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This study presents an improved trapezoidal fuzzy analytic hierarchy process (FAHP) to assess the risk of
mega-city infrastructures related to land subsidence. The trapezoidal fuzzy numbers are used to express
the relative importance between assessment factors. A new questionnaire is proposed in this study to col-
lect judgements from consulting experts. Both the original AHP and the trapezoidal FAHP with the new
questionnaire are applied to assess the risk of infrastructures in relation to land subsidence in Shanghai.
The risks assessed using the trapezoidal FAHP at locations with significant infrastructures are higher than
those assessed using the original AHP. This indicates that the trapezoidal FAHP method with the new
questionnaire can be used to effectively capture the high risks for significant industrial infrastructures
related to land subsidence. Moreover, the obtained results were compared with the current land subsi-
dence prevention zone, and it was observed that the existing land subsidence prevention zone in govern-
ment management guidelines does not sufficiently consider the vulnerability of significant
infrastructures.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction

Land subsidence is a geological disaster induced by natural fac-
tors such as consolidation of newly reclaimed ground, peat carbon-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2019.135310&domain=pdf
https://doi.org/10.1016/j.scitotenv.2019.135310
mailto:lvhaimin12@163.com
mailto:shensl@stu.edu.cn
mailto:annan.zhou@rmit.edu.au
mailto:junyang@hku.hk
https://doi.org/10.1016/j.scitotenv.2019.135310
http://www.sciencedirect.com/science/journal/00489697
http://www.elsevier.com/locate/scitotenv


2 H.-M. Lyu et al. / Science of the Total Environment 717 (2020) 135310
ation, and earthquakes. It can also be caused by anthropic activities
including the exploration of underground resources (Yi et al., 2010;
Shen and Xu, 2011; Shen et al., 2013; Xu et al., 2019; Wang et al.,
2019), underground construction (Godschalk, 2003; Shen et al.,
2017; Wu et al., 2017a), long-term operation of urban facilities
(Shen et al., 2014), and the creep of soils (Yin et al., 2011, 2014,
2017, 2018; Zhu et al., 2016). Underground construction causes
changes in geo-environmental conditions through the recharge
and discharge of groundwater (Lee and Park, 2013; Shen et al.,
2017; Wu et al., 2019). Infrastructure in a mega-city may be dam-
aged if land subsidence occurs. Numerous artificial groundwater
recharge projects have been conducted to solve land subsidence
problems in Shanghai. For example, Shen et al. (2017) conducted
research on the use of pumping and artificial groundwater recharg-
ing in a shallow aquifer for controlling land subsidence.

In Shanghai (the largest city in China), land subsidence has been
measured and recorded since 1921. Land subsidence was generally
induced by the pumping of groundwater from aquifers (Shen and
Xu, 2011). From 1921 to 1949, land subsidence in Shanghai
increased gradually; however, from 1950 to 1965, the subsidence
accelerated (Chai et al., 2004; Xu et al., 2016; Wu et al., 2016,
2017a). Since 1966, artificial recharging in shallow aquifers has
been conducted, and the subsidence was maintained at a small
value until 1989. After 1990, the subsidence rate increased again
owing to the effect of underground structures obstructing the aqui-
fers (Xu et al., 2012 Ma et al., 2014). It has been acknowledged that
land subsidence is a threat to underground infrastructures such as
the deep foundations of high-rise buildings and metro tunnels in
Shanghai (Shen et al., 2014). Land subsidence causes the severe
settlement of metro lines and buildings in Shanghai (Wu et al.,
2017b), and the maximum settlement of line No. 1 is approxi-
mately 2 m; therefore, realising the control of land subsidence is
an urgent task.
2. Literature review

With respect to the influence of land subsidence on infrastruc-
ture, both the quantitative prediction and risk assessment of
infrastructure play a significant role in decision-making. Land sub-
sidence can be predicted using either a mathematical or numerical
model. The mathematical model employs the statistical method to
characterise the former subsidence events for predicting future
behaviour (Xu et al., 2012; Ma et al., 2014). The numerical model
comprises the use of the finite element method or finite difference
method to predict both groundwater seepage and ground deforma-
tion (Shen et al., 2013; Shen and Xu, 2011; Wu et al., 2017b). How-
ever, the method used to assess the damage of infrastructures in
relation to land subsidence is still unclear. For example, Wu et al.
(2017b) recently proposed the use of a simple approach to identify
the contribution of land subsidence to metro tunnel settlement in
the soft deposits of Shanghai. The method proposed by Wu et al.
(2017b) is a mathematical model based on the measured data of
both land subsidence and tunnel settlement. However, (Wu
et al.’s (2017b) method comprises an evaluation of only the beha-
viour of one metro line under the land subsidence environment
and cannot be used to evaluate the overall risk of the infrastructure
system within the land subsidence environment.

The risk related to land subsidence can be evaluated using var-
ious mathematical methods, such as the analytic hierarchy process
(AHP) (Saaty, 1996, Saaty, 2004), Bayesian network rules ( Jin et al.,
2016, 2018), fuzzy mathematics method (Sierra et al., 2018; Jin
et al., 2019a, Jin et al., 2019b), and Gray method (Ishikawa et al.,
1993). The existing assessment methods for risk related to land
subsidence primarily comprise the use of the traditional AHP
method (Kamal et al., 2013). In the original AHP, a single weight
index is used to evaluate the relative importance between assess-
ment factors. The relative importance between two factors is deter-
mined according to the judgements from experts. However, in the
majority of cases, the judgements from several experts vary, which
may result in a bias in the result evaluated using a single weight
index. To overcome these deficiencies, the use of fuzzy AHP (FAHP)
has been proposed to improve the application of the original AHP
(Laarhoven and Pedrycz, 1983; Lyu et al., 2018, 2019a, 2019b,
2019c; Sadiq and Tesfamariam, 2009; Zou et al., 2013).

The FAHP includes the interval FAHP, triangular FAHP, and
trapezoidal FAHP approaches. Instead of the use of a crisp number
as in the original AHP, the interval, triangular, and trapezoidal
FAHP methods adopt the interval, triangular, and trapezoidal fuzzy
numbers, respectively, to express the relative importance of the
assessment factors (Zou et al., 2013; Prascevic and Prascevic,
2017). The use of a fuzzy number can decrease the resulting defi-
ciencies as compared to those obtained while using a crisp number
(Lyu et al., 2019a-d). For example, an interval fuzzy number has
lower and upper bound values; a triangular fuzzy number has
lower, medium, and upper bounds; and a trapezoidal fuzzy num-
ber has lower, left-medium, right-medium, and upper bounds.
The determination of a fuzzy number involves the determination
of several bound values, which is therefore difficult to realise while
using the traditional questionnaire. Zou et al. (2013) employed the
ordinary trapezoidal FAHP to assess flood risk by using the tradi-
tional questionnaire. However, it should be noted that this
research (Zou et al., 2013) did not present the process for deter-
mining the trapezoidal fuzzy number, which is a key but difficult
point in the application of the FAHP. Generally, consulting an
expert is a useful method that can be used to determine the impor-
tance degree of assessment factors. The traditional questionnaire
comprises the use of a pairwise comparison in a consulting process
(Li et al., 2013). The pairwise comparison has the following two
distinct shortcomings: (i) the assessment model, which comprises
large influential factors, is complex; and (ii) an inconsistency may
exist in the judgment matrix obtained from the pairwise compar-
ison. To overcome the limitations of traditional questionnaires, a
new questionnaire is presented to easily collect the importance
degree of the assessment factors obtained from the experts con-
sulted. The proposed questionnaire is used to determine the trape-
zoidal fuzzy number using a trial calculation. The trapezoidal FAHP
with the new questionnaire is used for assessing the infrastructure
risk related to land subsidence.

The assessment of the infrastructure risk related to land subsi-
dence is challenging, because there are many uncertainties when
considering the interaction between land subsidence and infras-
tructure. Accordingly, a multi-index system should be employed
in the risk assessment. The objective of this study is to develop a
method to assess the risk of mega-city infrastructures related to
the land subsidence based on the trapezoidal FAHP method. To
obtain reliable results, a new questionnaire is proposed for deter-
mining the fuzzy number in the FAHP. The proposed approach is
used to assess the land-subsidence-induced risk of infrastructures
in Shanghai.
3. Methodology

3.1. Risk assessment model

The mechanism of the infrastructure risks related to land subsi-
dence is associated with hazard-inducing factors and a hazard-
breeding environment as the terms of vulnerability of a disaster-
bearing body. Therefore, the risks related to land subsidence are
a combination function of the hazard index and vulnerability index
(Wang et al., 2014), which can be described using Eq. (1).
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Risk ¼ Hazard� Vulnerability ð1Þ
where � represents the overlay analysis in geographic information
system (GIS). This equation is used to express the definition of risk.

Generally, the indices of hazard and vulnerability comprise sev-
eral factors. Each factor has a different weight for the risk assess-
ment. Therefore, the assessment model can be specified using Eq.
(2).

Risk ¼
Xn
i¼1

hiHi �
Xn
k¼1

vkVk ð2Þ

where Hi and Vk are the normalised factors of hazard and vulnera-
bility, respectively, which can be obtained using Eqs. (3) and (4),
respectively; hi, and vk are the weight coefficients of the aforemen-
tioned factors, respectively.

Positive factor:

xij ¼ xij0 � xmin

xmax � xmin
ð3Þ

Negative factor:

xij ¼ xmax � xij0
xmax � xmin

ð4Þ

where xij is the normalised value of the assessment factor; xij0 is the
original value; and xmax and xmin are the maximum and minimum
values, respectively. If the risk level decreases as the assessment
factor value increases, this factor is a negative factor; otherwise,
the factor is a positive. Subsequent to the normalisation, the assess-
ment factors range from 0 to 1.

3.2. New questionnaire

To reflect the real situation during decision-making, a new
questionnaire is designed for obtaining the viewpoints of experts.
Table 1 presents a comparison between the traditional and new
questionnaires. Compared with the traditional questionnaire, the
new questionnaire can handle the assessment structure, which
comprises a large number of factors, by assigning scores to the
assessment factors. Moreover, a consistent judgment from the
new questionnaire can be guaranteed by using a trial calculation,
whereas an inconsistency may exist in the judgment obtained
using the traditional questionnaire. The proposed questionnaire
is presented in the companion data article (Lyu et al., 2019e).
Instead of asking experts to compare any two factors with five
choices, the proposed questionnaire can capture the subtle changes
in expert judgements regarding how strongly a factor poses chal-
lenges on the risks in terms of nine scores via a table. The nine
scores express the influence level of a factor on the risk, from 1
as equally important to 9 as extremely important. The factor with
a greater score has a higher priority. This is an effective method to
collect various viewpoints from a large number of experts for solv-
ing a complex problem. In the consulting process, each factor was
Table 1
Comparison between the traditional and new questionnaires.

Type Traditional
questionnaire

New questionnaire

Basic theory Pairwise
comparison

Pairwise comparison

Consulting
process

Pairwise
comparison

Assign score to each factor

Large number of
factors

Complex Simple

Consistency of
judgment

Inconsistency
may exist

Consistency can be guaranteed by
trial calculation
considered and given a score ranging from 1 to 9 to reflect its influ-
ence level on the risks. Each of the nine scores could be assigned to
a maximum of two factors. This restriction can guarantee that all
nine scores are assigned, thus ensuring a consistent judgement
matrix. According to all the expert viewpoints, analysts can per-
form pairwise comparisons to establish the judgement matrix by
satisfying the consistency requirement. Based on the obtained
experts’ opinions, the trapezoidal fuzzy number can also be deter-
mined. The details of the application of the proposed method are
discussed in the following context.

3.3. Trapezoidal FAHP

3.3.1. Trapezoidal fuzzy number
The trapezoidal fuzzy number is denoted as M = (m1, m2, m3,

m4). Fig. 1 shows the membership function of a trapezoidal fuzzy
number. The parameters m1 and m4 are the lower and upper limits
of M, respectively; m2 and m3 are the interval variables of M (Zou
et al., 2013). The membership function of lΜ(x) for M is defined
as presented in Eq. (5). As shown in Fig. 2, if m2 = m3, M becomes
a triangular fuzzy number; if m1 = m2 and m3 = m4, M becomes
an interval number; if m1 = m2 = m3 = m4, M becomes a crisp value.
Therefore, a trapezoidal fuzzy number can arithmetically handle
and intuitively interpret fuzzy numbers in a variable manner.
Hence, the authors selected the trapezoidal FAHP for assessing
the risk induced by land subsidence on infrastructures. Trapezoidal
FAHP comprises the use of trapezoidal fuzzy numbers, which is
used to express the relative importance of assessment factors.
However, it is difficult to determine the trapezoidal fuzzy numbers
in the application of the trapezoidal FAHP.

lMðxÞ ¼

0; ðx < m1Þ
x�m1
m2�m1

; ðm1 6 x 6 m2Þ
1; ðm2 6 x 6 m3Þ

m4�x
m5�m4

; ðm3 6 x 6 m4Þ
0; ðx > m4Þ

8>>>>>><
>>>>>>:

ð5Þ

The new questionnaire proposed in this study was used to
determine the trapezoidal fuzzy numbers and establish a consis-
tent judgement matrix in the trapezoidal FAHP. According to the
statistics obtained from the new questionnaire, each influencing
factor is given as an interval value with different selection times.
Therefore, the pairwise comparison between two influencing fac-
tors can be described as a ratio using the statistical values. This
ratio can be approximated using a concise trapezoidal fuzzy num-
ber. Finally, the trapezoidal fuzzy number can be determined to
express the relative importance between the influencing factors.

3.3.2. Weight calibration
According to the definition of the trapezoidal fuzzy judgement

matrix, if C = [Mij]n�n is a trapezoidal fuzzy judgement matrix,
Fig. 1. Membership function of a trapezoidal fuzzy number.



Fig. 2. Overall land subsidence in Shanghai (from 1921 to 2010).
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whereMij = (m1ij,m2ij,m3ij,m4ij) is a trapezoidal fuzzy number, and
a real valuem2ij < pij < m3ij exists that can satisfy the consistency of
the concise matrix P = [Pij]n�n, subsequently the trapezoidal fuzzy
judgement matrix C = [Mij]n�n satisfies the consistency demand.
Based on this definition, when the judgement matrix consisting
of the concise fuzzy number satisfies the consistent requirement,
each element in the judgement matrix can be replaced by a trape-
zoidal fuzzy number. Finally, the consistent judgement matrix con-
sisting of trapezoidal fuzzy numbers can be determined. Thus, the
trapezoidal fuzzy weight can be calibrated using the following
steps:

Step 1: Based on the connection of the viewpoints from experts,
the analysts can establish the concise trapezoidal judgement
matrix P = [Pij]n�n with an ordinary assignment value in the AHP.
The linguistic variables and corresponding trapezoidal fuzzy
number as well as the ordinary number are listed in the data article
(Lyu et al., 2019e).

Step 2: The consistency of the concise trapezoidal judgement
matrix P ¼ Pij

� �
n�n is tested. The value of the consistency ratio

(CR) is then used for testing the consistency of the
matrixP ¼ Pij

� �
n�n. This can be calculated using Eq. (6).

CR ¼ CI
RI

ð6Þ

where CI ¼ ðkmax � nÞ=ðn� 1Þ, and kmax is the largest eigenvalue of
the judgement matrix, which can be calculated based on Eq. (7).
RI is the average random consistency index (Zou et al., 2013). We
have CR � 0.05 when n = 3; CR � 0.08 when n = 4, and CR < 0.1 when
n � 5. Thus, the concise judgement matrix satisfies the consistency
demand.
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kmax ¼
Xn
i¼1

Pn
j¼1aijwi

nwi
ð7Þ

Step 3: An extended trapezoidal judgement matrix with TFNs is
established. According to the concise trapezoidal judgement
matrix and the linguistic variables with the corresponding trape-
zoidal fuzzy number listed in the data article (Lyu et al., 2019e),
the extended trapezoidal fuzzy judgement matrix C = [Mij]n�n can
be established.

Step 4: The fuzzy weight of the trapezoidal fuzzy judgement
matrix C = [Mij]n�n is calculated. The fuzzy weight is calculated
using the geometric average method as shown in Eq. (8).

w!j ¼ wj1;wj2;wj3;wj4
� � ¼ m1i

m4
;
m2i

m3
;
m3i

m2
;
m4i

m1

� �
ð8Þ

where wj1, wj2, wj3, and wj4 are the fuzzy weights of the trapezoidal
fuzzy judgement matrix, and 0 < wj1 < wj2 < wj3 < wj4 < 1, whereas
m1i, m2i, m3i, and m4i are the values of the trapezoidal fuzzy judge-
ment matrix C = [Mij]n�n, and they can be calculated using Eq. (9).
m1i ¼
Qn
j¼1

m2ij

 !1=n

; m2i ¼
Qn
j¼1

m2ij

 !1=n

; m3i ¼
Qn
j¼1

m3ij

 !1=n

; m4i ¼
Qn
j¼1

m4ij

 !1=n

m1 ¼Pn
j¼1

m1j; m2 ¼Pn
j¼1

m2j; m3 ¼Pn
j¼1

m3j; m4 ¼Pn
j¼1

m4j

ð9Þ
4. Assessment of land subsidence risk in Shanghai

4.1. Background

Shanghai is located in the east of China, which is surrounded by
the Jiangsu Province in the north, Zhejiang Province and Hangzhou
Bay in the south, and the East China Sea in the east. The average
elevation of Shanghai is between 3 and 5 m above sea level
(Shen and Xu, 2011; Xu et al., 2012, 2016). The geological forma-
tion of Shanghai mainly comprises soft soil. The groundwater table
is approximately 2 m below the ground surface. According to the
Shanghai Geotechnical Investigation Code (DGJ08-37-2012), the
soil type at a depth of 2 m is mixed soil with sand (5%), silt
(55%), and clay (40%). Fig. 3 shows the administrative region and
overall distribution of land subsidence in Shanghai from 1921 to
2010. As shown in Fig. 3, the greatest land subsidence in the urban
area is approximately 2.6 m. Land subsidence causes many prob-
lems in urban infrastructures, and therefore, countermeasures
should be adopted to prevent the damage induced by land subsi-
dence. Hence, the risk assessment for infrastructures induced by
land subsidence should be evaluated, and the infrastructure risk
zoning map thus obtained could be helpful to the government
and other relevant authorities.

Shanghai has a population of over 25 million on a land area of
6530 km2, which is divided into 10 districts, including the Urban
Centre, Baoshan, Jiading, Pudong New Development District (here-
after called Pudong district), Fengxian, Jinshan, Minhang, Songji-
nag, Qingpu, and Chongming. The gross domestic product (GDP)
of Shanghai is 28,178 billion RMB (4495.46 billion dollars) (SSY,
2017). Each district has a different GDP output. Large-scale munic-
ipal facilities also exist, such as the metro system, Pudong and
Hongqiao International Airports, viaducts, underground roads,
large-scale bridges, tunnels passing through the Huangpu River,
and high-speed railway stations. Furthermore, large-scale indus-
trial facilities exist, e.g. the steel industrial park in Baoshan, auto-
mobile city in Jiading, and petrochemical industry in Jinshan and
Pudong (see Fig. 2). Land subsidence threatens the safety of these
municipal and industrial facilities. To protect these facilities, the
Shanghai Municipal Government invests a large amount of funds.

4.2. Assessment process

Fig. 3 shows the flow chart of the procedure for assessing the
infrastructure risk induced by land subsidence. The assessment
procedure includes two major sections, including (1) the assess-
ment structure and (2) the calibration process in GIS. The proce-
dure can be described in detail as follows: (1) the influential
factors are identified and the assessment structure is established;
(2) the experts’ judgements are collected using the new question-
naire; (3) the concise judgement matrix is established using a sin-
gle number according to the viewpoints of the experts; (4) the
single number used to establish the extended judgement matrix
is replaced using the trapezoidal fuzzy number; (5) the AHP weight
and trapezoidal fuzzy weight of the assessment factors are calcu-
lated; (6) the risk level of the assessment index is obtained using
the normalised assessment factors with their corresponding
weights. Using the aforementioned procedure, the assessment
results based on the AHP and the trapezoidal FAHP can be
obtained. To demonstrate the efficiency of the trapezoidal FAHP
with the new questionnaire, the assessed results were compared
with the current planning zone for land subsidence in Shanghai.

4.2.1. Identification of influential factors
The influential factors to hazard and vulnerability can be

identified from previous studies on land subsidence (Xu et al.,
2012, 2013; Ma et al., 2014), including the causes of subsidence,
record of subsidence, population distribution, urban construction,
and GDP distribution. Based on field investigations, mechanical
analyses, and the accessibility of a factor (Shen and Xu, 2011;
Shen et al., 2013; Ma et al., 2014), the following six hazard-
related factors are identified in this analysis: the hazard inten-
sity of land subsidence (H1), groundwater extraction intensity
(H2), historical land subsidence (H3), historical subsidence rate
(H4), potential land subsidence (H5), and average ground eleva-
tion (H6). Based on their contributions to land subsidence, these
factors are ranked from H1 to H6. According to their significance
to life and property, the vulnerable factors of the infrastructures
include the following: population density (V1), GDP per unit area
(V2), construction area ratio (V3), metro system density (V4),
industrial output per unit area (V5), elevated road density (V6),
disaster reduction input (V7), and recharge groundwater input
(V8). Moreover, urban development has resulted in many under-
ground structures (e.g. pile foundations of high-rise buildings,
metro systems, and underground transportation tunnels) in aqui-
fers I and II in Shanghai (Xu et al., 2012; Qiao et al., 2017; Peng
and Peng, 2018). These underground structures block the seep-



Fig. 3. Flowchart of the assessment procedure for the risk induced by land subsidence.

Table 2
Weights of assessment factors from trapezoidal FAHP and AHP methods.

Assessment index Assessment factors

Index AHP (w) Trapezoidal FAHP (w!j) Factor AHP (w) Trapezoidal FAHP (w!j)

Hi 0.45 (0.25, 0.3333, 0.5385, 0.6667) H1 0.2415 (0.1985, 0.2040, 0.2087, 0.2185)
H2 0.2279 (0.1803, 0.1812, 0.1901, 0.1985)
H3 0.1718 (0.1613, 0.1625, 0.1722, 0.1788)
H4 0.1539 (0.1531, 0.1551, 0.1571, 0.1620)
H5 0.1223 (0.1516, 0.1528, 0.1560, 0.1593)
H6 0.0908 (0.1117, 0.1179, 0.1300, 0.1387)

Vk 0.55 (0.3157, 0.4118, 0.6495, 0.8) V1 0.2684 (0.1878, 0.1887, 0.1920, 0.1977)
V2 0.2170 (0.1663, 0.1674, 0.1738, 0.1794)
V3 0.1665 (0.1393, 0.1418, 0.1479, 0.1520)
V4 0.1265 (0.1319, 0.1330, 0.1350, 0.1358)
V5 0.1003 (0.1169, 0.1203, 0.1256, 0.1275)
V6 0.0528 (0.0902, 0.0929, 0.0947, 0.0951)
V7 0.0369 (0.0705, 0.0731, 0.0734, 0.0746)
V8 0.0346 (0.0659, 0.0689, 0.0698, 0.0708)
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Fig. 4. Hazard index: (a) hazard intensity of land subsidence; (b) groundwater extraction intensity; (c) cumulative subsidence from 1921 to 2010; (d) subsiding rate; (e)
potential land subsidence; (f) average ground elevation.
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Fig. 5. Risk level of hazard index.
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age path of groundwater, which results in the temporal–spatial
redistribution of the groundwater level and land subsidence
(Xu et al., 2012). This redistribution can cause a weight change
in factors V3 and V4. Based on the identified factors, the hazard
index and vulnerability index in risk assessment can be con-
firmed and the assessment structure can be established subse-
quently (see Fig. 3).
4.2.2. Judgement matrix with new questionnaire
As part of the consultation, the authors distributed 21 question-

naires to several experts including academics, contractors, client
managers, and consultant engineers. The authors then selected
the judgements of six experienced experts. These experts com-
prised three academics and three construction managers with
more than 10-year experience. A summary of the questionnaire



Fig. 6. Risk level of vulnerability index.
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responses obtained from the six experts was presented in the data
article (Lyu et al., 2019e).

Based on the statistical responses from the six experts, the
authors established the judgement matrix by satisfying the consis-
tency requirement. To elucidate how the judgement matrix is
established, the expert responses of factors H1 to H6 in the hazard
index are used as examples. The score for H1 ranges from 7 to 9;
therefore, H1 is initially assigned a value of 7–9. It should be noted
that 9 is assigned four times. Similarly, H2 = 7–9, while considering
that both 7 and 9 are selected twice; H3 = 4–7, with 4 assigned
twice and 6 thrice; H4 = 4–6, with 5 assigned thrice and 6 twice;
H5 = 3–5, with 4 assigned thrice and 5 twice; H6 = 1–3, with 2
assigned thrice and 1 twice. Each element in the judgement matrix
can be expressed as a ratio of one interval number to another, such
as H1

H2
¼ 7�9

7�9,
H1
H3

¼ 7�9
4�7,

H1
H4

¼ 7�9
4�6,

H1
H5

¼ 7�9
3�5,

H1
H6

¼ 7�9
1�3, etc. Thus, a pairwise

comparison judgement matrix can be obtained as follows.
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1 7�9
7�9

7�9
4�7

7�9
4�6

7�9
3�5

7�9
1�3

7�9
7�9 1 7�9

4�7
7�9
4�6

7�9
3�5

7�9
1�3

4�7
7�9

4�7
7�9 1 4�7

4�6
4�7
3�5

4�7
1�3

4�6
7�9

4�6
7�9

4�6
4�7 1 4�6

3�5
4�6
1�3

3�5
7�9

3�5
7�9

3�5
4�7

3�5
4�6 1 3�5
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Fig. 7. Assessment results of the trapezoidal FAHP: (a) lower bound w
This ratio can be considered to be a fuzzy number. By using
trapezoidal fuzzy numbers to replace the ratio elements in the
judgement matrix, a triangular fuzzy judgement matrix can be
obtained. In the process of replacing each factor, it should be noted
that the time required for assigning each score was taken into con-
sideration for constructing the triangular fuzzy number to obtain a
trapezoidal fuzzy number that is as close as possible to the original
1, (b) left-medium w2; (c) right-medium w3; (d) upper bound w4.
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ratio. Finally, a concise judgement matrix Phazard with an ordinary
number can be determined. This matrix consists of trapezoidal
fuzzy numbers with a CR of 0.0008, which indicates that the judge-
ment matrix satisfies the consistency requirement (CR < 0.1). Sim-
ilarly, the concise judgement matrix Pvulnerability for the
vulnerability index can also be obtained.

The extended trapezoidal judgement matrix can be calculated
based on the concise judgement matrices Phazard and Pvulnerability
and the linguistic variables with the corresponding trapezoidal
fuzzy number. Tables B1 and B2 in Appendix B list the judgement
matrices with trapezoidal fuzzy numbers. The fuzzy weight of the
trapezoidal FAHP judgement matrix can be determined using Eqs.
(8) to (11). In addition, the AHP weight (w) can also be obtained
according to the concise judgement matrix. Table 2 lists the
weights of the assessment factors determined using the trape-
zoidal FAHP and AHP methods.
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4.3. Results and analysis

4.3.1. Hazard index
Fig. 4 shows the map of six hazard index factors for Shanghai

based on the collected data of the hazard index associated with
land subsidence. These six factors include the historical hazard
intensity of the land subsidence (Fig. 4a), groundwater extraction
intensity (Fig. 4b), cumulative subsidence from 1921 to 2010
(Fig. 4c), historical subsiding rate (Fig. 4d), potential land subsi-
dence (Fig. 4e), and average ground elevation (Fig. 4f). To facilitate
the comparison between various factors, the value of each factor is
normalised over the range from zero to one before conducting an
overlay analysis.

According to the normalised factors with their corresponding
weights listed in Table 1, the risk level of the hazard index (see
Fig. 5) can be mapped using an overlay analysis in GIS. As shown



Fig. 7 (continued)

H.-M. Lyu et al. / Science of the Total Environment 717 (2020) 135310 13
in Fig. 5, the hazard level of land subsidence in the urban centre
and the adjacent Baoshan district are higher than those in other
regions on the comprehensive combination of these six factors.
The result of the hazard index is similar to that of the historical
hazard intensity of land subsidence (Fig. 4a) because the weight
of this factor is the largest. During the overlay analysis, the factor
with the largest weight is critical to the assessment result. The
visualisation of the hazard level was mapped using a raster calcu-
lator in GIS.
4.3.2. Vulnerability index
The vulnerability factors related to the land subsidence of 11

districts in Shanghai (Wang et al. 2014; SSY, 2017) were presented
in a data article (Lyu et al., 2019e). Based on the viewpoints from
the six experts, the factors of V1, V2, V3, V4, V5, and V6 are positive
factors, whereas V7 and V8 are negative factors. The normalised
factors can be obtained using Eqs. (3) and (4). Subsequent to the
normalisation, the spatial distribution of the normalised factors
for district division can be visualised using GIS. The normalised fac-



Fig. 8. Present prevention zone for land subsidence in Shanghai (modified from Wang et al., 2014).
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tors combined with their corresponding weights can yield the spa-
tial distribution of the risk level of the vulnerability index. Fig. 6
shows the spatial distribution of the risk level of the vulnerability
index. As shown in Fig. 6, the urban centre has the highest risk
level of vulnerability followed by the Pudong district. Furthermore,
the Chongming district has the lowest risk level of vulnerability.
4.3.3. Risk level of land subsidence
Subsequent to obtaining the assessment results of the risk level

of the hazard index (see Fig. 5) and vulnerability index (see Fig. 6),
the risk level with a fuzzy weight can be evaluated. Fig. 7 shows
the assessment result of the trapezoidal FAHP with fuzzy weights
w1, w2, w3, and w4. As shown in Fig. 7, for all four results with a
lower bound w1 (Fig. 7a), left-medium w2 (Fig. 7b), right-medium



Fig. 9. Assessment result of AHP method.
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w3 (Fig. 7c), and upper bound w4, the evaluated risk level of the
urban centre was very high. The evaluated risk level of the region
adjacent to the urban centre and Pudong district was high. The
medium-risk-level area was located in some regions of the
Baoshan, Jiading, and Minhang districts. The Qingpu, Fengxian,
and Chongming districts were assessed with low-risk levels, as
their hazard and vulnerability levels were low (see Figs. 5 and 6).
As shown in Fig. 7, the proposed method can be used to assess
the vulnerable risk of regions with significant facilities accurately,
such as the Steel Industrial Park in Baoshan district, Anting Shang-
hai International Automobile City in Jiading, Petrochemical Indus-
trial in Jinshan, and Pudong International Airport. In addition, the



Fig. 10. Comparison of the area with different risk levels between trapezoidal FAHP
and AHP.
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location of the International Automobile City was assessed at a
high-risk level as shown in Fig. 7d, whereas the others were
assessed at the medium risk level. This is owing to the greatest
weight of the upper bound w4 in the trapezoidal FAHP. During
the overlay analysis in GIS, the factor with a larger weight has a
more critical effect on the assessment result.

4.4. Validation and discussion

4.4.1. Validation
The current code for land subsidence management was based

on a series investigation conducted by the Shanghai Geological
Investigation Institute (Shen and Xu, 2011; Wang et al. 2014;
Xu et al., 2016; SGII, 2016). Fig. 8 shows the current prevention
zone division for land subsidence that has been used by the
Shanghai government. By comparing the results presented in
Figs. 7 and 8, it was observed that the assessed area with a high
risk in Fig. 7 was located in the major prevention zone (I) in
Fig. 8. The area with a medium risk in Fig. 7 corresponds to the
medium prevention zone (II) in Fig. 8. Moreover, the area with a
low risk in Fig. 7 corresponds to the general prevention zone
(III) in Fig. 8. Therefore, it can be concluded that the assessment
result obtained using the proposed method is reasonable as com-
pared with the current code based on a large quantity of geolog-
ical investigation.

It should be noted that the current prevention zone executed by
the Shanghai government presents some limitations, which has
resulted in the significant industrial facilities not being protected
effectively. For example, the protection level is low for some signif-
icant industry facilities and infrastructure, such as Steel Industrial
Park in Baoshan district, Anting Shanghai International Automobile
City in Jiading district, and Petrochemical Industrial in Jinshan dis-
trict. Moreover, the assessment result obtained using the trape-
zoidal FAHP presents a high-risk level for these significant
infrastructures. The Steel Industrial Park and Anting Shanghai
International Automobile City play significant roles in industrial
production. Petrochemical Industrial mainly produces chemical
products, which is vulnerable to land subsidence. These infrastruc-
tures will be significantly affected by land subsidence. Therefore,
more attention should be focused on the zones with significant
infrastructures to protect them from land subsidence.

4.4.2. Comparison between the results from trapezoidal FAHP and AHP
Fig. 9 shows the assessment result obtained using the AHP

method. The result was evaluated using the traditional AHPweight.
As shown in Fig. 9, Petrochemical Industrial in Jinshan was
assessed at a very low risk level by the AHP, whereas the trape-
zoidal FAHP assessed it at a low risk level. The International Auto-
mobile City in Jiading was assessed at a low risk level by the AHP,
but it was found to be at the medium-risk (MR) and high-risk levels
by the trapezoidal FAHP. The Steel Industrial Park in Baoshan dis-
trict was assessed at the medium risk by the AHP, but it was
assessed at the high-risk level by the trapezoidal FAHP. The risk
levels of these regions with significant infrastructures as obtained
from trapezoidal FAHP are higher than those obtained using the
original AHP. The comparison reveals that the trapezoidal FAHP
can capture the high risks for significant infrastructures, which
can thus provide a better risk assessment for urban infrastructures.

To identify the differences between the trapezoidal FAHP and
AHP results, the area with different risks can be accounted using
GIS. Fig. 10 shows the region with different risk levels obtained
by the trapezoidal FAHP and AHP. As shown in Fig. 10, the area
with the high- and very-high-risk levels obtained from the trape-
zoidal FAHP is larger than that obtained from the AHP. Fig. 11 pre-
sents the percentage of different risk levels as obtained using the
AHP and trapezoidal FAHP. The percentage is calculated using
the (area with one risk level/the total region) � 100%. The area
with one risk level can be extracted from GIS. The percentage of
very high risk level obtained using the AHP weight is 22.0%, which
is less than that obtained on using the weight of the lower bound
(24.3%), left-medium (23.8%), right-medium (22.2%), and upper
bound (22.9%) of the trapezoidal FAHP. Therefore, the trapezoidal
FAHP yields a broader assessment result of high-risk regions than
the AHP. As the trapezoidal FAHP comprises the use of trapezoidal
fuzzy numbers, which have four weights (lower, left-medium,
right-medium, and upper bounds), each weight can provide an
assessed result. Thus, the trapezoidal FAHP can yield an assess-
ment range with four choices for decision-making. However, the
AHP yields only one assessment result, which may demonstrate
biases.

5. Conclusions

This study applied the trapezoidal FAHP with a new question-
naire for assessing the risk induced by land subsidence for urban
infrastructures in mega-cities. A case study of land subsidence in
Shanghai was presented to illustrate the application of the new
questionnaire in the trapezoidal FAHP to assess the risks. The
assessment results were validated by the present prevention zone
for land subsidence in Shanghai. The major findings are sum-
marised as follows:

(1) A trapezoidal fuzzy number can become a triangular/inter-
val fuzzy or a crisp number, which can arithmetically handle
and intuitively interpret fuzzy numbers in a variable man-
ner. The application of trapezoidal fuzzy numbers in the
FAHP is an efficient method for assessing the infrastructure
risk induced by land subsidence.

(2) The trapezoidal FAHP comprised the use of trapezoidal fuzzy
numbers for expressing the relative importance between the
assessment factors; it could tolerate the uncertainties of one
factor to another. The trapezoidal FAHP could yield a more
reasonable assessment than the AHP in that the trapezoidal
FAHP could reflect the actual situation during decision-
making.

(3) In the case study, the risk induced by land subsidence was
assessed with the consideration of blocking effects from
underground structures, which caused the temporal–spatial



Fig. 11. Percentage of different risk level from AHP and trapezoidal FAHP: (a) AHP; (b) lower bound w1, (c) left-medium w2; (d) right-medium w3; (e) upper bound w4.
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redistribution of groundwater level and land subsidence.
The results were validated using the current prevention zone
division for land subsidence.

(4) The risk of the locations with significant infrastructures
assessed using the trapezoidal FAHP is higher than that
using the AHP. The percentage of high-risk levels obtained
using the trapezoidal FAHP is greater than that using the
AHP. The comparison indicates that the trapezoidal AHP
with the new questionnaire can provide a more reasonable
assessment result.
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