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Abstract

The Guangyuan Thousand-Buddha grotto is of great value in researching the spread of Buddhism in China. To explore
a scientific deterioration degree evaluation method, the authors selected 11 grottos from the middle Tang Dynasty in
the Guangyuan Thousand-Buddha grotto as survey objects; a traditional deterioration investigation was undertaken,
and an analytic hierarchy process (AHP method) was applied to build a system to calculate the weight of 15 dete-
rioration criteria and evaluate the deterioration degree of the grotto. The results showed that 15 deteriorations can
be classified into two categories: stability deterioration and weathering deterioration. Each deterioration has its own
weight on affecting the preservation condition of the grotto. In contrast to realistic conditions, the calculation results
can quantitatively reflect the preservation condition of the grotto. The results offer a quantitative basis for determin-
ing the priority of grotto conservation and verifying the feasibility of the AHP method in helping conservators identify
major deteriorations or judge conservation orders. This research proposes a quantitative evaluation method for the
deterioration degree of the grotto, which can lay the foundation for further conservation of the grotto.
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Introduction

Grottos are valuable heritage sites in China with high
history, art and science values that began in the Han
Dynasty and thrived from the North Wei Dynasty to the
Tang Dynasty. They can be classified as Xinjiang grottos,
north grottos, south grottos and Tibetan grottos accord-
ing to regional and archaeological features [1]. The south-
ern grottos refer to grottos distributed on the southern
side of the Huaihe River of China, which arose in the
eighth century and were usually excavated in sandstone
formations [2]. Sandstone is easy to carve because of its
relative softness, so the grottos and sculptures were often
excavated at the sandstone mass directly, which has led to
weathering, water deterioration and stability problems.
According to statistics, the southern grottos account for
42.9% of Chinese grottos, and the grottos in Sichuan and
Chongging account for more than 80% of the southern

grottos [2]. A large number of grottos with high values
are distributed in Sichuan Province, Southwest China.
They are outstanding representatives of grottos from
later times in Chinese history, which is meaningful when
reconstructing the local history of Southwest China [3].
After experiencing hundreds of years of natural erosion
and human destruction, most of these grottos have devel-
oped serious deteriorations that threaten their long-term
existence and preservation. Existing research reveals that
most grottos in Sichuan suffer from dangerous rock mass
deterioration, sandstone degradation, water deterioration
and biological deterioration due to the wet and rainy cli-
mate, soft sandstone properties and dense seismic zones
[2, 4].

The preservation condition of grottos is affected by
the combined functions of various factors, such as sand-
stone properties, grotto deterioration and environmental
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factors, including the geological environment, meteoro-
logical environment, biological environment and human
environment [5]. Among these factors, deterioration
obviously influences the preservation condition. Thus,
grotto deterioration is a combined function of various
factors, and the result is the joint contribution of multi-
ple deteriorations. Grotto deterioration is usually repre-
sented by the type and quantity of deteriorations, which
have been identified by field investigations [6, 7]. Weath-
ering is the most common deterioration in the Gungy-
uan Thousand-Buddha grotto, which includes physical
weathering and chemical weathering. Existing studies
have revealed that temperature fluctuation and water
deterioration are the main causes [8, 9]. In most research,
the degree of grotto deterioration has been character-
ized by qualitative descriptions such as “good’;, “moder-
ate’, “poor”, and “very poor”. The reality is that there is
no common quantitative standard for the deterioration
degree. This representative method depends on the sub-
jective sense of investigators to a certain extent, although
most of the investigators are professionals. Since the con-
tribution of each deterioration is different, the qualitative
representation cannot reflect the deterioration degree
and the priority of different deteriorations [7], which
leads to a lack of guidance for the conservation of grot-
tos. Therefore, it is essential to research the weight of
each deterioration and represent the deterioration degree
in a quantitative method.

The analytic hierarchy process (AHP method) is an
analysis method that combines qualitative and quantita-
tive analysis and has been widely used in heritage assess-
ment in recent years. Several applications of the AHP
method for evaluating the risk or the value of heritage
sites have been presented in national and international
specialist literature. In the conservation of historic build-
ings, the AHP method was used for the comparison of
various intervention alternatives on the basis of certain
evaluation criteria aimed at obtaining a preference index
[10]. Researchers from Lanzhou University analysed the
stability of dense caves in southern areas of the Mogao
grotto and evaluated the risk degree of dangerous rock
bodies by using the AHP method and fuzzy AHP method.
Thirteen indices were selected, and the overall hazard of
the cliff was evaluated [11]. A hierarchical structure was
established for researching the evaluation system for the
development of scaling off of earthen sites in Northwest
China, and the degree of scaling off development was cal-
culated by using Fuzzy-AHP [12]. In conserving and reus-
ing the industrial heritage, the AHP method and a fuzzy
set were used to translate expert comments and build a
value evaluation system. The result showed that the inte-
gration of AHP, fuzzy sets and D-S theory established
a mathematical model providing a new approach for
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heritage conservation [13]. Researchers from Romania
present the applicability of the AHP method, frequency
ratio and statistical index in landslides in susceptibility
mapping for heritage in dangerous areas, and the results
revealed that although three calculation methods suggest
different most important triggering factors, all three cal-
culation models have shown good success [14]. In other
research areas, the AHP method was used for risk assess-
ment [15]. The AHP method combined with GIS was
used to assess the hazard of floods near the world herit-
age in Thailand [16], while the same method was applied
to evaluate the forest fire risk in Iran [17]. A risk assess-
ment of water inrush to coal seams was conducted by
TFN-AHP and TOPSIS techniques [18]. From the above
content, we conclude that the AHP is a simple and effi-
cient method to calculate the weight of the index and
evaluate the goal layer. The existing related research in
heritage conservation has focused on the risk assessment
of one deterioration, such as the stability deterioration
assessment in the Mogao grotto [11], an earthquake risk
assessment system for grottos [19], or a rainstorm risk
assessment for sites [20]. Generally, research on quantita-
tive assessments of the integrated deterioration degree of
grottos is inadequate. In this research, the AHP method
was selected because it can reflect the subjective inten-
tion of the decision-maker, provide a hierarchical struc-
ture, facilitate decomposition and pairwise comparisons,
reduce inconsistencies and generate priority vectors [12,
21]. The AHP method was used to establish a system for
evaluating the deterioration degree of the grotto because
of its combination of subjectivity and objectivity in this
research. In this research, the authors selected 11 grottos
from the Tang dynasty in the Guangyuan Thousand-Bud-
dha grotto as the study objects. The AHP method is used
to calculate the weight of each deterioration and char-
acterize the deterioration degree of the grotto [22]. This
research proposes a quick and simple calculation method
for the deterioration weight and deterioration degree
of the grotto and is an important component of the risk
assessment of the grotto, which is beneficial for judging
the urgency of the preservation condition of the grotto in
a quick and effective way and offers a basis for conserva-
tion and consolidation.

Study object

The Guangyuan Thousand-Buddha grotto is located in
Guangyuan, Sichuan Province (Fig. 1), which was exca-
vated from the North Wei to Qing Dynasties [23]. The
grotto was distributed on the face of a cliff alongside the
east bank of the Jialing River. The Jinniu Road passes
under the cliff, which was an important path through
which Buddhism spread from central China to the Shu
area [3]. In a digital investigation, 949 grottos and more
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Fig. 1 The study area in this research (drawing by authors)

than 7000 stone sculptures were confirmed, most of
which were created during the Tang Dynasty, present-
ing a high level of history, art and science value in the
southern part of China. Owing to its high value and seri-
ous preservation, the Guangyuan Thousand-Buddha
grotto was honoured as the first state-level key cultural
relic preservation organization in 1961, and urgent repair
treatments were needed [23]. However, several important
questions must be answered before starting the work:
Which deterioration is the most common and which
is the most serious? Which deteriorations may lead to
stability problems and which may result in weathering
deterioration? Which grottos should be conserved first?
Therefore, it is necessary to conduct a systematic and
quantized deterioration investigation on the grotto, not
only to answer these questions but also to offer a decision
basis for conservation.

In this research, we selected 11 grottos excavated from
the middle Tang Dynasty as research objects (Fig. 2)
because of their outstanding value and representative
art styles. They are NO.86, NO.211, NO.213, NO.214,
NO.400, NO.512, NO.513, NO.535, NO.689, NO.805,
and NO.806. Basic information about these grottos is
listed in Table 1.

Method

Field investigation

Because of the similarity of the geotechnical cultural
relics, in this research, a deterioration classification
of earthen sites was used for reference [24]. Grotto

deterioration is classified into two major categories
based on the damage degree and scale [24]. One cate-
gory is regional deterioration, which results from geo-
logical disasters such as landslides and debris flows.
These deteriorations may lead to the disappearance or
overall damage of grottos and often take place in the
occurrence environment of grottos. Regional deteriora-
tion is beyond the scope of this research. The other is
deterioration of the main body, namely, deterioration
of the caves, sculptures or wall paintings. This kind of
deterioration can be classified into two categories in
more detail: one may lead to a stability problem, and
the other may lead to a weathering problem [24]. In this
research, the authors only surveyed the deteriorations
on the main body of the grotto. There is no common
standard for grotto deterioration classification. The
deteriorations in this research were named by referring
to the classification and legend on the deterioration of
ancient stone objects (WW/T 0002-2007), issued by
the State Administration of Cultural Heritage of the
People’s Republic of China [25]. Stability deteriorations
involve scaling off, detachment, water deterioration,
body loss, cracks and plant damage [2, 25]. These dete-
riorations can affect the safety of the grotto directly,
leading to body loss or disappearance. They have small
quantities but develop quickly and destructively. The
deteriorations that result in weathering problems can
be classified as physical weathering, chemical weath-
ering and biological weathering according to the for-
mation mechanism [2]; in this research, they are
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Fig. 2 The location of study objects in the Guangyuan Thousand-Buddha grotto (pictures from Guangyuan Thousand-Buddha Museum; drawing
by authors)

Table 1 Basic information on grottos excavated from the middle Tang Dynasty

This grotto was excavated from the middle Tang Dynasty, with a height of 3.6 m and depth of 1.4 m.The

NO Name Basic information
86  Amitabha grotto

preserved condition is good
211 Suting grotto

213
214
400

512

513
535

689

805

806

/
Vairocana Buddha grotto
Central Stupa grotto

Dayun old grotto

Weikang grotto
Lotus grotto

Thousand-Buddha grotto

Benefactor’s grotto

This grotto was excavated in 723 AD by the Suting. It is a circle arch grotto with a height of 1.8 m, width
of 1.64 m, and depth of 0.85 m

NO.213 was excavated from the middle Tang Dynasty, and the detail time is not clear
This grotto was excavated from the early stage of Tang Kaiyuan

This is an uncompleted grotto. The outer cave is a horizontal rectangle. In the centre, a square column
was planned to be excavated but unfinished

This grotto and NO.513 were both excavated by Weikang, a government official, from 715 to 722 AD. This
cave is located in the centre of whole Thousand-Buddha grotto and is the largest grotto

This grotto and NO.512 were both excavated by Weikang, a government official, from 715 to 722AD

This grotto was excavated from the Wuzhou period (690-697 AD) and is below the Thousand-Buddha
grotto (NO.689). At the inner top of the grotto there is a lotus, so it was named the “Lotus cave”

This grotto was excavated from the middle Tang dynasty and the detail time is unclear. Since the sur-
rounding wall was sculpted with thousands of small buddhas, it was named the “Thousand-Buddha cave”

This grotto is NO.806, and there were 6 couples of benefactors sculpted in the grotto, so it was called the
"Benefactor’s grotto”

Shakyamuni and Prabhutaratna grotto  This grotto is located in the south end of the cliff and is named for its elegant sculpture

collectively called weathering deteriorations. There
are nine weathering deteriorations based on the form,
namely, rock powdering weathering, deep loss, salt
crystallization, pigment layer peeling off, paint layer
craquelure, scratch or graffiti, improper repair, surface
pollution and microorganism pollution. They exist on
the grotto for a long time and do not affect the safety of
the grotto in the short term but will result in main body

loss slowly in the long run. They are distributed widely
with slow development and are weakly destructive.
Obviously, the two kinds of deteriorations make differ-
ent contributions to the grotto preservation condition.
From this investigation, almost all these typical dete-
riorations can be found at the survey objects (Table 2).
The deterioration data were investigated and collected
in Tables 3 and 4. All data are from the Guangyuan
Thousand-Buddha Museum.
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Table 2 Typical deteriorations in Guangyuan Thousand-Buddha grotto

Category Deterioration Description Figure

Stability deterioration Scaling off Surface of the stone is peeled off as a slice or crust due to salt
dissolution and crystallization, temperature fluctuation, freezing
or weathering

Detachment Surface of the stone is out of the grotto body and forms a cavity
but is not peeled off

Water deterioration Water leakage, water incrustation inside the grotto due to rain-
fall, surface runoff and capillary water

Body loss The grotto or sculpture show a certain volume loss from its
initial state
Cracks Includes three types: one is weathering fracture, often occurring

on the surface; second is stress fracture, often extending to the
inner stone, and may cause body loss or complete breakage; last
is structural fracture, often closing, smoothing and appearing as
agroup

Plant damage Plants grow in the cracks of grotto; the root may lead to more
cracks
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Table 2 (continued)

Category Deterioration

Description

Weathering deterioration Rock powdering weathering

Deep loss

Salt crystallization

Pigment layer peeled off

Paint layer craquelure

Scratch or graffiti

Improper repairing

Surface of the stone is softened and peeled off because of tem-
perature and humidity fluctuation, freeze—thaw cycles, water
and salt activity

The plaster layer of paint in the grotto is peeled off from the
stone

Soluble salt dissolved and crystallized because of temperature
and humidity changes

Paint layer of grotto flaked and broke away from the grotto or
sculpture

Paint layer of grotto cracked but not peeled off from the grotto
or sculpture

Scratch or graffiti by human activity

The grotto was repaired by improper materials or methods in
the past
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Table 2 (continued)
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Category Deterioration Description

Figure

Surface pollution

Microorganism pollution

Sootiness on the grotto or sculpture by smoke from the past.
Dust and weathering products cover the surface of the grotto

Microorganism grows on the grotto

Table 3 Stability deterioration data

No Name Stability deterioration
Scaling off (m?) Detachment Water Body loss (m?) Cracks (m) Plant
(m?) deterioration damage

(m?) (m?)

86 Amitabha grotto 3.05 032 0.46 0.06 10.04 0.00

211 Suting grotto 0.02 0.00 0.00 0.01 0.82 0.00

213 / 047 0.07 0.00 0.03 536 0.00

214 Vairocana Buddha cave 0.00 0.64 0.00 043 5.83 043

400 Central Stupa grotto 0.13 0.33 3.06 0.01 15.20 0.00

512 Dayun old cave 10.28 0.19 0.64 0.95 27.12 0.01

513 Weikang grotto 0.83 0.00 0.00 0.57 452 0.00

535 Lotus cave 1.98 1.04 0.00 0.14 21.89 0.00

689 Thousand-Buddha cave 5.06 0.00 0.00 0.14 5.76 0.00

805 Benefactor’s grotto 0.52 0.20 0.00 0.03 9.83 0.00

806 Shakyamuni and Prabhuta- ~ 2.29 0.09 0.00 0.04 4,00 0.00

ratna grotto
AHP method The AHP method procedures are as follows [12, 17, 18,

The analytic hierarchy process is a multi-objective deci-
sion analysis method that combines qualitative and
quantitative analysis, applies to a large complex sys-
tem with a complex target structure, or lacks certain
data [21, 26]. The basic principle is to decompose the
decision goal according to different standards, calcu-
late the weight of each element to a specific element in
the above layer by calculating the matrix and eigenvec-
tor, and finally conclude the weight of every element in
this system [21]. The final goal of the AHP method is
to determine the relative weight of every element in the
system. The specific procedure of this method is shown
as follows (Fig. 3).

21, 27):

Step 1: Clarify the decision goal. In this research,
the decision goal was to evaluate the degree of grotto
deterioration.

Step 2: Build hierarchical structure. The hierarchi-
cal structure of the deterioration degree was established
according to the deterioration classification of the grotto.

Step 3: Construct judgement matrix. In this step, the
weights of the indices in the hierarchical structure are
calculated.

First, compare the elements of a particular layer pair-
wise in accordance with expert opinion; then, matrix A
can be given as follows (Eq. 1):
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Table 4 Weathering deterioration data

No Name Weathering deterioration
Rock powdering Deep loss (m?) Salt crystallization Pigment layer Paint layer
weathering (m?) (m?) peeled off (m?) craquelure

(m?)

86 Amitabha grotto 767 0.01 0.60 2.76 1.59

211 Suting grotto 0.15 0.00 0.09 0.13 0.00

213 / 295 0.03 0.13 1.14 0.31

214 Vairocana Buddha cave 0.10 0.07 0.00 036 048

400 Central Stupa grotto 15.92 0.58 591 0.26 0.06

512 Dayun old cave 19.16 0.06 4.98 1.92 0.01

513 Weikang grotto 4.49 0.02 0.00 224 0.00

535 Lotus cave 1247 0.01 1.71 525 0.09

689 Thousand-Buddha cave 7.62 0.01 0.86 4.27 0.00

805 Benefactor’s grotto 18.67 0.00 0.72 0.12 327

806 Shakyamuni and Prabhutar-  17.69 0.00 0.14 527 0.78

atna grotto

No Name Weathering deterioration
Scratch or graffiti(m) Improper repairing Surface pollution (m?) Microorganism
(m?) pollution (m?)
86 Amitabha grotto 0.00 0.10 5.79 0.01
211 Suting grotto 0.00 0.00 148 0.00
213 / 0.00 0.63 146 0.00
214 Vairocana Buddha cave 5.90 0.12 0.00 0.01
400 Central Stupa grotto 36.94 0.07 261 1.35
512 Dayun old cave 15.15 3.00 10.86 037
513 Weikang grotto 21.07 0.05 1.27 0.05
535 Lotus cave 12.83 0.84 8.60 5.70
689 Thousand-Buddha cave 88.53 0.09 3.18 0.01
805 Benefactor’s grotto 58.17 0.01 3.57 1.86
806 Shakyamuni and Prabhutaratna 70.65 0.05 3.01 1.70
grotto
A= (”U)nxn (1) matrix A can be calculated according to Eq. (3). Finally, by

n is the number of elements compared, and a;; is gov-
erned by the following rules: a;;>0; a; = 1/al,j(i #J),
aj; = 1(i=j= 1,2...}’[).

ajj is the element of matrix A, and the value of a;; is
from the judgement of a pair of elements A; and Aj,
which indicate the relative importance of two elements.
The value of a;; is defined from a 9-point scale (Table 5).
In this table, the value of relative importance is expressed
as pairwise weights of 1, 3, 5, 7 and 9, which means that
the relative importance between elements is equally,
moderately, strongly, very strongly and extremely impor-
tant. Values of 2, 4, 6, and 8 are intermediate values [26].

Second, calculate the weight of each index to a particular
criterion in the above layer. The matrix A’ can be calculated
according to Eq. (2), and the eigenvector of each column in

normalizing the eigenvector of each column according to
Eq. (4), the weight of each index can be calculated.

A = Ai 2)
y ZALl
E— " PE—
Wi=> Wi 3)
j=1
Wi wi 4
1=
S Wi @

Step 4: Check consistency. To avoid the inconsistency
of the decision system, it is necessary to verify the con-
sistency of the matrix. When the random consistency
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Fig. 3 AHP Method procedure (drawing by authors)

Table 5 Relative importance meaning of pairwise value

Value Meaning

The relative importance of A;and A; is equal
Ajis moderately more important than A
Ajis strongly more important than A;

1

3

5

7 Ajis much more strongly important than A;

9 Ajis extremely more strongly important than A
2

,4,6,8 The relative importance between 1, 3,5, 7, 9 in turns

index (C. R) is less than or equal to 0.1, the matrix can
be regarded as consistent. The C. I can be calculated
according to Eq. (5), and C. R can be calculated accord-
ing to Eq. (6) [21].

CR=CL/p; (6)

In Eq. (5), Amax is the largest eigenvalue of matrix A, n is
the scale of the matrix, and R. I is the average random con-
sistency index, which is a constant according to the scale of
the matrix (Table 6).

Step 5: Make judgement. By calculating the weight
and normalizing the quantity of deterioration in each
grotto, the deterioration degree of the grotto can be
calculated.

Result

In this part, the authors established a hierarchical struc-
ture of the deterioration degree of the grotto, calculated
the weight of each deterioration in the hierarchical struc-
ture and finally obtained the deterioration degree of each

cI. = Gonax — n)/(n ~1 (5) 8rotto.
Table 6 The random index (R. I) values
Scale 1 2 3 4 5 6 7 8 9 10
R.1 0 0 0.58 09 1.12 1.24 1.32 141 1.45 1.49
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Building hierarchical structure

Selecting proper evaluation indices and building a rea-
sonable hierarchical structure are important for evaluat-
ing the degree of grotto deterioration. In this research,
evaluating the deterioration degree of a grotto in a quan-
titative way is the goal. From the final result, the deterio-
ration degree is the joint effect of various deteriorations.
The authors selected stability deteriorations and weather-
ing deteriorations as the criterion layers of the hierarchi-
cal structure. These two kinds of deteriorations influence
the degradation process in different models. Accord-
ing to the investigation, the stability deteriorations have
less quantity, but develop fast and are more dangerous,
while the weathering deteriorations distribute widely but
develop at a low speed, existing in a long term. These two
kinds of deterioration make different contributions to the
deterioration degree. It is necessary to consider both the

Page 11 0f 18

quantity and weight of each deterioration when defining
the deterioration degree. Based on the results of the field
investigation and reasonable deterioration identification,
15 common deteriorations that can be classified into the
two categories above based on their destructive models
are determined as the index layer. The hierarchical struc-
ture of the deterioration degree of the grotto is estab-
lished as shown in Fig. 4.

Stability deterioration

In this research, the survey objects were excavated at
the rock mass directly, and stability deterioration means
that the mechanical equilibrium of the rock mass was
broken by different factors, which will result in the buck-
ling deformation of grottos. Once stability deterioration
occurs, it means that the grottos have the risk of collapse.

Scaling off (C1)

Detachment (C2)

(B1)

Stability deterioration

Water deterioration (C3)

Body loss (C4)

Deterioration degree
assessment of grotto
(A)

Cracks (C5)

Plant damage (C8)

Rock powdering weathering (C7)

Deep loss (C8)

Salt crystallization (C9)

(B2)

Weathering deterioration

Pigment layer peeled off (C10)

Paint layer flaking (C11)

ailiy iy

Scratch or graffiti (C12)

Improper repairing (C13)

Surface pollution (C14)

Microorganism pollution (C15)

iy

Goal layer

Criterion layer

Index layer

Fig. 4 The hierarchical structure of grotto’s deterioration degree assessment (drawing by authors)
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The index under this criterion layer will cause the stabil-
ity to deteriorate directly.

Scaling off

Scaling off is the surface of the stone peeling off from the
main body of the grottos or sculptures as slices or crusts.
This deterioration emphasizes the state of falling off from
the stone. A large area of scaling off at the base of the
grotto or the rock mass will lead to instability [2, 25].

Detachment

Detachment is the surface of the stone that separates
from the main body and forms a cavity but does not fall
off. This deterioration emphasizes the formation of a cav-
ity, and it will develop into scaling off under the influence
of various factors, ultimately falling off [2, 25].

Water deterioration

Wiater deterioration is the most common deterioration in
southern grottos [2, 25]. Water includes rainfall, surface
runoff and capillary water, and deterioration often works
with large cracks. The intensity of rock will decrease
under water deterioration, and instability and collapse
occur.

Body loss

Body loss is a state in which the main body of the grotto,
sculpture or wall painting has been lost for different rea-
sons. Some of the body loss occurred at the free face or
the base of the grotto, which led to buckling deformation
of the grotto or sculpture.

Cracks

Large cracks will cut the rock as dangerous rock bodies,
and as a function of water deterioration, it will lead to
instability of the rock mass or grotto leakage [2, 25].

Plant damage

Plant damage in this research means the damage caused
by large bushes or trees. The root systems of plants often
grow along cracks, leading to water leakage into the
grotto. Under the comprehensive function of cracks and
water, the grottos easily become unstable.

Table 7 Detail information of experts
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Weathering deterioration

Physical weathering, chemical weathering and biological
weathering are collectively called weathering deteriora-
tion in this research and include rock weathering and
painting layer weathering. Weathering deterioration was
the most common deterioration in the Guangyuan Thou-
sand-Buddha grotto and was distributed in almost every
grotto. This kind of deterioration often occurs at the
surface of the rock with slow development and will not
result in obvious destruction in a short time. There are 9
indices under this criterion. Rock powdering weathering,
pigment layer peeling off, paint layer craquelure, scratch
or graffiti and improper repair are physical weathering
since they only change the physical state of rock or pig-
ment. Deep loss, salt crystallization and surface pollution
are chemical weathering because they all lead to chemical
change. Microorganism pollution is the only biological
weathering. All the destructive methods are introduced
in Table 2.

Constructing a judgement matrix
In this research, the deterioration degree evaluation
of the grotto is the goal, and stability deterioration and
weathering deterioration are criterion layers. The index
layer includes 15 deteriorations.

To ensure the reliability of the survey results, experts
who are well acquainted with grottos in China were
invited to provide the final comparison results for the
structure pairwise comparison matrices. Considering the
different opinions of different roles in grotto conserva-
tion, such as grotto managers, researchers and conserva-
tors, the experts participating in the questionary include
researchers from colleges, conservators in archaeological
institutions, and managers in relic management, all of
whom have rich experience in grotto research and con-
servation. The detailed information of these experts is
shown in Table 7. The pairwise comparison matrix and
the calculation result are shown in Table 8. The weight is
calculated through Egs. (2) ~(4).

The result in Table 8 is the weight of deterioration to
the criterion layer, and the total sequencing weight and
the weight ranking in the system are shown in Table 9.

NO Age Major Education level Occupation Career year Employer

NO.1 34 Grotto conservation Master of Archaeology Researcher 9 Research institute
NO.2 42 Heritage management Doctor of Archaeology Manager of grotto 14 Management
NO.3 54 Grotto archaeology Doctor of Archaeology Professor 32 College
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Table 8 Pairwise comparison result of the criterion layer
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Criterion B, B, Criterion
layer
weight

Stability deterioration 1 3 0.75

BW

Weathering deterioration 1/3 1 0.25

BZ

Amax=1.995,CR=0

Stability deterioration C1 c2 c c4 cs5 («9) Index

B1 layer

weight

Scaling off 1 2 2 1/2 1 4 0.194

l

Detachment 1/2 1 1 1/3 1/2 3 0.110

2

Water deterioration 1/2 1 1 1/3 1 3 0.125

a3

Body loss 2 3 3 1 2 5 0.327

c4

Cracks 1 2 2 1/2 1 4 0.194

c5

Plant damage 1/3 1/3 1/3 1/5 1/4 1 0.050

€3

Aoy =6.259, CR=0.0417 <0.1

Weathering deterioration c7 cs c9 c10 c11 c12 C13 C14 C15 Index

B2 layer

weight

Rock powdering Weathering 1 2 2 3 4 4 5 5 5 0.271

c7

Deep loss 172 1 1 2 3 3 4 4 4 0.177

c8

Salt crystallization 1/2 1 1 2 3 3 4 4 4 0.177

(@]

Pigment layer peeled off 1/3 1/2 1/2 1 2 2 3 3 3 0.113

C10

Paint layer craquelure 174 1/3 1/3 1/2 1 1 2 2 2 0.069

C11

Scratch or graffiti 1/4 1/3 1/3 1/2 1 1 2 2 2 0.069

C12

Improper repairing 1/5 1/4 1/4 1/3 1/2 1/2 1 1 1 0.041

C13

Surface pollution 1/5 1/4 1/4 1/3 1/2 1/2 1 1 1 0.041

14

Microorganism pollution 1/5 /4 1/4 1/3 1/2 172 1 1 1 0.041

C15

Apax = 9.107, CR=10.00924 < 0.1

max

Checking consistency

To avoid the inconsistency of the pairwise index in the
system, consistency checking is necessary. When only
the C.I. and C.R. were both less than or equal to 0.1, the
result above was confirmed. According to Egs. (5) and
(6), the consistency of matrix B; and matrix B, is checked
(Table 10).

Assessing the deterioration degree

The calculation result shows the contribution of each
deterioration to the deterioration degree. Here, the
authors started to evaluate the deterioration degree.
Owing to the various units of 15 deteriorations, there is
no comparability between different deteriorations, and
the data cannot be weighted. It is necessary to process
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Table 9 Comprehensive weight acquired by AHP
Criterion layer Criterion layer Index layer Index layer weight  Total sequencing weight Weight
weight (W) (Wg) (Wn=W,; xW,) ranking in
system

Stability deterioration 0.75 G 0.194 0.146 2
B, G 0.110 0.083 4

G 0.125 0.094 3

Cy 0327 0.246 1

Cs 0.194 0.146 2

Cs 0.050 0.037 7
Weathering deterioration 0.25 G 0.271 0.068 5
B, s 0177 0.044 6

Cy 0177 0.044 6

Cio 0.113 0.028 8

Ch 0.069 0017 9

C, 0.069 0017 9

Cs 0.041 0.010 10

Cia 0.041 0010 10

Cs 0.041 0.010 10
Table 10 Consistency checking result x; _ X~ Xmin 7

Matrix Cl CR Consistency
Matrix B, 0.0518 0.0417 consistent
Matrix B, 0.0134 0.00924 consistent

the deterioration data in a dimensionless fashion to solve
the incomparability between different deteriorations. In
this research, the equalization method is adopted accord-
ing to Eq. (7) [11].

Table 11 Dimensionless processing data of stability deterioration

Xmax — Xmin

In Eq. (7), x{ is the dimensionless processing data, x;
is the initial deterioration data from Tables 3 and 4, and
Xmin and Xy, are the minimum and maximum of every
column in Tables 3 and 4, respectively. The processing
data are in Tables 11 and 12.

The deterioration degree of the grotto is characterized
by the quantity and weight of every deterioration. There-
fore, the grotto deterioration degree can be calculated as
Eq. (8) below [11].

No Stability deterioration
Scaling off Detachment Water deterioration Body loss Cracks Plant damage

86 0.297 0.308 0.150 0.053 0.351 0.000
211 0.002 0.000 0.000 0.000 0.000 0.000
213 0.046 0.067 0.000 0.021 0.173 0.000
214 0.000 0615 0.000 0447 0.190 1.000
400 0.013 0317 1.000 0.000 0.547 0.000
512 1.000 0.183 0.209 1.000 1.000 0.023
513 0.081 0.000 0.000 0.596 0.141 0.000
535 0.193 1.000 0.000 0.138 0.801 0.000
689 0492 0.000 0.000 0.138 0.188 0.000
805 0.051 0.192 0.000 0.021 0.343 0.000
806 0.223 0.087 0.000 0.032 0.121 0.000
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Table 12 Dimensionless processing data of weathering deterioration

No Weathering deterioration
Rock powdering Deep loss Salt crystallization Pigment layer peeled off  Paint layer
weathering craquelure
86 0402 0.017 0.102 0513 0486
211 0.007 0.000 0.015 0.002 0.000
213 0.154 0.052 0.022 0.198 0.095
214 0.005 0.121 0.000 0.047 0.147
400 0.835 1.000 1.000 0.027 0.018
512 1.005 0.103 0.843 0.350 0.003
513 0.235 0.034 0.000 0412 0.000
535 0.654 0.017 0.289 0.996 0.028
689 0.399 0.017 0.146 0.806 0.000
805 0979 0.000 0.122 0.000 1.000
806 0.928 0.000 0.024 1.000 0.239
No Weathering deterioration
Scratch or graffiti Improper repairing Surface pollution Microorganism
pollution
86 0.000 0.033 0533 0.002
211 0.000 0.000 0.136 0.000
213 0.000 0210 0.134 0.000
214 0.067 0.040 0.000 0.002
400 0417 0.023 0.240 0.237
512 0.171 1.000 1.000 0.065
513 0.238 0.017 0117 0.009
535 0.145 0.280 0.792 1.000
689 1.000 0.030 0.293 0.002
805 0.657 0.003 0329 0.326
806 0.798 0.017 0.277 0.298
" , deterioration degree was classified as good (0-0.2], mod-
D= Z Wix; (8) erate (0.2~0.4], poor (0.4~0.6], or very poor (0.6~0.8],
i=1

D is the deterioration degree, and the deterioration
degree of 11 survey objects is shown in Table 13.

The result shows that the deterioration degree value
of 11 grottos ranges between 0 and 0.8; the authors
equally divided the value as 4 level based on expert
opinions since there is no common principle about the
classification of grotto deterioration degree. The grotto

Table 13 Value of deterioration degree of 11 grottos

and the grotto deterioration degrees are shown in
Table 14.

The results reveal that four grotto (NO.211, NO.213,
NO.805, NO.806) deterioration degree values ranged
between 0 and 0.2 and that their preservation condi-
tions were good. Six grotto deterioration degree values
were between 0.2 and 0.4, and their preservation condi-
tions were moderate (NO.86, NO.214. NO.400, NO.513,

NO 86 211 213 214 400 512
Value of deterioration degree 0.208 0.003 0.067 0.237 0.360 0.717
NO 513 535 689 805 806
Value of deterioration degree 0.213 0.372 0.210 0.185 0.181
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Table 14 Grotto deterioration degree levels
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Preserve condition Deterioration degree value

Number of grottos Total grotto

number of the
level

Good (0-0.2] NO.211,NO.213, NO.805, NO.806 4

Moderate (02~04] NO.86, NO.214. NO.400, NO.513, NO.535, NO.689 6

Poor (04~0.6] / 0

Very poor (0.6~0.8] NO.512 1

NO.535, NO.689). Only one grotto deterioration degree
value was between 0.6 and 0.8, which indicated that the
preservation condition was very poor (NO.512).

Discussion

The weight of stability deterioration is 0.75, which means
that this kind of deterioration has a greater impact on
the deterioration degree, while the weight of weather-
ing deterioration is 0.25. The weight of 15 deteriorations
in descending order is body loss (C4), scaling off (C1),
cracks (C5), water deteriorations (C3), detachment (C2),
rock powdering weathering (C7), deep loss (C8), salt crys-
tallization (C9), plant damage (C6), pigment layer peeled
off (C10), paint layer craquelure (C11), scratch or graffiti
(C12), improper repairing (C13), surface pollution (C14),
and microorganism pollution (C15). This reflects that
the larger the weight of the deterioration is, the greater
its impact on the deterioration degree. According to the
weight (as shown in Table 9 Column 5), body loss, scaling
off, cracks and water deterioration are the main deterio-
rations in the Guangyuan Thousand-Buddha grotto, and
they have great impact on grottos deterioration degree
since they may directly lead to stability problems. The
formation of these four deteriorations is strongly associ-
ated with the soft properties of sandstone, rainy and wet
climates and dense seismic zones. In the investigation,
weathering deterioration was the most common dete-
rioration, especially rock powdering weathering, and
the paint layer peeled off, which can be found in almost
every grotto. According to the deterioration data shown
in Table 4, Column 3 and Column 6, the amount of rock
powdering weathering and paint layer peeled off is much
larger than other deteriorations. However, they have less
weight on the grotto deterioration degree, as shown in
Table 9. Because the destructive mode of the weather-
ing deterioration is slow and continuous, the destructive
mode cannot be seen in a short time. Therefore, although
some grottos suffer widespread weathering deterioration,
the degree value is not large.

The calculation result of the deterioration degree is
consistent with the investigation. The values of NO.211,
NO.213, NO.805 and NO.806 are between 0 and 0.2,
which means that their preservation conditions are good.

In the investigation, the main deteriorations in these
four groups were rock powdering weathering, surface
pollution, pigment layer peeling off and microorgan-
ism pollution. Weathering deterioration is much more
prevalent than stability deterioration. Combined with
the quantity and weight of the deterioration, the value
of these four grottos is low, which means that the pres-
ervation condition is good. Taking NO.806 as an exam-
ple, the rock powdering weathering data are 17.69 m?
the surface pollution is 3.01 m? the pigment peeling off
is 5.27 m% and the microorganism pollution is 1.70 m?,
while the only four stability deteriorations are scaling
off (2.29 m?), detachment (0.09 m?), body loss (0.04 m?),
and cracks (4 m). Contrasting the two kinds of deteriora-
tions, the weathering deterioration data are much larger
than the stability deterioration data. Combined with the
weight shown in Table *, although the deterioration data
are large, the preservation is good. The value of NO.86,
NO.214. NO.400, NO.513, NO.535 and NO.689 are
between 0.2 and 0.4, and the preservation condition is
moderate; they account for 54.5% of the survey objects.
In these six grottos, both stability deterioration and
weathering deterioration developed, and the quantity of
stability deterioration was greater than that in the for-
mer four grottos. Only one grotto deterioration degree
was very poor, namely, NO.512. In the investigation,
NO.512 is the largest grotto, and stability deterioration
is the majority factor. Large cracks run through the main
body of the grotto, water deterioration spreads at the
base of the sculpture, and body loss and detachment can
be found on every side of the grotto. The deteriorations
above all will result in grotto instability. The weight and
quantity of the deteriorations are both large; therefore,
the deterioration degree of NO.512 is the largest, and the
preservation condition is very poor, which should be a
conserved priority in conservation. In general, the result
follows the normal distribution.

Most grottos suffer various deteriorations simul-
taneously, and different deteriorations affect the
preservation of the grotto to different degrees. The dete-
rioration degree of the grotto is determined by all the
deteriorations. In conservation, the first problems con-
servators should answer is which deterioration is the
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most common, which one has the greatest affect, and
which grotto should be conserved first. Most related
existing studies address the quantitative assessment of
one deterioration or risk the grotto or the heritage relics
may face [11, 12, 16, 19, 20]. Their study methods offer
an important reference for this research, but the results
cannot offer a direct basis for conservators. This research
attempts to identify the weight of every deterioration and
assess the deterioration degree of the grotto in a quan-
titative manner. The calculation method and results
compensate for the deficiency of quantitative evaluation
of grotto deterioration and offer a basis for conserva-
tion. Grottos from the Tang Dynasty in Sichuan are dis-
tributed widely, and the number is large. It is crucial to
determine the conservation order when facing a large
number of grottos. Taking the Guangyuan Thousand-
Buddha grotto as an example, there were 949 grottos and
more than 7000 stone sculptures, most of which suffered
deteriorations to different extents. Both the value and
deterioration degree should be considered when the con-
servation order is determined. Grottos with high values
and high degrees of deterioration should be a conserved
priority, such as NO.512 in this research. Meanwhile,
deterioration with high weight should be treated as a pri-
ority when conservation is conducted, which means that
stability deterioration should be considered a priority.
This research result and calculation method offer a pos-
sible solution for conservation and may be practised in
future work.

There are some deficiencies in this research. One
important aspect is regional deterioration, namely, geo-
logical disasters, which play a crucial role in preserving
grotto conditions. Limited by the time and research con-
ditions, in this study, we did not investigate geological
disasters, which may lead to the disappearance or overall
damage of the grotto. Thus, the deterioration degree of
the grotto was reduced to a certain extent. Considering
both the regional deterioration and the main body deteri-
oration of the grotto, the grotto deterioration degree and
the preservation condition can be reflected reliably and
objectively.

Conclusion
The authors take 11 grottos from the middle Tang
Dynasty in the Guangyuan Thousand-Buddhas grotto as
survey objects. By building a hierarchical structure and
constructing a judgement matrix, the weight of 15 dete-
riorations is calculated, and the deterioration degree of
11 grottos can be shown in a quantized way. From the
results, we can conclude the following:

1. A hierarchical structure of the deterioration degree
was established: the deterioration degree of the grotto
was defined as the goal; stability deterioration and
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weathering deterioration made up the criterion layers;
and the index layer included 15 deteriorations.

2. Stability deterioration influences the grotto dete-
rioration degree more than weathering deterioration
in the short term. The weight of stability deterioration
is 0.75, and weathering deterioration is 0.25. The more
stability deterioration the grotto suffers, the larger the
deterioration degree is.

3. The 15 deteriorations have different weights in
affecting the deterioration degree. The top four deterio-
rations are body loss (C4, 0.246), scaling off (C1, 0.146),
cracks (C5, 0.146), and water deterioration (C3, 0.094).
These four types are the main deteriorations that most
influence the preservation condition of the grotto. Rock
powdering weathering (C7), pigment layer peeling off
(C10) and surface pollution (C14) are the most com-
mon deteriorations in Guangyuan Thousand-Buddhas
grottos and are distributed in almost every grotto.
Although they have less weight, they should be consid-
ered in a long conservation term.

4. The deterioration degree of 11 objects can be clas-
sified as good, moderate, poor and very poor. Based
on the calculation result, grottos that were preserved
in good condition accounted for 36.6%, for a total of
four grottos, and the deterioration of these grottos
was mainly weathering deterioration. There were five
grottos in moderate condition, accounting for 54.5%,
in which stability deterioration and weathering dete-
rioration both developed. The grotto preserved in the
“very poor” condition is the only one because this
grotto is the largest one of the objects, and the quan-
tities of the two categories of deterioration are both
large. This result is in accordance with a normal distri-
bution and offers a basis for further consolidation and
conservation.
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