible colors of the pigment samples are
determined by a degree of oxidation on Iron oxides.

SR-PN-01 contain high K2O. SR-PN-02 and 03 have bright

Table 3. Results from XRF of clay pigment samples in this study
Count per second (cps)

Sample

Cl

K

Ca

Ti

Ave.

6.65

40.63

ND

3.48

Std. Dev.

0.22

1.06

SR-PN-02
(Yellow)

Ave.

5.84

9.20

ND

15.82

ND ND 537.93

Std. Dev.

0.01

0.12

0.75

23.48

SR-PN-03
(Red)

Ave.

5.65

27.71

10.77

ND ND 441.58

Std. Dev.

0.02

0.73

SR-PN-01
(White)

* ND: Not Detecting

0.24

ND

0.51

Cr Mn

Fe

ND ND 11.12

Co

Ni

Cu

Zn

As

Hg

Pb

ND ND ND ND ND ND ND

0.53

3.19

ND ND ND ND ND ND ND
ND ND ND ND ND ND ND
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Table 4. Results from SEM-EDS of clay pigment samples in this study
Chemical composition (wt %.)

Sample
SR-PN-01
(White)

Ave.

Na2O

MgO

Al2O3

SiO2

K2O

CaO

TiO2

Fe2O3

Cu2O

ZnO

ND

ND

22.36

58.25

15.39

ND

ND

ND

1.82

1.28

1.78

0.72

2.44

0.15

0.27

ND

3.71

38.81

41.00

1.24

ND

ND

28.79

2.40

1.80

2.19

5.77

4.58

0.74

34.29

0.53

0.24

1.66

30.14

45.59

1.42

17.12

2.13

1.65

0.35

3.15

5.70

1.05

9.00

0.25

0.40

Std. Dev.
Ave.

SR-PN-02
(Yellow)

Std. Dev.

SR-PN-03
(Red)

Std. Dev.

Ave.

ND

ND

ND

* ND: Not Detecting

Figure 4. Images of optical microscope (A) and Backscattered electron(BSE) mode in SEM(B); (1): SR-PN-01(White),
(2): SR-PN-02(Yellow), (3): SR-PN-03(Red).
In this paper, we compared the results of pigment analysis

occur in the 17th century. But, unlike yellow and red, the

between the collected samples and research by Agrawal and

research on white of Classic and Late Classic styles is

Wikaramsinghe (2002); Seneviratne (2013) (Table 5). The

lacking. Further investigation is necessary to determine the

era of mural paintings is suggested by historical documents,

duration of Kaolin.

studies, and painting styles. Kaolin appeared in mural
paintings of Kandyan and Southern styles which were
flourishing in the 18-19th century. Not only Kaolin, but

5. CONCLUSION

Huntite, Lead white, and Barium white have been identified.

Mural paintings have been used for the decoration of

On the other hand, yellow and red pigment samples are

buildings, and they contain valuable contents and techniques

connected to Classic and Late Classic styles. The differences

for centuries. Sri Lankan researchers have tried to preserve
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Table 5. Pigment analysis results of pigment samples and mural paintings in Sri Lanka
Seneviratne
B. J. N. (2013)

Style

Period

Color
White

Kaolin

-

Lime

1

Classic

5-8th

Yellow

Yellow ochre

Yellow ochre

Yellow ochre

Red

Red ochre

Red ochre

Red ochre

2

3

4

Late Classic

Kandyan

Southern

12-13th

18th

th

19

Sample

O. P. Agrawal and N. A.
Wikramsinghe (2002)

No.

White

-

Lime

Yellow

Yellow ochre

Yellow ochre

Red

Red ochre

Red ochre

White

Kaolin, Huntite, Lead
white

Kaolin

Yellow

Orpiment, Gamboge,
Chrome yellow

Gamboge

Red

Cinnabar

Cinnabar

White

Kaolin,
Barium white

Barium white

Yellow

Orpiment

Orpiment

Red

Cinnabar

Cinnabar

* Kaolin (Al2O3⋅2SiO2⋅2H2O), Huntite (MgCaCO3), Lead white (2PbCO3⋅Pb (OH)2), Lime (CaCO3), Barium white
(BaSO4), Orpiment (As2S3), Chrome yellow (PbCrO4), Cinnabar (HgS)
We found that pigment samples contained clay minerals
and revealed the color of clay pigments is affected by a
degree of oxidation of Iron oxides. Compared to previous
investigations of pigments on mural paintings in Sri Lanka,
yellow and red clay pigments were applied before the 17th
century and white clay pigment is identified after that. The
raw materials of pigments changed in the 17th century.

REFERENCES
Agrawal, O.P. and Wikramsinghe, N.A., 2002, Material &
technique of ancient wall paintings in Sri Lanka.
Advanced Centre for Conservation, Research and
Training & Sundeep Prakashan, India, 167.
Figure 5. XRD patterns of clay pigment samples in this
study; K: Kaolinite, O: Orthoclase, M: Muscovite, Q:
Quartz.
mural paintings through various investigations and scientific
analyses. This study obtained clay pigments from
pigment-producing sites since ancient times. After the
elutriation process, clay pigment samples were analyzed to
understand the scientific characteristics.

Kang, Y.S., Jeong, H.Y. and Go, I.H., 2016, The effect of
glue solution on manufacturing of white clay pigment.
Journal of Conservation Science, 32(3), 417-423.
Kang, Y.S., Mun, S.W. and Jeong, H.Y., 2017, The
characteristics of the white clay pigment manufactured
from the white clay of producing area recorded in old
documents. Journal of Conservation Science, 33(6),
497-506.
Mun, S.W., Kang, Y.S., Park, J.H., Han, M.S. and Jeong,
H.Y., 2019, A study on the making properites of natural
pigments based on substance characteristics for Hwangto

A Characteristic Analysis on Clay Pigments of Mural Paintings in Sri Lanka / Seon-Young Yoo, Buddakoralelage Janani Namal Seneviratne, Gyu-Ho Kim | 333

in Korea, Journal of Conservation Science, 35(6),
600-611.
Premathilake, R. and Nilsson, S., 2001, Pollen morphology
of endemic species of the Horton Plains National Park,
Sri Lanka, Grana, 40, 256-279.
Seneviratne, B.J.N, 2013, Instrumental analysis of the
plaster, pigment and preservative coatings in mural
paintings in Sri Lanka. Asia Cooperation Program on
Conservation Sciences, National Research Institute of
Cultural Heritage, Korea, 97.
Seneviratne B.J.N, 2018, Cultural understanding through

mural painting techniques in Sri Lanka, Myanmar, Korea
and Southeast Asia (with instrumental analysis of
pigment, plaster, binding mediums and preservative
coatings). Cultural Partnership Initiative Training
programme, Korea Cultural Heritage Foundation Korea,
71.
Thantilage, A., Vithanage, I., Senanayaka, J., Dharmasiri,
M., Premarathna, M. and Karunatilake, R., 2017, Red
pigment used in Kandy Period Murals, Laboratory of
Cultural Material Analysis-05. 1-13.

JCS

Research Article

Journal of Conservation Science

Manufacturing Technique of the Avalokitesvara Bodhisattva Mural Painting in
Geungnakjeon Hall, Daewonsa Temple, Boseong
Yeong Gyeong Yu1, Bong Goo Jee1, Ran Young Oh2, Hwa Soo Lee3,*
1

Department of Fine Arts, Graduate School of Konkuk University, Chungju 27478, Korea

2

HAISUNG Conservation Science for Cultural Heritage, Suncheon 57990, Korea

3

Department of Formative Arts, Konkuk University, Chungju 27478, Korea

Received August 4, 2022
Revised August 17, 2022
Accepted August 19, 2022
*Corresponding author
E-mail: comp@kku.ac.kr
Phone: +82-43-840-3672
Journal of Conservation Science
2022;38(4):334-346
https://doi.org/10.12654/JCS.2022.
38.4.08
pISSN: 1225-5459, eISSN: 2287-9781
ⓒ The Korean Society of
Conservation Science for Cultural
Heritage
This is an Open-Access article distributed
under the terms of the Creative
Commons Attribution Non-Commercial
License (http://creativecommons.org/
licenses/by-nc/3.0) which permits
unrestricted non-commercial use,
distribution, and reproduction in any
medium, provided the original work is
properly cited.

ABSTRACT The manufacturing technique was studied through the structure and material characteristics

of the walls and the painting layers of the Avalokitesvara Bodhisattva mural of Geungnakjeon Hall,
Daewonsa Temple. The mural is painted and connected to the earthen wall and the Junggit, and the
wall is composed of wooden laths as a frame, the first and middle layers, the finishing layer, and
the painting layer. The first layer, middle layer, and finishing layer constituting the wall were made
by mixing weathered soil and sand. It was confirmed that the first layer had a high content of loess
below silt, and the finishing layer had a high content of fine-sand and very fine sand. For the painting
layer, a ground layer was prepared using soil-based mineral pigments, and lead white, white clay,
atacamite, minium, and cinnabar (or vermilion) pigments were used on top of it. The Avalokitesvara
Bodhisattva mural was confirmed to belong to a category similar to the soil-made buddhist mural
paintings of Joseon Dynasty. However, it shows characteristics such as a high content of fine sand
in the finishing layer and overlapping over other colors. Such material and structural characteristics
can constitute important information for future mural conservation status diagnoses and conservation
treatment plans.
Key Words Buddhist mural paintings, Earth wall, Manufacturing technique, Material characteristics,

Conservation

1. INTRODUCTION

that many murals were damaged or difficult to conserve until
recently due to the treatments carried out in a situation where

Buddhist mural paintings in Korea are mainly painted on

there was insufficient research on the materials and

the earthen walls that make up wooden architecture. In the

manufacturing techniques of murals, therefore research on the

mural, a structure called wooden lath was made using

characteristics of mural manufacture is necessary. If we

branches, and the wall was made based on soil, and then a

accurately identify the materials and techniques used to make

painted layer was created by mixing natural pigments and

murals, reliable research on conservation of murals will be

coloring agents (Lee, 2013). It is reported that murals, where

possible based on this, and more systematic and effective

most of the materials are made of soft materials, have

conservation measures will be suggested.

weakness of conservation due to the material characteristics

A study on the material characteristics and manufacturing

of the mural and environmental factors of the locations of

techniques of buddhist mural paintings in Korea was

the temple (Lee et al., 2018a). Earlier researches on

conducted in 2006 with the scientific proof of the traditional

conservation of buddhist mural paintings in Korea reported

materials and manufacturing techniques of mural paintings in
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Geungnakjeon Hall of Muwisa Temple as the first case (Chae

Monk Bodhidharma mural were created on the west and east

et al., 2006), and in 2008 the manufacturing techniques was

side walls of Geungnakjeon Hall (Figure 1). The

studied according to the material characteristics of the mural

Avalokitesvara Bodhisattva mural measures about 305 ×

painting of Bongjeongsa Temple, Andong (Jeong and Han,

229.5 cm, which is comparatively belongs to the largest scale

2008). Since then, researches that compare the characteristics of

than the other murals. The Avalokitesvara Bodhisattva mural

buddhist mural materials and manufacturing techniques were

and the Bodhidharma mural of Geungnakjeon Hall which are

conducted, including the researches on the mural painting in

said to have been made around the 18th century, have been

Daeungjeon

Yeosu

designated and managed as treasures in recognition of their

(Avalokitesvara Bodhisattva), the outside mural painting in

Hall

of

Heungguksa

Temple,

value in terms of the art history. Recent investigation on the

Mireukjeon Hall of Geumsansa Temple, Gimje and mural

condition of conservation of the murals confirmed damage

painting in Daeungjeon Hall of Seonunsa Temple, Gochang

to the wall and a damage caused by deterioration of the

(Lee, 2016).

painting layer, and it was reported that conservation treatment

Especially in the past, the researches focused on scientific

was needed (Haisung Heritage Conservation Institute, 2021).

investigations on the national cultural heritage murals or

For stable conservation of the murals, the material

buddhist murals of relatively significant importance, however

characteristics and painting technology should be identified

it is recent trend of research to suggest conservation plans

first, and based on this, conservation treatment and

through detailed analysis on the materials and manufacturing

management of the murals should be carried out through

techniques of bracket mural in Daeungjeon, Jikjisa Temple

systematic conservation condition diagnosis. Research on the

(Lee et al., 2018a), bracket mural in Daeungbojeon, Naesosa

characteristics of mural painting techniques provides

Temple (Lee et al., 2018b) and bracket mural in Daeungjeon,

important information for diagnosing and interpreting the

Gaeamsa Temple (Lee et al., 2022).

condition of conservation.

The Avalokitesvara Bodhisattva mural and the Buddhist

In this study, the structure of the walls and painting layers

Figure 1. Inside mural painting status in Geungnakjeon Hall (A: The Avalokitesvara Bodhisattva mural of west
side wall, B: The Buddhist Monk Bodhidharma mural of east side wall).
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constituting the Avalokitesvara Bodhisattva mural of

electron image (BSE) analysis was also performed after

Geungnakjeon Hall was identified, and the characteristics of

coating with platinum (Pt) to obtain sharp and contrasting

the manufacturing technique were identified by conducting a

images of surface conductivity.

detailed analysis that includes identifying of the main
2.3. Crystal structure of minerals

constituent minerals or detecting of the main components
according to the layer.

An X-ray diffraction analyzer (D2Phaser, Bruker,
Germany) was used to analyze the crystal structures of the

2. METHODS

exfoliated the first and finishing layer samples from the
Avalokitesvara Bodhisattva mural. The analysis conditions

2.1. Visual inspection

included the X-ray tube acceleration voltage 30 kv, the

A digital camera (G15, Canon, Japan) and digital

current 10 mA, the scanning angle (2θ) 10∼90°, the

microscope (G-scope, Genie Tech, Korea) were used to

scanning step 0.002°, and the scanning speed 2°/min.

investigate the mural structure and manufacturing status. The

Identification of minerals from the X-ray diffraction pattern

layers of wall and components were checked focusing on the

was performed by comparison with the ICDD card.

damaged parts of the outside and inside walls of the
Avalokitesvara Bodhisattva mural, and the thickness of each

2.4. Particle size

layer of the wall was measured. Also, the manufacturing

Particle size analysis was performed to identify the

status was observed focusing on the main colors painted on
the earthen wall and the Junggit.

particle distribution ratio of the soil constituting the wall of

2.2. Microstructures and chemical composition

difference in the particle distribution ratio of the samples by

Avalokitesvara Bodhisattva mural and to compare the
layer. Particle size analysis was performed by wet sieving

To identify the characteristics of each layer of samples and

using a stainless standard sieve (JIS Z 8801, Kenis, Japan)

the components constituting the material by observing the

with reference to the particle size analysis test of Korean

sample surface and microstructure of the sample exfoliated

Industrial Standards (KS F 2302). Classification of particle

from the Avalokitesvara Bodhisattva mural. An Stereoscopic

size was expressed as a cumulative percentage by measuring

microscope (Axio Zoom V16, Carl Zeiss, Germany) was used

the weight of the remaining sample according to the

to observe the sample surface and a high-resolution field

standards of the US Department of Agriculture and the

emission scanning electron microscope (JSM-7610F, JEOL,

International Society of Soil Science.

Japan) was used to observe the microstructure. Backscattered
Table 1. List of analysis objects
Sample name

Description

S1

First layer

F1

Finishing layer

Inside the wall
Inside the wall

P1

White color

Ceremonial cape (white robe)

P2

Green color

A halo behind the head

P3

Orange color

Ceremonial cape (orange robe)

Pale pink color

Lotus pedestal

P5

Yellow color

Mudra

P6

Yellow color

Mudra (painting on Junggit)

P4

Painting layer

W1

Wooden lath

W2

Junggit
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Table 2. List of analysis object and analysis equipment for mural
Sample name

S1, F1

G1, P1, P2
P3, P4, P5, P6
W1, W2

Classification

Analysis equipment

Investigation of naked eye

Digital camera

G15, Canon, Japan

Microscopic analysis

Stereoscopic microscope

Axio Zoom V16, Carl Zeiss,
Germany

Microstructure chemical component

SEM-EDS

JSM-7610F, JEOL, Japan

Crystal phase

XRD

D2Phaser, Bruker, Germany

Particle size

PSA

Testing sieve, JIS Z 8801, Japan

Investigation of naked eye

Digital camera

G15, Canon, Japan

Microscopic analysis

Stereoscopic microscope

Axio Zoom V16, Carl Zeiss,
Germany

Microstructure chemical component

SEM-EDS

JSM-7610F, JEOL, Japan

Species identification of wood

Optical microscopy

ECLIPSE 80i, Nikon, Japan

2.5. Species identification of wood
The specie Identification of wood was performed on
wooden lath and Junggit constituting the mural frame. Thin
samples were fabricated to a thickness of 20-30 µm from
three cross-sections (cross-section, radial cross-section, and
tangential cross-section) of the specimen, and then finished
with slide glass. Species were identified after observing cell
characteristics using a optical microscope (ECLIPSE 80i,
Nikon, Japan).

the center columns of the 2nd row of the west wall of the
Geungnakjeon Hall. The mural is painted on the earthen wall
connected by three screens, starting with the vertical Junggit
in the two left and right rows.
The wall of the mural was made with mud plastered on
the wall frame woven with wooden laths, and it seems that
it was made with three layers of the first layer, middle layer,
and finishing layer, identified through the damaged parts of
the inside and outside murals where the Avalokitesvara
Bodhisattva is painted. There is a thin middle layer over the

3. RESULT
3.1. Structure of mural
The Avalokitesvara Bodhisattva mural is located between
the top Jongryang and the central lintel (Chang-bang) around

first layer in the form of plastering of a mixture of loess and
sand. Lastly, there is a finishing layer of a mixture of sand
and loess in various sizes and large grains. The wall is about
45 mm thick from wooden laths (horizontal lath) to the
finishing layer and the first layer is coarsely plastered onto
the frame of wooden laths and mixed with herbaceous plant

Figure 2. Structure of mural (A: Outside wall of the mural, B and C: Inside wall of the mural).
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Figure 3. Status of colors painted on the murals (A and B: Part of the Avalokitesvara Bodhisattva, C: Part of Sudhana,
D and F: Case of overlapping colors, C: Status of painting on the Junggit).
presumed to be straw. The middle layer is flatly plastered

structure of the mural through GPR probe, the shape of

with a thickness of about 10∼15 mm on the first layer. On

wooden laths intersected at a point about 25 mm below to

the middle layer, the finishing layer is about 5-7 mm thick

the inside of the wall from the surface of the finishing layer

and has a high degree of evenness and smoothness (Figure 2).

was identified, and it was reported that it was detected to

According to the investigation results on the inner

a depth of about 65 mm (Haisung Heritage Conservation

Figure 4. Images of stereoscopic microscope of wall (A: Sample of first layer, B: The stem in first layer,
C: Sample of finishing layer, D: Fiber in finishing layer).
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medium sand, about 6.83% for the fine sand, about 11.65%

Institute, 2021).
It is painted with white, black, green, orange, pink, red,

for the very fine sand, and about 48.59% for the below silt.

yellow, and blue colors including the gray-green ground layer

The sizes of the mineral particles used in the finishing layer

created on the finishing layer of the mural (Figure 3A, 3B

were 3.43% for the very coarse sand, about 10.78% for the

and 3C). In some cases, such as the green of the halo of

coarse sand, about 13.24% for the medium sand, about

the buddha and the white of the robes, a pattern of

45.59% for the fine sand, about 14.71% of the very fine sand,

overlapping colors is observed (Figure 3D and 3F). The

and about 12.25% for the below silt. In the first layer, grains

Junggit is painted with a gray-green color (ground layer) over

of the below silt and the very coarse sand were confirmed

a pale yellow layer on the wooden surface (Figure 3F).

as the main particle sizes, so it seems that large and coarse
grains were mixed with grains the below silt. The finishing
layer has relatively high content of fine sands and very fine

3.2. Properties of wall
The first layer of the Avalokitesvara Bodhisattva mural is
composed of fine soil grains that agglomerate around
relatively large grains, and the finishing layer is composed
of sand grains in various sizes. In the case of the first layer,
the stems of herbaceous plants in the form of short cuts were
mixed, and in the finishing layer, a fibrous-presumed material
with a thin thickness was identified (Figure 4).
Figure 5, Table 3 show the distribution ratio of the
particles composing the first layer and the finishing layer.
Regarding distributions of the sizes of the mineral particles
used in the first layer, 23.29% was for the very-coarse sand,
about 5.22% for the coarse sand, about 4.42% for the

sands compared to the sands of other sizes, so it seems that
it is mainly made of sand of fine grain size.
As a result of X-ray diffraction analysis to identify the
minerals constituting the wall, the main diffraction peaks
appearing in the diffraction pattern of the first layer were
confirmed to be quartz, microcline, and cristobalite, a kind
of silicate mineral. In case of the finishing layer, quartz and
orthoclase were detected as the main constituent minerals
(Figure 6). Minerals constituting the first layer and the
finishing layer were mainly identified as feldspars such as
quartz. It can be understood that the wall of Avalokitesvara
Bodhisattva mural was mainly made of weathered soil and
sand originating from rocks.

Table 3. Results of particle size analysis
(unit: %)
Very coarse sand

Coarse sand Medium sand Fine sand

Over 1.0
mm

1.0-0.5
mm

500-300 µm

S1

13.25

10.04

5.22

4.42

F1

0.00

3.43

10.78

13.24

Very fine sand

Below silt

100-75
µm

75-45
µm

45-25
µm

below 25
µm

6.83

4.82

6.83

20.08

28.51

45.59

5.88

8.82

6.86

5.39

300-212 µm 212-100 ㎛

Figure 5. Distribution ratio of the particles size (A: First layer, B: Finishing layer).
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Figure 6. Result of X-ray diffraction analysis (A: First layer, B: Finishing layer).

Figure 7. Result of microstructures and chemical composition analysis of first layer.

Figure 8. Result of microstructures and chemical composition analysis of finishing layer.
As a result of microstructure observation and chemical
composition analysis of the samples, a structure in which

potassium (K), which are the elements found in the soil,
similarly as found in the first layer (Figure 8).

small soil grains in the shape of polygons and plates were
aggregated was identified in the first layer, and traces
presumed to be indentations of herbaceous plants were also
observed (Figure 7). The elements detected in the first layer
were silicon (Si), alumina (Al), iron (Fe), potassium (K),
magnesium (Mg), etc., which are the elements mainly
detected in the soil. In the finishing layer, soil grains, which
appear to be silt or clay minerals, formed an aggregate on
the surface of relatively large grains compared to those seen
in the first layer, and the material presumed to be fibrous
was identified. The main elements detected in the finishing
layer include silicon (Si), alumina (Al), iron (Fe) and

3.3. Properties of painting layer
It was confirmed that the Avalokitesvara Bodhisattva
mural was painted after being painted over the finishing layer
made soil. As a result of cross-sectional examination of the
painted samples, it was found that the ground layer of the
mural was observed as a mixture of green and white particles,
and had a thickness of minimum of 52.03 µm and the
maximum of 342.4 µm. As a result of analysis on the
chemical composition of the layer, Silicon (Si) and Alumina
(Al) were the main components, and Iron (Fe), Potassium
(K), Calcium (Ca), etc. were detected. The ground layer
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seems to have been painted using soil-based pigments such

in the upper part and Silicon (Si) and Alumina (Al) were

as green earth or white clay.

found to be the main components in the lower part, indicating

The painting layer of P1 (white color) is confirmed to

that two layers exist. The P1 was painted using white clay

have a thickness of minimum of 266.5 µm and maximum

after the ground layer, and it seems that lead white with a

of 407.1 µm over the ground layer (Figure 9). As a result

thickness of minimum of 43.29 µm and maximum of 62.95

of the chemical composition analysis, lead (Pb) was detected

µm was overlapped on it.

Figure 9. Cross section of P1 sample (A, B: Optical microphotograph, C: FESEM-BSE microphotograph, D: EDS spectra).

Figure 10. Cross section of P2 sample (A, B: Optical microphotograph, C: FESEM-BSE microphotograph, D: EDS
spectra).

Figure 11. Cross section of P3 sample (A, B: Optical microphotograph, C: FESEM-BSE microphotograph, D: EDS
spectra).
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The painting layer of P2 (green color) was confirmed that

detected as the main element, and some Mercury (Hg) and

the thickness is minimum of 196.1 µm and maximum of

Sulfur (S) were also identified (Figure 12). It is estimated

253.7 µm over the ground layer. The painting layer is found

that the painting layer was painted using lead white and

to have two layers, and dark turquoise color (Hayeob) is

mercury sulfide pigments.

confirmed over the greenish blue color. In both layers, copper

Lastly, the thickness of P5 and P6 painting layers (yellow

(Cu) and chlorine (Cl) were detected as the main elements

color) was minimum of 26.2 µm and maximum of 81.8 µm,

(Figure 10), and it seems that they were painted using a

and both a layer of white color and a layer of transparent

copper chloride-based pigment.

yellow were confirmed over the ground layer (Figure 13, 14).

As for the painting layer of P3 (orange color) with a

In the painting layers of both samples, lead (Pb) was detected

thickness of minimum of 65.2 µm and maximum of 94.3 µm

as the main component, therefore it seems that lead white

is identified over the ground layer. In part of the painting

was used, and the element contributing to the color

layer, a thin layer of black applied under the orange painting

development of yellow was not identified, so it is presumed

layer is observed (Figure 11). As a result of analysis of the

that organic pigments were used. Phosphorus (P) and chlorine

chemical composition of the orange painting layer, lead (Pb) is

(CI) were detected at the top of the two samples (Figure 13,

the main component, therefore it seems that minium was used.

14), which seems to be related to the white stain found on

The painting layer of P4 (pale pink color) is confirmed

the surface of the painting layer. In addition, Iron (Fe),

to have a thickness of minimum of 25.08 µm and maximum

Silicon (Si), Alumina (Al), Potassium (K), etc. were mainly

of 30.99 µm over the ground layer (Figure 12). The painting

detected in the pale yellow layer under the ground layer of

layer is observed as a pale pink color with a mixture of white

P6 sample, which is presumed to be a soil-based material

and red particles. In the painting layer of P4, Lead (Pb) was

(Figure 14).

Figure 12. Cross section of P4 sample (A, B: Optical microphotograph, C: FESEM-BSE microphotograph, D: EDS spectra).

Figure 13. Cross section of P5 sample (A, B: Optical microphotograph, C: FESEM-BSE microphotograph, D: EDS spectra).

Manufacturing Technique of the Avalokitesvara Bodhisattva Mural Painting in Geungnakjeon Hall, Daewonsa Temple, Boseong
/ Yeong Gyeong Yu, Bong Goo Jee, Ran Young Oh, Hwa Soo Lee | 343

Figure 14. Cross section of P6 sample (A, B: Optical microphotograph, C: FESEM-BSE microphotograph, D: EDS spectra).
Table 4. The main chemical composition of the painting layer sample
Sample name

Description

Major elements

P1

White color

Pb, Fe, Si, Al

P2

Green color

Cu, Cl

P3

Orange clolor

Pb

Pale pink color

Pb, Hg, S

P5

Yellow color

Pb, P, Cl

P6

Yellow color

Pb, P, Cl

P4

Painting layer

Figure 15. Micrographs of identification of wooden structure result (A: Cross section
of pine group, B: Radial section of pine group, C: Tangential section of pine group,
D: Cross section of birch group E: Radial section of birch group, F: Tangential section
of birch group).
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3.4. Identification of wooden structure
The Junggit on which the Avalokitesvara Bodhisattva
mural was painted was identified as a pine tree. Pine trees
are conifers, with clear boundaries of annual rings and spring
and autumn trees, and the material is uniform, and vertical
tree regions are found in the cross section. In the radial
section, one row of bordered pits can be found, and
window-like pits were found in the field pits where the
tracheid and the ray parenchyma cell intersect at right angles.
In the wall of radial tracheids, dentate thickening, an
important characteristic that distinguishes pines and
cypresses, was identified. In the tangential section, the
adiabatic radiation structure and the spindle-shaped radiation
structure including the horizontal resin canal can be seen. In
the genus Pineaceae, it is divided into pines and cypresses
depending on the presence or absence of dentate thickening
in the radial section. Traces of dentate thickening were
observed, and it was identified as Pinus spp (Figure 15A~C).
Wooden laths in the wall of the Avalokitesvara
Bodhisattva mural were confirmed that it was made by using
various kinds of hardwoods and bamboo. As a result of tree
species analysis through exfoliated wood, it was identified as
Birch (Betula). Birch is a diffuse-porous wood with a smooth
transition of the size of the conduit within the annual ring,
and the shape of the conduit is circle or oval and composed
of solitary pores or 2-3 radial multiple pores. The conduit
has scalariform perforations, and the inter-conduit pits have
small alternate pitting. The medullary ray was multiseriate
ray of single row or 2-3 rows, and it was identified as a birch
genus as it was confirmed to be heteromorphic (Figure
15D~F). The genus of birch includes Dwarf small-leaf birch
(B. chinensis), black birch (B. davurica), Korean birch (B.
costata), and Erman’s birch (B. ermani).

4. DISCUSSION
By conducting scientific analysis on the structure and
material of the Avalokitesvara Bodhisattva mural of
Geungnakjeon Hall, Daewonsa Temple, it was possible to
identify the material characteristics and manufacturing
technique of the mural.
It was confirmed that the mural was painted on an earthen
wall consisting of vertical Junggits of 2 rows in the left and

right and 3 parts, and the wall is composed of a frame woven
into wooden laths with straw ropes, the earthen wall was
made by 3-step plastering of <first layer>-<middle
layer>-<finishing layer> in that order.
The layers composing the wall can be confirmed through
the difference in the composition of materials and the
condition of plastering according to the functional role. The
first layer is roughly plastered with soil mixed with loess,
gravel, and coarse sand around wooden lath, and the finishing
layer is plastered flat using fine sand to prevent cracks. Also
the condition of highly smooth plastering was found in the
lower layer where the finishing layer was peeled off,
indicating that the middle layer was produced.
In the wall of the Avalokitesvara Bodhisattva mural,
chemical components found in general soil materials such as
Silicon (Si) and Alumina (Al) were detected, and crystalline
aggregates having a plate-like structure and minerals of the
feldspar type were identified, therefore it can be said that
sedentary deposit and sand from rocks were used as the main
materials.
And considering the fact that the soil constituting the first
layer has high content of loess smaller than silt, is mixed with
coarse sand, and added with fibers such as chopped straw,
the first layer seems to be made under the conditions that
can improve the strength and durability of the wall. In the
finishing layer, it was confirmed that the content of fine sand
and very fine sand was high. It seems that the physical
properties are improved by using fine sand, but it was made
under the conditions in which very fine sand were mixed
relatively more than silt in order to prevent shrinkage and
cracking due to intergranular stress.
The structure of the Avalokitesvara Bodhisattva mural can
be said to be the same as that of Korean buddhist mural
paintings studied so far, and the materials used to make the
murals are also considered to be similar. However,
differences can be found in the combinations of the materials
and manufacturing techniques. For example, the support layer
of a mural is mud and wood (Junggit), and there is a ground
layer on it, and there is a paint layer painted with overlapping
colors. It is also characterized by a high content of fine sand
in the finishing layer. These are closely related to
conservation of buddhist murals. The earthen walls of
traditional wooden architecture in Korea are composed of
three layers, and each layer maintains a complementary
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5. CONCLUSIONS

relationship with each other. Though the rate of contraction
and expansion due to humidity or temperature is different,
so the cohesion between the layers is lost and separation

The Avalokitesvara Bodhisattva mural of Geungnakjeon

occurs, and such damage appears in most of the walls (Han,

Hall, Daewonsa Temple is made of wooden laths as the

2019). Such damage is not noticeable in the Avalokitesvara

frame, mixed with loess, sand, and herbaceous plants to

Bodhisattva mural of Geungnakjeon Hall, Daewonsa Temple,

create the first layer, and on top of which the middle layer

and it seems to be the result of the difference in the content

and finishing layer were made by mixing loess dough of high

ratio of fine sand compared to that of other buddhist murals

sand content and fibers. The painting layer seems to be

studied in the past.

painted by preparing a smooth mural surface with green earth

As for the color of the mural, information on five types

etc., and then painting lead white, white clay, atacamite,

of painting layers, including white, green, orange, pale pink,

minium, and cinnabar (or vermilion) pigments 1-2 times to

yellow and gray-green, which is the ground layer, was

create the icon. Especially through detailed analysis on the

identified. The component mainly detected in the soil was

painting layers of the cross section of the samples, the

identified for the ground layer, and this component may be

functional role of the ground layer widely used for buddhist

a soil-based pigment, and green earth or white clay appears

mural paintings could be confirmed.

to be used through the grains constituting the layer. Buddhist

The structure and materials of the Avalokitesvara

murals of Joseon Dynasty were usually painted after

Bodhisattva mural of Geungnakjeon Hall, Daewonsa Temple

preparing a stable and fine ground layer using yellow ocher

show similarity in the painting style in terms of the earthen

or green earth (Noerok) over the finishing layer (Lee et al.,

wall, painted pigments, and manufacturing techniques,

2015).

compared to those of the buddhist murals of Joseon Dynasty

The white painting layer of the Avalokitesvara

studied so far. Such information can provide useful data for

Bodhisattva mural was made by overlapping white clay and

diagnosing the conservation status of murals, and is expected

lead white, and it seems that the green painting layer used

to

atacamite, a copper chloride pigment. The orange painting

technologies for establishing conservation plans in the future.

provide

effective

information

on

materials

and

layer seems to be colored with minium, and the pale pink
is presumed to be made by mixing lead white and cinnabar
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ABSTRACT Gongsanseong Fortress was registered of a World Heritage Site in 2015 as a representative

cultural heritage from the Woongjin Baekje period, and it has been used throughout the entire period
from Baekje Kingdom to the Joseon Dynasty. Within Gongsanseong Fortress, the area around
Ssangsujeong is presumed the site of royal palace of the Woongjin Baekje. Also, the excavated culture
layers of the Baekje Kingdom, the Unified Silla period, and the Joseon Dynasty were confirmed. In
this study, paleotopography was modeled by digitally converting the elevation data obtained through
surveying the excavation process, and the use of the topography in the Ssangsujeong area was considered
by examining the variations in the topography according to the periods. As a result, the topography
of the slope around the peak changed by periods, and the topography did not change on the flat land.
The topography between the Baekje Kingdom and the Unified Silla period appeared to be almost
identical, and it seems that the space of the Baekje period was maintained as it is. Also, during the
Joseon Dynasty, it is confirmed that flat surfaces in the previous period were used. However, sediments
on the slopes flowed down, reducing the area of the flatland, and architectural techniques that could
utilize the natural topography of the changed slope were applied to interpret it as having a different
topography from the previous period. In order to model and interpret the paleotopography, excavation
data, geological and topographic analysis, and digital data must be secured. It is expected that location
conditions and ancient human life can be identified if the analysis technique in the study is applied
to other archaeological sites in the future.
Key Words Gongsanseong, Paleotopography, Geographic information system, Topography modeling,

Geostatistical analysis

1. INTRODUCTION

The current topography is the final result of various
factors, and it is difficult to know what process the

The topography is the shape of the earth’s surface formed

topography went through. Therefore, to indirectly confirm the

by the elevation, slope and curvature, and is changed by

change in topography, it is necessary to analyze the

internal and external factors. Internal factors influence

sedimentary layer and structure observed in the cross-section

macroscopic topographical changes, and external factors

of the soil layer. The soil texture of the sedimentary layer

dominate the formation of detailed topography. The internal

depends on the maturity level, and the sedimentary structure

factors are changes caused by the radioisotope decay energy

indicates the environment at the time.

inside the earth and include orogeny, volcanic activity, and

This analysis method is based on modern stratigraphy, and

subsidence or uplift of the crust. The external factors include

the vertical relationship of sedimentary layers is interpreted

the daily motion of sun, wind, rain, stream flow, and waves,

as a result of horizontal sedimentation (Walther, 1894).

which cause erosion, transportation, and sedimentation. The

Through the analysis of the sedimentary environment, some

resistance to erosion depends on the type of rock or

environmental changes can be inferred from hundreds to

metamorphism, which develops into various topography types

hundreds of thousands of years. Also, age dating technique

by differential erosion.

has recently been applied to identify the topographical
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topography. For information on the topography of the Baekje

changes in the historical era (Kim et al., 2016).
However, to check the cross-section of soil layer, trenches

Kingdom, Unified Silla, and Joseon Dynasty, cadastral survey

or drilling are required, and applying it to the site having

data performed during the excavation process were used.

cultural heritage is not simple task. Therefore, in analyzing

Cadastral survey data were prepared as contour maps by

the topography of cultural heritage, the topographic change

applying geostatistical techniques and were processed into

is traced in reverse by synthesizing data such as old maps,

digital elevation model or triangulated irregular network

ancient documents, archaeological excavation data, cadastral

model using GIS analysis software. Finally, the topographical

and topographic maps after the Japanese colonial era. Various

changes around the study area were reviewed by synthesizing

software capable of analyzing geographic information has

the paleotopography modeling results.

recently been developed, and Two-dimensional (2D) and
Three-dimensional (3D) modeling of paleotopography can be

2. METHODOLOGY

performed with these technologies. In addition, it is possible
to check the topography change according to the times and
analyze the site conditions of cultural heritage (Heo, 2020;
Lee and Heo, 2021).
This study investigates the topographical changes around
the Ssangsujeong Pavilion area in Gongsanseong Fortress by
synthesizing

geographic

information

on

the

current

2.1. Geography and geological setting
The Baekje Kingdom is an ancient country located in the
southwestern part of the Korean peninsula, and the period is
divided according to the location of the capital city. The
second capital of the Baekje Kingdom was Gongju
(Woongjin) from 475 to 538, and Gongsanseong Fortress was

Figure 1. Geography of the Gongsanseong Fortress. (A) Location of the Gongsanseong Fortress in Gongju city. (B)
Location of study area in the Gongsanseong Fortress. (C) The Ssangsujeong pavilion located at the peak of the study
area. (D) A view of the study area excavated in 2020.
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registered as a World Cultural Heritage Site in 2015 as a

underground of Ssangsujeong have sandy topsoil and loamy

representing the Woongjin Baekje period. The location of the

subsoil, so it is possible to have excellent water and air

royal palace during the Woongjin Baekje period has not been

permeability characteristics due to the overall high ratio of sand.

identified.
When synthesizing archaeological research data, it is
presumed that the royal palace site may be located inside
Gongsanseong Fortress or in the downtown area of Gongju
(Seo, 2001; Lee, 2001). The wide flat area is located around
the Ssangsujeong Pavilion inside Gongsanseong Fortress, and
small scale pond and building sites were discovered through
excavation, confirming its potential as a presumed royal
palace site (Ahn and Lee, 1987).
Gongsanseong Fortress surrounds Mt. Gongsan with an
altitude of 110 m and small peaks around it, and the
Geumgang river flows to the north, making it a favorable
terrain for defense against enemies. The main valley is
developed in the north direction of the fortress, and a vast
flat land has been created to centered on the lowland at the
bottom of the valley, and various types of building sites are
located (Figure 1A).
Most of the highlands near the peak are composed of
slopes, and the flat land in the Ssangsujeong area is the only
one except for the narrow space in the Imryugak building area.
Ssangsujeong is located on the southwestern peak of

2.2. Analytical method
The term of ‘geographic information’ has mainly meant
data on topography, features, geographical names, and
regional boundaries but recently, it concludes wide
information including various types of geographic spatial
coordinates directly or indirectly. In addition, to the cadastral
survey data obtained directly from the field, remote sensing
data obtained through aircraft or satellites are used together
with the data for analyzing geographic information.
Each constant is used as it is stands or converted by the
purpose of deriving the results desired by the user. During
this process, the resolution of the results correlates with the
amount and density of data, and overlapping, separating, and
schematizing each data can interpret the association between
the information (Estes et al., 1987).
In the study, the numerical information on the current
topography and elevation information acquired during the
excavation process was analyzed in order to confirm the
topographical changes in the Ssangsujeong area by the

2

period. For information on the current topography, a 1:1,000

centered on the high peak. Jinnamru, which corresponds to the

scale numerical topographic map was produced through

Gongsanseong Fortress, with a flat land of over 10,000 m

south gate of Gongsanseong Fortress, exists to the southeast
of Ssangsujeong and is surrounded by steep slopes except for
the entrance to the east of Ssangsujeong (Figure 1B, 1C, 1D).
The formation of topography has a high correlation with
the distribution of geology and soil in the area, and the rock
and geological status of the Gongsanseong Fortress have been
reported by Kim et al. (1976) and Lee and Jo (2012). As
geological map, a diverse rock species distributed widely in
Gongju such as metamorphic rocks of the Precambrian,
gneissic granite and biotite granite of unknown age, andesites
of the Cretaceous, and sedimentary rocks composing the
Gyeongsang Supergroup.
Among them, Gongsanseong Fortress is located in the
Precambrian migmatitic gneiss, and small-scale intermediate
and acidic dikes that penetrated it are observed in
Gongsanjeong and Yeongeunsa temple. The area of the
Ssangsujeong is composed of migmatitic gneiss never
intruded by any dikes. Meanwhile, soils composed the

precise surveying of the Gongsanseong area. The coarse
curve of 0.25 m, the minimum unit of contour lines, was used
as the standard.
Geographic information uses a different coordinate system
depending on how the shape of the geoid ellipsoid is defined,
and the GRS80 ellipsoid adopted as a standard by the Korea
National Geographic Information Institute was used. The
coordinate system proposed by the European Petroleum
Survey Group was used for the detailed location of the
ellipsoid. Considering the location of Gongju, it was
projected on the TM central origin coordinate system (EPSG
5186) based on the coordinates at 127˚ East Longitude and
38˚ North Latitude.
In order to estimate the surface of the Baekje, Unified
Silla, and Joseon, survey and 3D scanning data at the time
of excavation were reviewed. The cadastral survey data are
elevation data measured using a light wave machine, and the
elevation of the cornerstones and excavated culture layers of
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used for the digital conversion of contour plots and elevation

the building site according to the period is recorded.
These data were marked as points on a 2D floor plan

values. ArcGIS (ESRI) was used for terrain analysis and 2D

printed on paper, the elevation value was recorded manually,

modeling of converted digital data, and Sketch Up (Trimble)

and the conversion process into digital data was performed

was used for 3D modeling and cross-sectional image analysis

for geographic information analysis. In addition, to verify the

of the terrain. The results of working with each software have

reliability of surveyed data, the size and tendency of

different extensions, and for data compatibility, the

deviation were confirmed by comparing the elevation values

conversion process has been frequently considered in

for the same point of the 3D scanning data and the survey

consideration of the suitability of the software.

data at the time of excavation.
Elevation values by period present in XYZ coordination

3. DATA PROCESSING AND MODELING

system and the elevation between each points is empty. Thus,
geostatistical techniques such as interpolation should be

3.1. Two-dimensional plane modeling

applied to infer the elevation value between points. This
study applied Kriging interpolation as an interpolation model
to prepare a contour map. The topographic changes from the
Baekje period to the present were reviewed through
topographic analysis such as slope direction and aspect.
A digital elevation model for each period was produced
using the prepared contour map. Finally, the sedimentation and
human reclamation activities which caused these changes in the
terrain were examined, and how the spatial utilization of the
Ssangsujeong area changed by the perioed was examined.
For these analysis, application program Surfer produced
by Golden software was used to produce contour plots using
historical elevation values, and AutoCAD (Autodesk) was

The excavation of the Ssangsujeong area was carried out
in two major steps. It was confirmed that various soil layers
were distributed from the Joseon Dynasty layers at shallow
depths to the Baekje Kingdom layers in deep depths. In this
process, light wave surveying was performed twice by
dividing the depth, and 3D scanning was performed only
during the first excavation survey to record the overall shape
of the terrain.
In order to infer the ground surface by period, the point
where the cornerstone of the building site is located was
taken as a reference point. The cornerstone of the Joseon
Dynasty was manufactured by processing the stone material,

Table 1. Deviation calculated between two methods on each same coordinate
X-axis

Y-axis

211,272.2072

Elevation (m)

Deviation (m)

Cadastral survey

3D scan data

429,361.7037

77.700

78.040

-0.340

211,284.8220

429,361.0867

75.900

75.955

-0.055

211,288.3105

429,339.3772

74.600

74.798

-0.198

211,297.1419

429,337.6898

74.300

74.251

+0.049

211,289.9670

429,313.1407

74.100

74.275

-0.175

211,303.7986

429,310.7699

74.100

74.175

-0.075

211,312.7237

429,312.7541

74.000

74.092

-0.092

211,313.6146

429,317.9380

74.000

74.038

-0.038

211,313.1765

429,327.9564

74.200

74.259

-0.059

211,307.9985

429,329.5236

74.200

74.244

-0.044

211,302.1291

429,329.1399

74.200

74.275

-0.075

211,288.8222

429,334.5108

74.800

74.927

-0.127

211,292.1743

429,331.7523

74.400

74.522

-0.122

Deviation average

-0.104
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and the upper surface of the cornerstone was measured with
light waves and the elevation value was corrected as much
as the thickness of the cornerstone.

0.104 m lower on average (Table 1).
It was found to have low elevation values of cadastral
survey at all points, a collective error that occurred during

On the other hand, buildings in the Baekje and Silla

the measurement process. In some points, a large deviation

periods did not use cornerstones, and the pillars were

of 10 cm or more was observed between the 3D scanning

installed by laying gravel or drilling holes in the ground. The

and cadastral survey data. There is a difference in the time

building site with a hole in the ground is different from the

of acquisition of the two data, and it is discussed that the

ground level in each period, and the elevation value of the

topography has been artificially changed during the

point which is parallel to the surrounding soil layer was used.

archaeological excavation process.

In light wave surveying, a person manually adjusts the

Since the 3D scanning data was performed only once, data

light source using a telescope, and errors may occur

by cadastral survey were used because it was not possible

depending on the skill level of the person using the device,

to secure data on the surface of the ground in various periods.

the survey environment, and the method of setting the

Since the error of the same trend occurs in all data, if a

reference point. Therefore, to examine the error vectors of

precise reference point for the current topography is

the elevation values, the deviation and overall tendency were

established, the relative position of the topography by the

confirmed by comparing the elevation values for the same

period can be interpreted.

points of the light wave measurement and 3D scanning data.

The historical elevation value obtained through shape

In result, the elevation value measured by light wave was

information on the current terrain and cadastral survey data

Figure 2. Cadastral survey points around the Ssansujeong area in Gongsanseong Fortress.
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conducted during the excavation survey was used as basic

the Baekje Kingdom, 21 points in the Unified Silla period,

data under study, corresponding to an altitude above sea

and 23 points in the Joseon Dynasty (Figure 2). These were

level. However, the sea level has difference due to geological

calculated how much the elevation value corresponding to

factors in the past, and this difference caused on the uplift

each period is located below the current surface and created

and subsidence of the topography was not reflected.

a contour map for each period using the Kriging interpolation

To standardize the elevation value, a point where the

method.

topography has hardly changed from the Baekje period to the

In result, the elevation value of the Baekje period is

present is set as a reference point, and the deviation from

located at an average of 0.65 m below the current

the current topography can be calculated to check the change

topography. During the Unified Silla period, it has a depth

according to the period. In the case of soil or trees, location

of 0.61 m, almost similar to that of the Baekje period.

changes may occur depending on creep or growth. It was

However, the reference plane of the Joseon Dynasty was

selected based on the exposed bedrock at 80 m above sea

found to be distributed at a depth of about 0.40 m from the

level with the highest elevation value in the Ssangsujeong

current surface, confirming a difference of more than 0.20 m

area under study.

from the topography of the Baekje and Unified Silla periods

In order to prepare a contour map by period, the results
of a cadastral survey of a total of 90 points were used.

(Figure 3). This difference in depth means that deposition by
weathering proceeded over time.

Among these, 46 points is elevation value for the surface of

Figure 3. Maps showing the contour changes around the Ssansujeong area by period.
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3.2. Topographic analysis
A contour line is a collection of the same elevation points,
and in the coordinate system, the Z-axis has the same value,
but the X- and Y-axis are in the form of vectors including
directions and value. Since vector type data does not distort
actual, it has an excellent spatial matching of the data and
high resolution. Meanwhile, due to the high complexity of
the data, it requires high-end hardware and a long time to
compute it. For efficient analysis, it needs to be converted
into raster data that inputs information into individual pixels.

Raster data is a form of inputting information into each
pixel. It is digital elevation model used widely, in which
elevation values are entered into each pixel. To convert the
contour plot, which is vector data, an triangulated irregular
network model was applied, and the elevation value was
input by dividing it into pixels. If the pixel size of the digital
elevation model has controlled smaller, the resolution
increases. In this study, considering the size of the soil layer,
one pixel is set up a units of several centimeters to observe
changes in the topography.
Digital elevation models were produced according to the

Figure 4. Topographical modeling results around the Ssangsujeong area by period.
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period to analyze the slope and aspect of the topography in

and a gentle slope was developed in the south direction. The

Ssangsujeong area. In particular, a slope angle is closely

topography of the Unified Silla period appeared identical to

related to the environment in which erosion and deposition

that of the Baekje Kigdom, and it seems that the area of

occur. In addition to the slope, the density of sediments,

topography was maintained without any significant changes

precipitation, and distribution of vegetation have a

in both periods. However, during the Joseon Dynasty, the

comprehensive effect (Figure 4).

slope area around the peak widened in the east and south

To distinguish the difference in sedimentation and erosion

directions, and the area of relatively flat topography

by the period, it is necessary to infer the environment at the

decreased. It is appeared the slope around peaks having an

period, although it is difficult on current research data.

inclination of more than 15˚ over all eras, so erosion is likely

Therefore, we used factors caused in erosion and

to occur predominantly.

sedimentation in general conditions as the standard under
study. Above all, the slope was distributed because erosion
predominantly occurs when the slope exceeds 15˚, the lower
limit of debris flow occurrence (Kim and Lee, 2014).
For the aspect, the direction was divided into eight equal
parts to distinguish colors, and the difference in inclination
was marked with shades to visually express the change in
the overall topography. In the case of inclination, different
colors were expressed based on 15˚ to confirm macroscopic
topographical changes, and microscopic changes in the terrain
were reviewed by dividing them into 3˚ units for slopes
smaller than 15˚. As a result of the topographic analysis of
the basic model corresponding to the current topography, it
has a steep slope of around 15˚ around the peak of the
Ssangsujeong area. The slope extends long to the east, so the
flat land is widely distributed south of the Ssansujeong.
However, it has a characteristic that the slope becomes
gentler toward the end (Figure 4).
Unlike the basic model in which the slope was developed
to the east, the topography of the Baekje Kingdom was short
and steep in the length of the slope to the east of the peak,

3.3. 3D modeling and cross-section analysis
3D modeling was performed virtually to restore the shape
of the topography around the Ssangsujeong area and to
examine the changes in the topography by cutting the
cross-section. It is performed in many ways from nano-sized
objects to urban planning over several kilometers. In
conservation science, 3D scanning technology is actively
applied to record shape information on the original form of
cultural heritage (Lee et al., 2012), and scanning data is
modeled and used for scientific analysis or tourism product
production (Lee et al., 2005; Jo and Lee, 2009; Jo and Lee,
2011; Jo and Lee, 2012). Recently, geographical information
has been analyzed through digitalization of current
topography and archaeological excavation data to estimate
paleotopography or review location conditions (Heo and
Yang, 2021; Lee, 2022).
However, there are a few cases in which the changes in
the topography according to each era are converted into
geographic information based on the excavation data and

Figure 5. Diagrams showing the cross-section topography around the Ssangsujeong area using 3D modeling.
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analyzed by 3D modeling. In this study, the shape of the 3D

Ssangsujeong area is located and the flat land around it and

topography of the time was modeled using a contour map

to confirm the topography change visually.

by the period, and the shape of the cross-section was compared
to examine the change in the topography (Figure 5).

Although the 3D modeling data can confirm the visible
topography change, the quantitative comparison is difficult,

To increase the resolution of the modeling, the grid unit

so the topography of area changes were examined by cutting

of the 3D shape should be set to the smallest size possible,

quantitatively and overlapping sections from 3D modeling

and one grid was set to tens of centimeter as the actual terrain

data. Since the change in the topography according to period

to confirm the change in delicate terrain. As a result of this

mainly changes around the eastern slope of the peak, where

modeling, it was possible to identify the slope where

Ssangsujeong is located, the cross-section in the east-west
direction was compared around the peak (Figure 6).
Flat lands in Ssangsujeong area exceed 100 m in left and
right width, and changes in altitude occur within a small
range within 10 m, making it difficult to confirm changes
in fine terrain when compared in the same scale (Figure 6).
Therefore, the change pattern was observed by amplifying the
accumulation of the Z-axis corresponding to the altitude
above sea level.
As a result of overlapping the topography of all periods
from the Baekje period to the present, there are little change
in the topography according to the times in the peak and flat
land where Ssangsujeong Pavilion is located, and the
thickness and slope change around the slope. It can be seen
that the topography hardly changed from the Baekje
Kingdom to the Unified Silla period, and the sediments
thickly accumulated around the slopes in the Joseon Dynasty.
In the cross-section of the current basic model, the area of
the flat land increases as the level of slope, so it is judged
that there was an effect by artificial clearing activities caused
in natural erosion and deposition.

4. DISCUSSIONS
4.1. Sedimentation and human activities
In this study, to analyze the topographic variations around
the Ssangsujeong of the Gongsanseong Fortress, the rock
distribution and the effects of erosion and sedimentation were
examined. The Ssangsujeong area is composed of migmatitic
gneiss, and dyke intrusion is not observed around it.
Therefore, there is no difference in the weathering
mechanism depending on the rock species, and only the
difference in weathering resistance due to the heterogeneity
of the rock is likely to exist.
Figure 6. Variations of cross-section for topography
around the Ssangsujeong area by period.

The soil in this area corresponds to weathering soil of
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migmatitic gneiss, and it requires much energy to be

explain the topographic changes in the Ssangsujeong area

transported due to its low clay content and high content of

only through natural topographic changes, and there is a

sand and relatively large particles. Sediment transport is

possibility

carried out by fluids such as running water, wind, and

progressed.

that

artificial

reclamation

activities

have

glaciers, and also the most process of the sedimentation
occurs predominantly in environments such as rivers, seas,
and lakes. However, the research area is an onshore
sedimentary environment consisting of the foot of a mountain
or plain, and sediments are mainly moved by precipitation
and gravity. They are closely affected by the topography of
the area.
Archaeological excavations have been conducted at
various points in Gongsanseong Fortress more than a few
times. The excavation depth varies depending on the altitude
above sea level and the distribution of the topography. In case
of Gongbukru, which corresponds to the north gate, to reach
the excavated culture layer of the Baekje Kingdom, at least
4 m from the surface must be excavated and it can be found
up to a depth of 7 m.
The area of Gongbukru is the lowest place in
Gongsanseong Fortress, and two valleys are developed in the
direction of Gongbukru, making it easy to transport
sediments. On the other hand, in the excavation of the
Ssangsujeong area, which corresponds to the highlands, the
excavated culture layer is excavated in the shallow part of
about 1 m. It is interpreted that the rate of accumulation of
sediments in the Ssangsujeong area is very slow compared
to the lowland area.
The slope near the peak in the Ssangsujeong area inclines
more than 15˚, so the sediment formed by weathering can be
transported to the lower side of the slope. However, the soil
must have been continuously deposited because the sediment
movement is limited on flat land. The soil on the slope will
stabilize as it gradually moves in the direction of gravity due
to precipitation or creep, and sediment will gradually
accumulate on the flat land. Therefore, if there are no
artificial human activities, the culture layer of Joseon Dynasty
should be located in higher than the Baekje period because
sediments continuously accumulate all over time.
As a result of examining the changes in the topography
by all periods, differences in the depth of the excavated
culture layer are observed around the slope. However, in flat
land, the excavated culture layer of various periods tends to
appear at almost the same depth. Thus, it is difficult to

Figure 7. Diagrams showing the spatial changes and
human activities around the Ssangsujeong area by
period.
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4.2. Topographic change and space utilization
There is no research data on when the topography of the
Ssangsujeong area began to have this shape. In the
archaeological field, it is assumed that a large-scale human
activity was carried out to build facilities after constructing
the Gongsanseong Fortress. The location condition of
Gongsanseong Fortress presents that it can effectively block
enemies coming down from the north by using the natural
topography of the Geumgang river and Mt. Gongsan. In
particular, the Ssangsujeong area is located at the highlands
in the south, so it is a crucial point where people in the
fortress can look down on the situation in the north.
Besides, it has known as the presumed royal palace site
because there are many historical building sites in the flat
area around Ssangsujeong Pavillon result in the excavation
survey. Therefore, to install ancillary facilities perfoming
administrative functions and create a space for people to
work, cutting the slope and flattening the flat land must have
been performed (Figure 7A). The flat land formed in this way
was continuously used during the Unified Silla period, and
the minimum flattening work was performed for space
utilization (Figure 7B).
Since then, Gongsanseong Fortress was not been actively
utilized in the Goryeo Dynasty. In the Joseon Dynasty, there
was Chungcheong Gamyeong, an administrative agency, in
Gongsanseong Fortress, and the entire topography was
reorganized. After the Unified Silla period, sediments caused
by erosion continued to flow in, and the topography of the
flat land would have partially changed (Figure 7C), and it
seems that the excavated culture layers of Baekje and Unified
Silla period were used in the process of human activities to
utilize the flat land (Figure 7D).
However, the method of utilizing the sloping terrain seems
to having changed by periods. Before the Joseon Dynasty,

historical buildings were built on flat land by cutting all
slopes. While in the Joseon, the topography of the slope was
never processed, and the foundation stone was installed on
it (Figure 7E).
This difference reflects the architectural techniques of the
Joseon Dynasty, which used the natural topography as it is
and adjusted the height of the pillars. Therefore, it is
interpreted that the difference in the excavation depth of the
excavated culture layer according to the period on flat land
and slopes was influenced by the use of space and changes
in construction techniques.
The space around Ssangsujeong area was continuously
used during the Japanese colonial and modern times (Figure
8A). During the Japanese colonial period, it was used as a
horse yard for grazing and raising horses, but in modern
times it was used just as a playground (Figure 8B, 8C). In
this circumstance, the flattening was continuously performed.
The slope was cut as much as possible to secure the most
expansive space, and the current condition was maintained.
The topography of the Ssangsujeong area has been utilized
throughout the ages and it has been continuously managed
through the needs of the human life. It means that the
Ssangsujeong area has a vital location within the
Gongsanseong Fortress, so the value of space utilization is
excellent, and these characteristics could be indirectly
confirmed through changes in the topography.
The topographic analysis technique applied in this study
reviewed the changes in topography according to the periods
based on archaeological excavation data and current
geographic information. However, archaeological excavation
is carried out in a limited range, and due to this, it can be
applied in a limited range around the flat land in the
Ssangsujeong area. Moreover, most of the excavation data in
the archaeological field exist in analog form. There are many
cases where the amount of data is insufficient, such as the

Figure 8. Utilization of the flat land around the Ssansujeong area in modern time. (A) is a scene on the Japanese colonial
period in 1920, (B) and (C) show this place is used by playground in 1960s.
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absence of 3D scanning data or performing only simple

and the elevation value between points must be inferred

cadastral surveys.

through geostatistical techniques to confirm the shape of the

In order to apply the analysis of the topography to various

topography. Thus, Kriging interpolation was applied, and

archaeological sites in the future, 3D scanning must be

connecting points created a contour map with the same

performed during the excavation process to secure the surface

altitude value. In result, it was found that the contour lines

shape data by the periods, and database have to be established

of the Baekje Kingdom and the Unified Silla period were

through the archiving of digital data. Also, if scientific

almost identical. However, it was confirmed that the slope

analysis results are collected together, it is expected that the

was distributed over a relatively wide range in the Joseon

restoration of highly reliable paleotopography will be possible

Dynasty.
5. Applying an triangulated irregular network model to the

to restore.

contour map by period was converted into raster data, and

5. CONCLUSIONS

the slope and aspect were modeled. As a result, it was found
that the slope angle had high and the flat land showed vast

1. Gongsanseong Fortress, the subject of the study, has

during the Baekje Kingdom and the Unified Silla period. On

been continuously excavated from the 1980s to the present,

the other hand, during the Joseon Dynasty, the slope became

and excavated culture layers of the Baekje Kingdom, Unified

gentle, and the space of the flat land became somewhat

Silla period, and Joseon Dynasty appear at various depths

narrow.

depending on the surrounding terrain and location. In the

6. A polygon model was produced through a 3D modeling

study, the geological and topographical status of the

process for the topography. The elevation change was

Gongsanseong Fortress was analyzed, and the excavation data

confirmed by cutting a cross-section around the peak and

of the Ssangsujeong area were reviewed to analyze the

overlapping it. As a result, it was found that there was little

transition process of the paleotopography according to the

change in elevation in the Baekje Kingdom and Unified Silla

periods.

periods, and some difference in the shape of the slope with

2. The Ssangsujeong area corresponds to the highlands

the Joseon Dynasty. Although the elevation value of the slope

where the peaks are located and a vast flat land has been

varies according to period, the elevation value of the flat land

created. The flatland has a length of about 100 m in the

shows almost the same depth regardless of period.

east-west and north-south directions, and in the northwest of

7. If sedimentation has continued in the Ssangsujeong

the flatland, the slope with an elevation of 81 m above sea

area, the stratum of the ancient era should be located in the

level is distributed around the peak. Rock species composing

lower part. However, regardless of the period, the flat land

this area is only migmatitic gneiss type, and the boundary

has the same elevation value, indicating that artificial human

of other rocks or intrusion of dikes cannot be confirmed.

activities continued in the Ssangsujeong area. Unlike the

3. During the excavation, the elevation values of the

Baekje Kingdom and Unified Silla periods, when buildings

excavated culture layers of the Baekje Kingdom, Unified

were built after flattening the terrain. It was interpreted that

Silla period, and Joseon Dynasty were measured and

the construction technique using the natural terrain was

recorded. The overall distribution of the layers could be

applied during the Joseon Dynasty.

confirmed by performing 3D scanning. In order to examine

8. The change trend in the topography of a narrow area

the reliability of the survey result, it was compared with the

was reviewed for the range in which the excavation survey

3D scan data. Although a slight deviation was confirmed

was conducted under study. These research techniques can

between the two data, the overall trend was similar.

be analyzed only by synthesizing research results in various

Therefore, the current topography was set as a reference, and

fields. For this reason, a database must be constructed by

the depth of the stratum corresponding to each period was

digitally converting analog data and collecting 3D shape

calculated and extracted as digital data, which is expressed

information. If these data are comprehensively interpreted, it

in the 3D coordinate system.

is expected that paleotopography reconstruction with higher

4. The obtained coordinations are in the form of points,

reliability will be possible, and the analysis method under
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study will be proper to restore paleotopography.
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