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Abstract 

Owing to the lack of appropriate protection measures, natural and human factors have led to the deterioration of 
rockeries, which are a distinct cultural heritage with both aesthetic and historical value and an essential component 
of Chinese classical gardens. The state of rockeries is evaluated by craftsmen who assess the damage levels based 
on their experience. While this is a common practice, it lacks standardization, which may cause a great uncertainty 
that influences the efficiency of the protection of rockeries. The preservation and risk mitigation of cultural heritages 
require the use of reliable tools that provide an accurate diagnosis of their conditions. Multi-criteria decision-making 
techniques have been applied in several previous studies and proven to be a reliable method for conducting vulner-
ability or risk assessment for cultural heritage. Therefore, this study developed a health risk assessment tool based on 
multi-criteria decision-making techniques that can be applied to rockeries in Chinese classical gardens. In contrast to 
other multi-criteria decision-making methodologies, the proposed method emphasizes the detailed analysis of the 
health state of rockeries based on impartial and objective data. Moreover, based on the ultimate risk rating for rocker-
ies, the decision makers can arrange the priorities of action in a hierarchical manner, and the cost-efficient protection 
measures can be identified. Results from the application of four different case studies are illustrated to demonstrate 
the usefulness of the proposed method.

Keywords Chinese classical garden, Rockery, Preventive conservation, Health risk assessment, Multi-criteria decision-
making (MCDM), Intervention priority

Introduction
Rockeries are one of the most essential elements that dis-
tinguish Chinese classical gardens from other great gar-
dens of the world [1–3]. They are an integral part of the 
Chinese heritage and an irreplaceable expression of Chi-
nese traditional culture. Stacking rockeries first became 
popular during the Tang Dynasty (A.D. 618–907) [4–6], 
with some of the rockeries in China are more than hun-
dreds of years old. Rockeries not only have significant 

historic and artistic value, but also profoundly reflect 
the aesthetic preferences and economic environment of 
different feudal dynasties, which is why their conserva-
tion and maintenance are necessary. However, owing to 
the lack of appropriate protection measures, natural and 
human factors have caused rockeries to deteriorate over 
time [7, 8].

Rockeries are the most complex element of Chinese 
classical gardens. They are made of irregular materials 
and heterogeneous structures put together by extremely 
unique stacking techniques. Weather changes, plant 
growth, human activities, and subsidence may lead to 
cracks, tilting, or even collapse [8]. Given the charac-
teristics of these structures and the necessity for mini-
mal intervention, a preventive conservation approach is 
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considered the best form of therapy, whereby the rocker-
ies’ health conditions and the factors endangering them 
are periodically monitored [9, 10]. However, few studies 
have developed such a preventive conservation approach 
specifically for rockeries in Chinese classical gardens [8, 
11]. The existing literature mostly focuses on rockeries 
from the perspectives of their history, culture [4, 12–14], 
aesthetics, and craftsmanship [15–17]. With the applica-
tion of digital and information technologies in the cul-
tural heritage field, many studies have been conducted on 
the digital surveying of rockeries [18, 19], but only a few 
studies have been conducted on their diagnosis. Fu and 
Hu have discussed the strategy and technologies used in 
monitoring historical rockeries and accumulated a large 
number of data, but no quantified analysis of their health 
condition has been conducted [8, 11]. As such, despite 
numerous studies on the protection of rockeries in Chi-
nese classical gardens, none have considered developing 
a systematic health state assessment tool that can pro-
mote the conservation of rockeries.

Existing practices of assessing the health state of rock-
eries are mostly carried out by rockery craftsmen, who 
base their evaluations on their own personal experiences 
and expertise in the field, which could lead to relatively 
subjective assessments and cause great uncertainty, pos-
sibly reducing the efficiency of the preservation work 
[11]. Consequently, the assessment of rockeries’ health 
state tends to lack standardization as it is based upon 
subjective evaluations and measures. Because of the 
geometrical complexity of their structures and a lack of 
knowledge of past events that led to their degradation, 
assessing these rockeries’ health state is of great impor-
tance in this context. Therefore, a comprehensive health 
risk assessment tool that can provide information on the 
health records of rockeries needs to be developed.

The protection projects of cultural heritages are not 
straightforward but require an interdisciplinary approach 
and methodology that can develop a thorough under-
standing of their respective states [20]. Therefore, a grow-
ing body of research has investigated the application of 
new technologies, such as minor destructive tests [21], 
non-destructive testing [22, 23], numerical modelling 
[24, 25] and other diagnostic technologies [26, 27] that 
facilitate the diagnosis of heritages. Together with in-situ 
surveys, such diagnostic technologies provide relevant 
and valuable information for the diagnosis of cultural 
heritages. Depending on the complexity of the heritage, 
any comprehensive health risk assessment process for 
unique monuments should consider information from all 
relevant diagnostic activities carried out [28]. As a result, 
other studies proposed a systematic risk assessment 
method derived from multi-criteria decision-making 
(MCDM) techniques, which consider information from 

a diverse set of diagnostic activities [28]. MCDM tech-
niques can help analyze complex interactions between 
multiple divergent criteria, providing key benefits when 
approaching heritage investigations [28, 29]. In the lit-
erature, several examples of MCDM techniques being 
applied to risk assessment to help guide decisions for 
the preventive conservation of cultural heritages [20, 28, 
30–34]. One such tool is the Masonry Damage Diagnos-
tic System [35]. By creating a damage map, the system 
classifies and explains the preservation status and dam-
age mechanisms of historic buildings and compiles their 
information and health records [36]. Applications of this 
diagnostic technique have produced satisfactory out-
comes, which reveals that the increase in systematization 
in the diagnostic process can assist heritage conserva-
tionists in identifying problems more quickly, and con-
sequently enable them to seek the appropriate solutions. 
Successful applications of MCDM techniques indicate 
that it can be applied to provide meaningful guidance for 
decisions on heritage protection. However, no attempt 
has been made to apply MCDM techniques to assess the 
health risk of rockeries in Chinese classical gardens thus 
far.

Given the unique characteristics and irreplaceable 
value of rockeries in Chinese classical gardens, a com-
prehensive health risk assessment tool needs to be pro-
posed based on the MCDM techniques. The objective 
of this study was to develop a specific health risk assess-
ment tool based on MCDM techniques, which can pro-
vide scientific quantitative and standardized evaluation 
indicators to assist decision makers in the evaluation of 
the health state of rockeries. The proposed methodol-
ogy was designed to provide a standardized method for 
the analysis of rockeries’ health state, developed from the 
objective and quantitative data collected from technical 
surveys. The proposed method was applied to rockeries 
in four different Chinese classical gardens to illustrate its 
implementation.

Health risk assessment methodology for rockeries
In this study, rockery health risk assessment refers to 
the documentation, identification, and evaluation of 
the health risks of rockeries, and how rockeries in Chi-
nese classical gardens respond to them. The health risk 
assessment of rockeries is a complex and comprehen-
sive process. For better results, a scientific, rational, and 
standardized assessment system must be established fol-
lowing the relevant national heritage protection stand-
ards and using multiple interdisciplinary methods.

The proposed methodology is summarized in Fig. 1. It 
comprises the following steps. First, an in-situ investiga-
tion should be conducted to map out and create a record 
of the disease status of the rockeries. Second, as part of 
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this health risk assessment method, key indexes should 
be introduced to evaluate the health risk of rockeries, 
following which a comprehensive health risk assess-
ment index system can be developed. After collecting all 
relevant data and information, the weights of different 
indexes should be determined [37, 38]. Third, with the 
weights of each index, a reliable and efficient risk assess-
ment method must be chosen for the risk level to be cal-
culated. While the analytical hierarchy process (AHP) 
and fuzzy comprehensive evaluation methods have been 
successfully used [39–41], the failure to account for ran-
domness and uncertainty in the risk assessment process 
limits these methods [42]. To address these limitations, 

several studies have proposed utilizing the cloud model 
in the regional scale risk assessment process to obtain 
accurate and comprehensive results [43, 44]. The cloud 
model, as a quantitative and qualitative uncertainty con-
version model, can produce more objective and accurate 
evaluation results [44, 45]. Fourth, once the health risk 
levels of the rockeries have been evaluated, the corre-
sponding decision of which protection method will be 
used to safeguard the rockeries must be made. Finally, 
after the decisions on possible actions are made, the 
health risk assessment process must be repeated at least 
once every year to test whether the protection measures 
were effective.

Fig. 1 Flowchart for the proposed health risk assessment method
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Health record for rockeries
A health record and the creation of a long-term health 
record can help monitor historical information and 
detect changes within the rockeries. Therefore, prior 
to the beginning of the assessment process, all relevant 
documents and information should be gathered and ana-
lyzed. An in-situ inspection should be conducted to map 
out the signs of decay and damage and create a record of 
the disease status of the rockeries. Further, a 3D scanning 
technique can be used to create a digital twin model of 
the rockeries, which can provide a digital reference of 
the rockeries for future protection. Lab analysis to pro-
vide the material properties of the rockeries is recom-
mended. All these documents should be included in the 
health records of the rockeries for the deterioration to be 
observed regularly in subsequent conservation work and 
for the process of change to be clarified.

Health risk assessment index system
As rockeries are preserved in the natural environment, 
many risk factors affect their health. Evaluating their 
health risk is a complex process, and the comprehen-
siveness of the indicators of rockeries’ health risk evalu-
ation is the key to a systematic and thorough assessment. 
Considering those comprehensive aspects, a health risk 
assessment index system was established according to the 
rockeries in Chinese classical gardens, as shown in Fig. 2.

The health risk faced by rockeries is the result of com-
bined factors such as their structural condition, environ-
mental factors, long-term weathering, geological activity, 
and human activity. Therefore, the evaluation of these 
factors should include the relevant indicators of their 
physical properties, the disease condition of the heritage, 
the management and protection level, and other factors. 
Subsequently, within the proposed health risk assess-
ment index system, deterioration indexes are introduced 
to monitor the deterioration risk level of rockeries. The 
deterioration indexes were selected in reference to the 
illustrated glossary on stone deterioration patterns issued 
by the International Scientific Committee for Stone [46]. 
The indexes also provide information about the history 
of rockeries and the material proprieties that are intro-
duced, which can help understanding of the structural 
condition of the rockeries. Lastly, management and 
protection indexes were introduced to assess the level 
of protection. This health risk assessment index system 
includes 15 quantitative parameters in total.

After the index system had been established, the weight 
value of each index was calculated by the analytical hier-
archy process (AHP) [47]. This popular decision analysis 
method allows an analyst to conduct a rational and con-
sistent assessment of weights by establishing pairwise 

comparisons judgement matrix among parameters. A 
questionnaire survey of 10 experts was conducted to con-
struct the judgement matrix. To ensure that the results 
fit better with the characteristics of rockeries in Chinese 
classical gardens, the experts were selected to meet two 
conditions: firstly, their research interests must have been 
directly related to rockeries in Chinese classical gardens, 
and secondly, they must have conducted field research on 
the rockeries in Chinese classical gardens.

As shown in Fig. 2, rockeries deterioration indexes are 
very important when compared to the other two sets of 
parameters. This is partly because deterioration indexes 
can provide quantitative estimates of the health state of 
rockeries based on deterioration patterns, and within the 
deterioration indexes, crack (D1) is the most important 
one. This is partly because the cracks are the most com-
mon and serious deterioration of rockeries, and often 
determine which rockeries need to be restored. The 
second most influential set of parameters is the rocker-
ies structure indexes, which involve laboratory mate-
rial tests. Such tests can provide key information on the 
structural condition of the rockeries. Finally, informa-
tion from the management and protection indexes was 
assigned the lowest weight. This does not mean that the 
management activity is superfluous, as it is important in 
the preventive protection process. However, the choice 
of a lower weight is partly due to the limited quantitative 
indexes to estimate the level of management.

Rockeries deterioration indexes
Visual inspections as in-situ surveys were used to collect 
data on the deterioration information of the rockeries. 
After analyzing the data collected from the in-situ sur-
vey, the deterioration indicators were obtained. Crack 
(D1) refers to cracks on the stones made up of rockeries, 
cracks on the adhesive between stones is not included in 
this deterioration indicators. D1 is one of the main dete-
rioration patterns of the rockeries. According to previous 
study [48], the index to decide the severity of these pat-
terns includes four parameters: total number of cracks 
per rockery (n), maximum width of cracks per rock-
ery (w), maximum length of cracks per rockery (l), and 
maximum depth of cracks per rockery (h). To avoid crack 
indexes (D1) that are too small or too large, the compen-
sation constant t was assumed as  10–3. The D1 can be 
obtained based on Eq. (1) as follows:

Except for the “crack” deterioration patterns, the 
deterioration indexes (DI) of the other six deteriora-
tion patterns (D2–D7) could be measured according to 
the proportion of the deterioration area to the surface 

(1)D1 = n× w × l × h× t.



Page 5 of 16Fu et al. Heritage Science           (2023) 11:92  

area of the rockery [48]. To avoid a value that is too 
insignificant, the DI can be calculated as follows:

where S is the surface area of rockeries, and Si is the area 
of a certain disease.

(2)DIi =
Si

S
× 100,

Rockeries structure indexes
The rockeries structure indexes include physical prop-
erty indexes and historical information indexes. It is 
important to include physical property indexes in the 
index system because the organization and structure 
of the rockery have gone through years of weathering 
and impact of external forces, which result in changes 

Fig. 2 Criteria tree for the health risk index of rockeries
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in their physical properties and the production of rock-
ery disease. Historical information indexes must also 
be included because it is necessary to consider the con-
sistency of the rockeries’ structure over time to judge 
whether they are healthy or not.

The physical property indexes were measured using 
the water absorption coefficient by capillarity (D8) and 
the softening coefficient of the rock (D9). The D8 can be 
used to measure the water absorption performance of the 
rock surface, which can reflect the degree of weathering 
and porosity on the surface of the rockery. High water 
absorption performance means low performance of the 
engineering use. According to related standards [49], the 
D8 can be calculated using Eq. (3):

where W is the water absorption rate per unit area (kg/
m2), and t is the time (h).

The softening coefficient of the rock (D9) can be used 
to measure the effect of water on the strength of rocks. It 
is an important indicator for the evaluation of the qual-
ity of the rock. The softening coefficient can be calculated 
using Eq. (4):

where Iw is the compressive strength of rock in uniaxial 
saturation, and Id is the compressive strength of the rock 
under a uniaxial dry condition.

The historical information indexes are measured based 
on past structural intervention (D10), past damage 
events (D11), and antiquity of rockery (D12). Past struc-
tural intervention (D10) refers to the modification of the 
original structure of the rockeries owing to changing gar-
den owners. In the centuries-old history of the rockeries 
since their construction, their original structures have 
been modified to adapt to the preferences of different 
owners. These interventions have caused instability in the 
structure of the rockeries. The value of this index can be 
quantified as the number of past structural intervention 
in the rockeries’ history and can be obtained by exploring 
the historical literature.

Past damage events (D11) refer to natural disasters 
such as earthquakes and rainstorms that damaged the 
structure of rockeries that had been preserved in their 
natural environment for a long time. The value of this 
index can be quantified as the number of past damage 
events in the rockeries’ history and can be obtained by 
exploring the historical literature.

Antiquity of rockery (D12) was used as a proxy for the 
rockeries’ heritage value. The value of this index can be 

(3)D8 =
W
√
t
,

(4)D9 =
Iw

Id
,

quantified as the years after the completion of the rock-
eries’ construction and can be obtained by exploring the 
historical literature.

Management and protection indexes
Humans’ production and living activities, as well as 
the certain misbehavior by tourists, can cause a certain 
degree of damage to the rockeries. Simultaneously, owing 
to the improper selection of methods, imperfect tech-
nical facilities, unskilled operation, and other factors 
that constitute “protective damage” are also considered 
anthropogenic damage that occurs during the protec-
tion and restoration process. Management and protec-
tion indexes can be used to reflect the level of rockeries 
protection management and were measured based on the 
following:

Graffiti index (D13): Graffiti is generally the result of an 
act of vandalism conducted by tourists. The graffiti index 
can reflect the management level of the rockeries and 
is measured according to the number of graffiti mark-
ings found on the rockery. The value of this index can be 
obtained from the in-situ survey of the rockeries.

Improperly restored area index (D14): The improperly 
restored area index reflects the rockery’s restoration level, 
which is measured by the proportion of the improperly 
restored area to the surface area of the rockery. It can be 
calculated using Eq. (5):

where S is the surface area of rockeries, and S14 is the 
improperly restored area.

Rockeries inspection cycle (D15). The rockeries inspec-
tion cycle reflects their protection level and is measured 
by the number of inspections per year. The value of D15 
can be obtained by exploring the management profile of 
the rockeries.

Health risk assessment based on a cloud model
Definition of cloud model
The cloud model was first presented by Li in 1995 based 
on fuzzy sets theory and probability concepts [50]. The 
cloud model is a concrete implementation method of 
the cloud, which incorporates cloud operation, reason-
ing, and control. It can realize the transformation of 
qualitative and quantitative concepts. The cloud model is 
described by linguistic values to represent the uncertain 
relationship between a specific qualitative concept and its 
quantitative expression, thus effectively integrating the 
randomness and fuzziness of concepts [51].

Suppose U is the set, and x is a quantitative concept 
related to U. The Q is a qualitative concept correspond-
ing to U, which has a random variable with stable 

(5)D14 =
S14

S
× 100,
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distribution for number x. The distribution of x on U 
is called a cloud, and each x is defined as a cloud drop 
[43, 52]. The membership degree of x in U is a random 
variable with a probability distribution in the context 
of discourse. In this study, the membership degree of 
each cloud can reflect its degree of affiliation with each 
health risk level. The production process of cloud drops 
represents the uncertainty of conversion between qual-
itative concept and quantitative values [53].

The cloud model is represented through three digi-
tal parameters: expected value (Ex), entropy (En) and 
deviation (He). Ex represents the fundamental certainty 
of the qualitative concept, is the expectation of the 
cloud drop in the universal set and can best represent 
this qualitative concept. En represents the uncertainty 
of qualitative concepts, determined by how many ele-
ments could be accepted in the qualitative concepts. He 
is an uncertainty measure of En and controls the cloud’s 
thickness. The three digital parameters can be deter-
mined as follows.

First, considering the characteristics of the rocker-
ies and based on previous studies and relevant stand-
ards, the health risk assessment indexes were divided 
into five risk levels namely the lowest, lower, medium, 
higher, and highest levels, which are respectively 
labeled as Levels I–V [48, 53] (Table 1).

After achieving the grading standards of each index, 
the digital parameters of the cloud model can be calcu-
lated using the following calculation formula [43]:

(6)Q : U → [0, 1], ∀x ∈ U , x → Q(x). where x1ij and x2ij represent the lower and upper boundary 
values of the assessment grade, j is the assessment grade, 
and i is the index number. He is a constant k that con-
trols the granularity of cloud drop, it should be adjusted 
according to the practical cloud discrete degree [43, 53]. 
In this study, k is assumed as 0.05 to make sure the cloud 
thickness is appropriate. The other two digital param-
eters were calculated using Eqs. (7) and (8). The calcula-
tion results are presented in Table 2.

Cloud generator
The cloud generator is a cloud generation algorithm that 
aims to achieve the relationship between qualitative con-
cepts and quantitative characteristics, which can be real-
ized in the software. Normally, the cloud generator can 
be divided into two types: the forward cloud genera-
tor and the backward cloud generator [53]. The forward 
cloud generator is the most basic and important method 
for the cloud model and was used to calculate the mem-
bership degree of each cloud drops in this study. Input 
contained Ex, En, He, and the number of drops n. In this 
study, n was set as 2000 to make sure the cloud droplet 
met the requirements for it to be formed into a cloud. 
The output contained n cloud drops and their member-
ship degrees. The forward cloud generator according to 
Ex, En, and He is defined as follows:

A) Generate a normally distributed random number En′
i 

with expectation En and variance He2.
B) Generate a normally distributed random number xi 

with expectation Ex and variance En′2
i .

C) Calculate 
ui = e

− (xi−Ex)
2

2En
′2
i

 , and xi with membership 

degree ui is a cloud drop in the domain.
D) Repeat Steps 1 to 3 until n cloud drops are generated.

With the three digital parameters of the cloud model 
(Ex, En, and He), the cloud drop map can be created by 
the forward cloud generator and the MATLAB 2021b 
software (Fig. 3). The distribution of membership degrees 
of five risk levels were calculated and are illustrated in 
Fig. 3. The abscissa represents the actual value of health 

(7)Exij =

(

x1ij + x2ij

)

2
,

(8)Enij =

∣

∣

∣
x1ij − x2ij

∣

∣

∣

2.355
,

(9)He = k ,

Table 1 Grading standard of health risk indexes

Indexes Level I Level II Level III Level IV Level V

D1 0.0–0.1 0.1–0.3 0.3–0.6 0.6–0.8 0.8–1.0

D2 0.0–1.0 1.0–3.0 3.0–6.0 6.0–8.0 8.0–10.0

D3 0.0–1.0 1.0–3.0 3.0–6.0 6.0–8.0 8.0–10.0

D4 0.0–1.0 1.0–3.0 3.0–6.0 6.0–8.0 8.0–10.0

D5 0.0–1.0 1.0–3.0 3.0–6.0 6.0–8.0 8.0–10.0

D6 0.0–1.0 1.0–3.0 3.0–6.0 6.0–8.0 8.0–10.0

D7 0.0–1.0 1.0–3.0 3.0–6.0 6.0–8.0 8.0–10.0

D8 0–0.1 0.1–0.5 0.5–1 1–2 2–10

D9 5–1 1–0.8 0.8–0.6 0.6–0.3 0.3–0.0

D10 0–1 1–3 3–6 6–8 8–10

D11 0–1 1–3 3–6 6–8 8–10

D12 0–200 200–400 400–600 600–800 800–1000

D13 0–2 2–4 4–6 6–8 > 8

D14 0.0–1.0 1.0–3.0 3.0–6.0 6.0–8.0 8.0–10.0

D15 0.0–1.0 1.0–3.0 3.0–6.0 6.0–8.0 8.0–10.0
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risk indexes, and the ordinate represents the membership 
degree.

Comprehensive assessment and final results
The cloud model was used to generate the membership 
degree matrix Z shown in Eq. (10), wherein the element 
rij in Z represents a raster layer of membership degree. 
The comprehensive membership degree M can be 
obtained by Eq. (11) after determining the index weight 
W and the matrix Z.

where W is the indicator weight vector, and m1, m2, m3, 
m4, and m5 are the comprehensive membership degrees. 
The final assessment result can then be obtained based 
on the maximum membership principle.

(10)Z =







r11r12 . . . r15
r21r22 . . . r25
. . . . . . . . . . . .

ri1ri2 . . . ri5






(i = 1, 2, . . . , 15),

(11)M = W × Z = [w1,w2, . . . ,wi]×







r11r12 . . . r15
r21r22 . . . r25
. . . . . . . . . . . .

ri1ri2 . . . ri5






= [m1,m2, . . . ,m5],

From risk assessment to decision making
After the health risk assessment results have been 
obtained, specific protection measures need to be taken 
to reduce the risks faced by rockeries. In this study, the 
health risk of rockeries was divided into five levels: low-
est, lower, medium, higher, and highest. The proposed 
method aimed to promote risk mitigation actions that 
are resource-efficient. Corresponding measures are 
shown in Fig.  4, which indicates how the health risk 
level of rockeries can be used to determine the best 
preservation method for rockeries.

After a corresponding risk mitigation action has been 
taken, a systematic updating of the risk assessment needs 
to be carried out. This is to ascertain that the mitigation 
action is efficient. If the assessment results remain the 

same, further actions need to be applied. Therefore, the 
health risk assessment is a long-term process that needs 

Table 2 Digital parameters of the cloud model

Levels D1 D2 D3 D4 D5

Ex En Ex En Ex En Ex En Ex En

I 0.05 0.04 0.50 0.42 0.50 0.42 0.50 0.42 0.50 0.42

II 0.20 0.08 2.00 0.85 2.00 0.85 2.00 0.85 2.00 0.85

III 0.45 0.13 4.50 1.27 4.50 1.27 4.50 1.27 4.50 1.27

IV 0.70 0.09 7.00 0.85 7.00 0.85 7.00 0.85 7.00 0.85

V 0.90 0.08 9.00 0.85 9.00 0.85 9.00 0.85 9.00 0.85

Levels D6 D7 D8 D9 D10

Ex En Ex En Ex En Ex En Ex En

I 0.50 0.42 0.50 0.42 0.05 0.04 3.00 1.70 0.50 0.42

II 2.00 0.85 2.00 0.85 0.30 0.17 0.90 0.08 2.00 0.85

III 4.50 1.27 4.50 1.27 0.75 0.21 0.70 0.08 4.50 1.27

IV 7.00 0.85 7.00 0.85 1.50 0.42 0.45 0.13 7.00 0.85

V 9.00 0.85 9.00 0.85 6.00 3.40 0.15 0.13 9.00 0.85

Levels D11 D12 D13 D14 D15

Ex En Ex En Ex En Ex En Ex En

I 0.50 0.42 100.00 84.93 0.50 0.42 18.00 5.10 1.00 0.85

II 2.00 0.85 300.00 84.93 2.00 0.85 9.00 2.55 3.00 0.85

III 4.50 1.27 500.00 84.93 4.50 1.27 5.00 0.85 5.00 0.85

IV 7.00 0.85 700.00 84.93 7.00 0.85 3.00 0.85 7.00 0.85

V 9.00 0.85 900.00 84.93 9.00 0.85 1.00 0.85 9.00 0.85
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Fig. 3 Cloud models of different health risk indexes at various risk levels
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Fig. 4 Decision matrix demonstrating how the risk assessment results can be used to facilitate decisions

Fig. 5 The Zhan Garden and its surroundings; a location of the case study; b overview orthoimage of the Zhan Garden; c photographs of the North 
Rockery
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to be executed within a certain period, which can be 
determined by the health condition of the rockeries.

Application and results
Application to North Rockery at Zhan Garden, Nanjing, 
China
The North Rockery at Zhan Garden was selected to illus-
trate the utility of the proposed health risk assessment 
method. The North Rockery was originally built during 
the Ming Dynasty (A.D. 1507–1566) [54]. It is the high-
est and most precipitous point in the Zhan Garden (ZG), 
which is one of the four greatest classical gardens in the 
regions south of the Yangtze River (Fig.  5). Because of 
its zigzag spaces and various landscapes, it is deemed to 
be one of the finest rockeries in China and attracts many 
visitors.

Understanding stone deterioration processes requires 
systematic observation and analysis of field data, ideally 
supported by in-depth laboratory research. This allows 
researchers to contain information from other fields and 
conduct a more comprehensive investigation to under-
stand the deterioration phenomena [55]. To assess the 
health risk of the North Rockery at Zhan Garden, sev-
eral preliminary in-situ investigations were carried out to 
gain thorough insight into the health state of the rocker-
ies. Owing to rapid technological developments, espe-
cially advances in non-destructive testing techniques and 
improvements in evaluation and modeling methods, the 
possibilities for obtaining heritage diagnoses continue to 
increase. However, these new methods are generally only 
a few years old, and the test results are largely incompara-
ble to those obtained using previous methods [56]. As the 
monitoring of rockeries must be evaluated over a longer 
period—from several years to several decades—we had 
to choose relatively simple methods that are less techni-
cally demanding and can be used in the same or similar 
way decades later.

First, visual inspections and a 3D scan of the North 
Rockery at ZG were carried out to obtain deteriora-
tion information and the digital twin model of the 
rockery. All deterioration patterns were measured and 
documented in the deterioration map of the rockery 
(Fig.  6a). The deterioration map should be included 
in the health profile of the rockery to serve as a ref-
erence for future health evaluation (Fig. 6b). The digi-
tal twin model of the North Rockery was obtained by 
collecting high-precision rockery point cloud data 
(Fig.  6c). These can be used as a digital record of the 
North Rockery, and the 3D model can be used to cal-
culate its surface area. Second, several laboratory tests 
were also performed to learn more about the mechani-
cal properties of the North Rockery’s materials. This 
includes the test of dry and wet compressive strength, 

which can obtain the value of D9 [57], and the test 
of water absorption coefficient by capillarity, which 
can obtain the value of D8 [49]. With the permission 
of the rockery management department, specimens 
were collected from the North Rockery. Then, the dry 
and wet compressive strength test was carried out 
using an MTS CMT4204 microcomputer-controlled 
electronic testing machine. The cubic specimens 
(17 × 50 × 50  mm3 per unit) were subjected to increas-
ing loads to determine the ultimate strength of the 
specimen (Fig. 6).

After all the in-situ investigations and laboratory tests 
of the North Rockery at Zhan Yuan have been completed, 
the value of each index can be calculated based on the 
equations and descriptions from the previous section 
(Table 3).

Based on the cloud model method discussed in the pre-
vious section, by inputting the value of each index into 
the forward cloud generator, the membership degree 
matrix of the five risk levels can be calculated. Then, with 
the weight of each index illustrated in Fig. 2, the compre-
hensive membership degrees can be obtained by Eq. (11). 
Lastly, based on the maximum membership principle, 
the health risk assessment result of the North Rockery is 
presented in Table 4. The health risk assessment indexes 
were divided into five risk levels namely the lowest, lower, 
medium, higher, and highest levels, which are respec-
tively labeled as Levels I–V.

Application to other case studies
Besides the application to the North Rockery at ZG, 
applications to the other three rockeries in Suzhou, 
China are presented to demonstrate how the health risk 
assessment method can function under different condi-
tions of complexity (Fig. 7).

The three rockeries are located in three different Chi-
nese classical gardens: the Humble Administrator’s 
Garden (HAG), the Lingering Garden (LG), and the 
Canglang Pavilion (CLP). These three historic gardens 
were added to the UNESCO World Heritage list in 1997. 
Despite being one of their most important components, 
the health state of the rockeries in these gardens has 
never been evaluated. Therefore, detailed in-situ inves-
tigations and laboratory tests were performed to evalu-
ate their health states. The resulting health risk level for 
all the four case studies after the health risk assessment 
process are summarized in Table  5. The values of the 
certainty degrees of the five risk levels are also listed. As 
shown in Table 5, two of the case studies are at the lowest 
risk level, one is at the lower risk level, and one is at the 
medium risk level. It can be said that the rockeries in the 
four case studies have been preserved in good condition.
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Aside from the useful insights provided by the final 
risk level, the recommended lists of best activities also 
correspond to the final risk level. Three of the rockeries 
studied need maintenance and preservation to keep their 
health risk at a low level. Only the rockery at LG requires 
long-term restoration and more detailed analyses.

Fig. 6 a Deterioration map of North Rockery; b compressive strength test of rockery specimen; c reality-based 3D models of North Rockery

Table 3 Index value of North Rockery at Zhan Yuan

Indexes D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 D13 D14 D15

Values 0.22 0.7 0.3 2 1 0.5 0.1 0.15 0.8 3 2 654 0.2 12 5

Table 4 Final certainty degrees and final assessment result of 
North Rockery at Zhan Garden

Comprehensive membership degrees Risk level

Level I Level II Level III Level IV Level V

0.3671 0.4880 0.1692 0.0501 0.0174 II
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Discussion
This study proposed a health risk assessment method 
based on MCDM techniques for rockeries based on 
objective and unbiased data obtained from in-situ inves-
tigations and laboratory tests. Using this method, deci-
sion makers can glean from the health risk level of the 
rockeries and identify priority actions that need to be 
taken. Compared with evaluation results based on rock-
ery craftsmen’s experiences, the health risk assessment 
results from this study are clearer and more comprehen-
sive. That is, while rockery craftsmen can evaluate the 
risk of one typical type of deterioration pattern based 
on their experience, they cannot obtain comprehensive 
assessment results based on multiple factors through that 

method. By contrast, the proposed health risk assessment 
method is a more comprehensive process that considers 
risks from different factors related to the rockeries’ health 
and can provide more reliable and objective results.

While the proposed health risk assessment method 
yields clear results on the health risk level of the rock-
eries in the four Chinese classical gardens, some limi-
tations must be clarified. First, it is critical to note that 
the results of the proposed method are intended to be 
used as a useful reference for the initial prioritization 
of rockeries with potentially high health risk levels and 
should therefore not be regarded as the final results. A 
more detailed level of analysis should be carried out to 
diagnose the structure and deterioration patterns of the 

Fig. 7 Location of the case studies; a rockery at the Humble Administrator’s Garden; b rockery at the Lingering Garden; c rockery at the Canglang 
Pavilion

Table 5 Final certainty degrees and final assessment result for all the case studies

Case study Final certainty degrees Risk level Recommendations

Level I Level II Level III Level IV Level V

ZG 0.3671 0.4880 0.1692 0.0501 0.0174 II Maintenance and preservation works are recommended. Detailed analysis 
and monitoring activities can be considered

HAG 0.3887 0.3667 0.1671 0.0070 0.0737 I Maintenance and preservation works are recommended

LG 0.2804 0.1999 0.3021 0.1691 0.0671 III Minor damages requiring long-term restoration works. More detailed risk 
analysis is recommended

CLP 0.3918 0.1903 0.1984 0.1947 0.1220 I Maintenance and preservation works are recommended
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rockeries. Second, owing to the limitation of diagnos-
tic techniques, this research was based on a reduced 
set of indicators. A more comprehensive analysis can 
be obtained to include more indicators and diagnostic 
techniques. This study intended to provide a standard-
ized health risk assessment procedure for rockeries that 
can be modified and improved by including more indica-
tors. Third, this study focused on rockeries made of Taihu 
stone in the region south of the Yangtze River. Based on 
differences in climate and material properties, the evalu-
ation criteria might need to be modified for rockeries of 
different materials and locations.

To inform the future development of the protection of 
rockeries, it is important to build a database to facilitate 
the inspections and data capture of the rockeries, as well 
as the standardized assessment procedure. This database 
should include their health state profiles and the results 
of technical surveys. Since the state of their health must 
be evaluated over years or even decades, this database 
can serve as an important reference for future protection 
and restoration activities.

Conclusions
As one of the most important components of Chinese 
classical gardens, rockeries draw extensive interest glob-
ally. However, research concerning the protection of 
rockeries is still insufficient. This study therefore pro-
posed a health risk assessment method based on MCDM 
techniques. The health risk assessment method proposed 
in this study was successfully implemented for four rock-
eries in Chinese classical gardens to demonstrate its fea-
sibility as a standardized health risk assessment method 
for rockeries. In this study, a cloud model was introduced 
to calculate the health risk level of rockeries. This model 
can convert the fuzziness and randomness of indexes to 
certainty and determinacy by calculating the member-
ship degree of the indexes and selecting the value that 
best reflects the corresponding risk level as the final 
results. Compared with the practice of assessing dam-
age levels based on the rockery craftsmen’s experience, 
the proposed method is more reliable and efficient as it 
proposes the use of a decision-making tool in the form 
of a standard objective index that considers information 
from a diverse set of diagnostic activities, including dam-
age surveys, material characterization tests, and labora-
tory tests. The proposed method can provide quantitative 
and standardized evaluation results for decision makers 
to identify rockeries with a high health risk level.

The proposed health risk assessment method can be 
viewed as an initial step toward incorporating relevant 
technical aspects into decision support systems for rock-
eries in Chinese classical gardens. Moreover, the stand-
ard outputs provide the possibility of making it easier 

to communicate key aspects of recommendations to 
non-technical stakeholders. Therefore, this approach is 
strongly recommended for assessing the health risk level 
of rockeries in Chinese classical gardens.
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