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Abstract 

While the urban rail transit systems have been developed rapidly, the nearby heritage buildings and historic sites are 
facing possible threats of unexpected damages. In particular, a rail project has a potential impact on numerous herit-
age buildings and sites in an old city. Thus, to better protect these heritage buildings and sites, it is crucial for deci-
sion-makers to be able to rapidly and accurately evaluate these threats. Based on Set Pair Analysis (SPA) theory, this 
study developed a risk assessment model to assess the safety of heritage buildings adjacent to metro construction. 
In this model, the risk levels of adjacent heritage buildings are ranked. Moreover, this study establishes an assessment 
index system comprising 16 individual indexes among four categories related to heritage building, metro, soil, and 
management. The index system determines the interval values for each evaluation factor. To improve the reliability 
of the index weight, a linear weighting method was adopted. In this study, both subjective weights calculated via 
the Analytic Hierarchy Process (AHP) and objective weights calculated by the Clustering Weight Method (CWM) are 
analyzed comprehensively. Moreover, a case study was conducted by applying the proposed assessment model into 
assessing the structural safety risk of a heritage building adjacent to the Zhengzhou Metro Line Three. It was found 
the results of the proposed model were consistent with the Matter-Element (ME) method. The proposed model can 
be used to provide decision-making support for controlling risk on similar projects.

Keywords:  Set pair analysis theory, Risk assessment, Heritage buildings, Shield tunneling, Risk control

© The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat​iveco​
mmons​.org/licen​ses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creat​iveco​mmons​.org/publi​cdoma​in/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

*Correspondence:  yangchangming@bjut.edu.cn; 994570277@qq.com
1 Beijing Historical Building Protection Engineering Technology Research 
Center, Beijing University of Technology, Beijing 100124, China
2 Institute of Architecture and Public Art, Chinese National Academy 
of Arts, Beijing 100029, China
Full list of author information is available at the end of the article

Introduction
Recently, large underground rail transit systems are 
built in several Chinese cities to solve the issue of heavy 
traffic congestion [1, 2]. However, this underground 
rail development can have a huge impact on the 
surrounding urban environment [3]. For example, a 
shield tunneling can loose the surrounding soils above 
its roof and produce soil loss. Moreover, it can also 
cause nearby ground settlement, road surface cracking, 
excessive building deformation, and so on [4]. It is 

known that heritage buildings have incredible historic, 
artistic, and scientific value; however, the development 
of metro constructions has put potential damage onto 
the heritage buildings [5]. On September 23, 2009, in 
Tianjin, China, Metro Line Three was seriously flooded 
during construction, and this caused many cracks from 
the foundation up to the roof of the adjacent historic 
DD Hotel. The greatest crack was 70  cm wide, and the 
crack caused a partial collapse on the northwest side of 
the hotel [6]. Thus, the threats of potential damage to 
the safety of adjacent heritage buildings caused by metro 
construction should be investigated.

The damages to the structural integrity of adjacent 
heritage buildings caused by underground rail transit 
constructions happened not only in China, but across the 
world [7]. For example, on March 3, 2009, many cracks 
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were found on the external wall of the Historical Archives 
in Cologne (Germany) due to metro construction. 
The cracks quickly spread to the roof and triggered the 
collapse of the building [8]. The number of underground 
rail transit projects have largely increased in big cities. 
However, the above examples showed that they had 
caused many damages to heritage buildings. Thus, it is 
important for decision-makers to be able to evaluate 
the risks of shield construction on the safety of adjacent 
heritage buildings [9].

At present, research on the influence of underground 
rail transit construction on adjacent buildings has 
achieved significant outcomes in China and around 
the world. It was found that the main risk factor on a 
building is the induced surface settlements due to metro 
tunnel construction [10]. Research analysis methods 
for studying ground settlement or building damage 
caused by metro construction can be divided into three 
categories: Empirical Analysis (EA) [11], Finite Element 
Analysis (FEA) [12], and Mathematical Theoretical 
Analysis (MTA) (such as Bayesian Networks(BNs) [13], 
Information Fusion (IF) [14], and Extended Cloud Model 
(ECM) [15]).

Empirical analysis (EA) is an empirical method adopted 
at the early stage of research to obtain the common prior 
experience through statistical analysis of a large number 
of actual engineering monitoring data. It provides a 
theoretical guidance for engineering [16]. Peck developed 
the classic formula of surface settlement and used normal 
distribution to present the surface settlement trough 
[17]. Many other scholars such as Attewell et  al. [18] 
and Rankin [19] further improved and revised the Peck’s 
formula. Further, Bilotta et  al. verified the Gaussian 
empirical curve and obtained the value range of empirical 
parameters by monitoring the surface settlement and 
deep displacement during the tunnel excavation along the 
metro lines 1 and 6 in Naples, Italy [9]. Sirivachiraporn 
et al. also analyzed a large number of monitoring data in 
the construction of the first subway project in Bangkok. 
They evaluated the complex surface settlement trend 
and the response of different pile buildings. Based on the 
analysis, they concluded that the surface settlement slot 
did not conform to the Gaussian function [11]. However, 
although EA has been widely used for its simplicity, it 
cannot accurately predict surface settlement, as there 
are unknown human factors and complex geological 
structures in metro construction. Thus, it can only be 
used to roughly estimate the surface settlement.

Finite Element Analysis (FEA)  is a numerical 
simulation method developed by using the application 
of electronic computers [16]. It is a multi-parameter 
and dynamic analysis method, which has been widely 
used in the study of the impact of roadway on the 

surrounding environment to obtain a great number 
of empirical results. Camos et  al. [12] proposed a new 
formula to calculate the horizontal strain of the tunnel, 
and developed a three-dimensional finite element 
model for building response to predict the damage of 
adjacent buildings. Li et  al. [20] established the finite 
element numerical simulation model, discussed the 
ground settlement deformation law caused by tunnel 
construction under different soil constitutive models, 
and obtained the sensitivity of different soil parameters. 
FEA can be used to repeatedly simulate the real physical 
situation with high precision and visualization. However, 
it is a complicated modeling process, and requires a 
high level of relevant professional background and 
understanding of relevant theories. In addition, it is very 
time-consuming. Thus, when a metro line is built in the 
old part of a city, and there are many heritage buildings 
near the line that require an assessment of the impact of 
metro construction on structural safety, this method is 
deemed to be time-consuming and expensive.

Mathematical Theoretical Analysis (MTA)  is a 
mathematical method developed based on the prior 
experience obtained by EA or FEA. It is mainly used to 
perceive the magnitude of risk for decision. For example, 
Wu and Zhang et  al. studied a variety of mathematical 
methods and applied them into predicting building safety 
risks from tunnel constructions [4, 13–15]. Bayesian 
Networks (BNs), one MTA method, is developed based 
on probabilistic reasoning. It can solve the problems 
of uncertainty and incompleteness, but it is very 
complicated and has high computational demands. In 
addition, its analytical quality heavily relies upon large 
amount of reliable prior data samples. Information 
Fusion (IF), another MTA method, is developed based 
on the Dempster–Shafer evidence theory. It can fuse a 
variety of data, and is more intuitive than BNs. However, 
owing to its lack of solid theoretical underpinning for 
its synthesis rules, its rationality and effectiveness are 
limited. Another MTA method, Extended Cloud Model 
(ECM) can be used to evaluate the impact of metro tunnel 
shield construction in a simple, efficient, and convenient 
way, but it is easy to miss important information during 
its calculation process.

In summary, the above research methods are more 
focused on the impact on the building or a single building 
by metro constructions. However, limited research has 
been focusing on the heritage buildings themselves. For 
example, Bilotta et al. [21] conducted numerical analysis 
on a historic church building next to the Metro Line 
6 tunnel which was under construction in downtown 
Naples. The analysis was undertaken through the 
establishment of three-dimensional finite element model 
to monitor the settlement on the surface and deep layer 
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of the building. It was found the measured results were 
consistent with the hypothesized results. Other scholars 
also investigated the assessment of the impact of metro 
construction on a large number of cultural relics in the 
historic urban areas. For example, Chang established a 
chromatography multiply assessment method (CMAM) 
[6]. In CMAM, images were overlaid according to a 
chromatic principle through Photoshop or ArcGIS 
technology platform. The process was simple and the 
developed method produced intuitive, vivid, and concise 
images. However, the interactions between the metro 
tunnel and heritage building factors, as well as the 
contribution of soil factor and management factor, are 
not considered. In addition, it was only applicable to the 
evaluation of metro lines during the planning stage.

Although the detailed numerical analysis cannot be 
replaced to calculate the specific damage of the metro line 
to the high-risk heritage buildings [22], a simple, rapid and 
reliable in risk assessment on the safety of heritage build-
ings shall be developed to avoid unnecessary complicated 
numerical simulations spent on the lower risk buildings. It 
is also of practical significance to develop a thorough con-
struction plan to ensure the structural safety of heritage 
buildings using shield tunneling during metro construc-
tion. Thus, this study is to develop a more convenient and 
efficient method to evaluate heritage buildings under the 
impact of nearby metro tunnel shield construction. The 
safety assessment method developed was using evaluation 
index factors related to heritage buildings, metro construc-
tion, soil conditions, and construction management. In 
addition, this method is developed by using mathematical 
tools based upon set pair analysis (SPA). The method is to 
rapidly assess the risk levels of adjacent heritage buildings 
impacted by the metro shield tunneling construction. By 
updating the data for each evaluation parameter, this study 
is to control potential risks in real time when shielding tun-
neling is used during metro constructions, and provide 
feedback for the adjustment and optimization of the con-
struction plan.

Methods
The SPA theory
The SPA theory was first developed by Zhao in 1989 as a 
new systems analysis method. It focuses on studying the 
certainty and uncertainty of a given system [23]. In the 
given system, “identity”, “opposition”, and “difference” are 
commonly used terminologies. Identity and opposition 
represent two aspects of certainty, whereas the differ-
ence represents uncertainty. Moreover, identity, oppo-
sition, and difference are interrelated. They influence 
and restrain each other, and they transform into each 
other under certain conditions [24]. Their correlation is 
shown in Eq. (1), in which the dialectical understanding 

of uncertainty is transformed into a mathematical 
operation.

where, N is the total number of features with the set pair 
H = (A,  B)  (assumption sets A,  B). It describes identity, 
opposition, and difference. S represents the common 
features; P represents opposite features; F represents 
features that are neither common nor contrary, and 
N = S + F + P . The ratios, S/N, F/N, and P/N are the 
identity degree, difference degree, and conflict degree 
of sets A and B respectively. Suppose a = S/N, b = F/N, 
c = P/N, and a+ b+ c = 1 . The coefficients of the 
difference degree and conflict degree are i and j, with 
i ∈ [−1,+1] and j = −1 . When i = 1 , the uncertainty 
is converted into an identity degree; when i = −1 , the 
uncertainty is converted into a conflict degree; and when 
i ∈ (−1,+1) , there is a mixed degree of identity and 
opposition.

This study used the SPA theory to study the safety risk 
assessment of heritage buildings to develop a set pair, 
which involves the index of the heritage buildings and the 
classification standard of the index. If the index is within a 
certain evaluation level, it is considered to be identity; If it 
is within the separated evaluation level, it is considered to 
be conflict; If it is within the adjacent evaluation level, it is 
considered as difference. The closer it is to the evaluation 
level, the closer i is to 1. Moreover, the closer it is to the 
separated evaluation level, the closer i is to − 1.

Index normalization
A comprehensive evaluation of multiple indexes shows 
the impact of metro construction on the safety of adjacent 
heritage buildings. However, each index has different types 
and units. Thus, it may be difficult to generalize the find-
ings. Therefore, it is important to normalize each index to 
make it satisfy the principles of comparison.

where c′i1 is a “the smaller the better” index (negative 
index); c′i2 is a “the bigger the better” index (positive 
index); max(ci) is the maximum value of the ith index; 
and min (ci) is the minimum value of the ith index.

Index weight
Weights can be divided into two categories: Subjective 
weights and objective weights. The subjective weight 
reflects the willingness from the decision-maker; while 

(1)µ(w) =
S

N
+

F

N
i +

P

N
j = a+ bi + cj

(2)c
′

i1 =
ci −min (ci)

/

max(ci)−min (ci)

(3)c
′

i2 =
max (ci)− ci

/

max(ci)−min (ci)
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the objective weight reflects the contribution of specific 
index data. In the present study, both the subjective 
and objective weights were obtained using the Analytic 
Hierarchy Process (AHP) and the Clustering Weight 
Method (CWM). Moreover, a linear weighting method 
was adopted to determine the weight of each factor, 
with a view to enhancing the reliability of the evaluation 
results.

The AHP approach
The AHP approach separates relevant factors into a target 
layer, criterion layer, index layer, and other layers. It is a 
multi-level weight analysis method, which integrates the 
subjective judgments with the objective data analysis. In 
this approach, both qualitative and quantitative analyses 
were conducted into a concise systematic analysis and 
evaluation method [25].

The AHP theory itself is very well developed, 
and it has been widely used by many researchers in 
different industries. The specific calculation formula 
and derivation processes are explained in the relevant 
literature [26, 27]. However, it is worth noting that testing 
of the results’ consistency should be conducted. When 
this testing is completed successfully, the eigenvector can 
be used as the weight vector. Otherwise, the judgment 
matrix needs to be reconstructed until the consistency 
test was completed successfully.

The CWM approach
In the CWM approach, the clustering weight is usually 
calculated via a simple threshold method. However, this 
method neglects the differences in the ranges of each 
index’s standard value [28]. Therefore, this study uses a 
revised CWM approach, in which the weight of each 
index at the different levels is determined by using the 
measured value of the samples and the standard value of 
the evaluation index at each level. The specific steps are 
as follows:

Step 1: Construct the original decision matrix as 
follows.

where xij is the upper threshold of the ith index at the jth 
level.

Step 2: Calculate the weight distribution of each index 
as follows.

(4)R =
(

xij
)

nm

(

i = 1, 2, . . . , n; j = 1, 2, . . . ,m
)

(5)

x
′

ij =
xij

/

∑m
j=1 xij

(

i = 1, 2, . . . , n; j = 1, 2, . . . ,m
)

(6)y
′

ij =
x0ij
/

x
′

ij

(

i = 1, 2, . . . , n; j = 1, 2, . . . ,m
)

where y′ij is the weight distribution of each index, and x0ij 
is the normalized evaluation value of the actual sample.

Step 3: Calculate the clustering weight.

where Zi is the clustering weight of the ith index.

Comprehensive weight
The comprehensive weight can be calculated in Eq. (8).

where wi is the AHP weight; Zi is the CWM weight; and 
a is a weight coefficient that varies in different projects.

SPA correlation degree
The SPA evaluation method calculates the correlation 
value, and the coefficient of the difference. Different 
from the Set Membership method, the SPA method has 
a wide-domain functional structure to improve the infor-
mation utilization rate and ensure the credibility of the 
comprehensive results [29]. In Table  1, five correlation-
degree functions are listed. µi

(

j
)

 was constructed for the 
safety risk evaluation index for adjacent heritage build-
ings influenced by shield tunneling construction. The 
degree-of-correlation models of levels I–V are shown in 
Eqs. (9)–(13).

(7)Zi =
∑m

j=1 y
′

ij

/

∑n
i=1

∑m
j=1 y

′

ij

(8)w
′

i = a× wi + (1− a)× Zi, a ∈ [0, 1]

(9)µi(1) =











1

1−
2(xi−si(1))
(si(2)−si(1))
−1

xi ∈
�

0, si(1)
�

xi ∈
�

si(1), si(2)
�

xi ∈
�

si(2), si(5)
�

(10)µi(2) =



















1 xi ∈
�

si(1), si(2)
�

−1+
2xi
si(1)

xi ∈
�

0, si(1)
�

1−
2(xi−si(2))
(si(3)−si(2))

xi ∈
�

si(2), si(3)
�

−1 xi ∈
�

si(3), si(5)
�

(11)

µi(3) =























1 xi ∈ (si(2), si(3)]

−1+
2(xi−si(1))
(si(2)−si(1))
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�
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�

1−
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�

−1 xi ∈
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∪
�
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�

(12)µi(4) =




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












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In Eqs. (9)–(13), µi(1) to µi(5) are the degrees of cor-
relation of each index i for the five assessment levels, with 
i = 1, 2, 3, …, 16; si(1) to si(5) are the upper thresholds for 
the respective levels I–V in the normalized safety risk 
evaluation criteria, and si(1)  = si(2)  = si(3)  = si(4)  = si(5) . 
xi is the normalized measured value of the ith index. By 
substituting the measured values of each index into the 
above models, the correlation degree of each evaluation 
level can be obtained.

Equation  (14) is to calculate the average degree of 
correlation.

where µj is the average correlation degree of the safety 
risk index on the jth evaluation level; and w′

i is the com-
prehensive weight of each safety risk index.

If µk = max
{

µj

}

, k = 1, 2, . . . ,m , the safety risk assess-
ment result of the sample can be identified at the kth 
level.

Safety risk assessment model
Standard grades of risk
According to the relevant standard specification [30] 
and previous literature [14, 15, 31], combined with 
safety control measures and protection requirements 
of heritage buildings, the structural safety of adjacent 
heritage buildings under the influence of metro 
construction can be classified into five levels. In details, 
the five levels are I (safe), II (low risk), III (medium risk), 
IV (high risk) and V (extreme risk). Table  1 shows the 
relationships among the risk levels, effects, and the safety 
control measures of heritage buildings.

Selection of evaluation factors
The main reason for the impact on the structural 
safety of adjacent heritage buildings is the loss of soil 
around the tunnel caused by metro shield construction, 
which leads to uneven settlement of the site in the 
area where the heritage buildings are located, thus 
threatening the structural safety of these buildings [32]. 
The impact factors that metro construction has on the 
structure of heritage buildings is divided into three 
main ones: building, soil, and metro tunnel. However, 
the construction management is indispensable. An 
effective safety management has to be implemented to 

(13)µi(5) =











1

−1+
2(xi−si(3))
(si(4)−si(3))
−1

xi ∈
�

si(4), si(5)
�

xi ∈
�

si(3), si(4)
�

xi ∈
�

0, si(3)
�

(14)µj =
∑n

i=1
w

′

iµi

(

j
)

control risks in a timely manner and ensure the safety 
of the construction site and surrounding environment 
[33]. Thus, the evaluation factors are derived from four 
sources: heritage building, metro construction, soil, and 
management.

(1) Heritage building factors (b1) : the importance 
degree (c1) of the heritage building consists of its protec-
tion level, historic value, scientific value and artistic value 
[34]. The higher the importance degree is, the greater 
the loss can be. Therefore, the high “important” heritage 
buildings have high safety risk levels. Moreover, herit-
age buildings may have structural deterioration owing to 
its age, and it can impact on their carrying capacity [14]. 
That is, when the deterioration degree (c4) is higher, the 
safety risk level of the buildings is higher. In addition, a 
heritage building’s resistance to external environmen-
tal influence shall also be accounted. For example, Wu 
studied building size and the relationship between the 
deformation: geometric character (c2) [35]; Chinese code 
GB50292-2015 established the appraisal of the existing 
structure security: structure type (c3) [30].

(2) Metro construction factors (b2) : The distance 
between the metro construction and a nearby heritage 
building is an important factor affecting the safety of 
these buildings [32, 36]. The distance includes the cover 
depth ( c5 the vertical distance from the tunnel roof to 
the ground [37]) and the horizontal distance (c6) . Peck 
found the land subsidence is caused by the loss of soil. 
And there is a positive correlation between the soil loss 
and the tunnel diameter (c7) [17]. In addition, the main 
parameters of shield tunneling during the shield con-
struction such as the advancing speed (c8) , the TBM 
pressure and the grouting have a significant impact on 
the surface settlements [22, 38]. Both the TBM pressure 
and the grouting are specific values calculated by the 
numerical simulation or engineering practice experience 
[22]. The change of the values will increase the risk, as 
they do not follow a linear correlation. Therefore, they 
are not included for the assessment model.

(3) Soil factors (b3) : Soil is the interactive medium 
between the heritage building and the metro construc-
tion, and thus, it is a factor directly affecting the safety 
of heritage building [14]. Friction angle (c9) , Compression 
modulus (c10) , Poisson’s ratio (c11) , and cohesion are the 
main parameters of the engineering geological charac-
teristics [39]. Li et  al. conducted the sensitivity analysis 
of influencing factors of surface settlement during tun-
nel construction, and found Poisson’s ratio > Friction 
angle > Compression modulus > cohesion [20]. Zhang 
et al. also conducted a study on the sensitivity of stratum 
parameter changes to surface settlement, and concluded 
that the sensitivity of cohesion was the lowest, which was 
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approximately 1/20 ~ 1/10 of Compression modulus or 
Friction angle [40]. Thus, the cohesion was not selected 
in the present study. Soil loss rate (c12) is the soil loss per 
unit in the soil excavation area. The larger the loss rate 
is, the greater the soil loss per unit area is. Moreover, the 
more significant the ground subsidence, and the greater 
the impact on the heritage buildings is [41].

(4) Management factors (b4) : Construction manage-
ment is a dynamic process that involves people, materials, 
machinery, law, and the environment at the construction 
site [42]. High-frequency and high-precision monitor-
ing measurement (c13) , an efficient management system 
(c14) , an ideal contingency plan (c15) , and a professional 
monitoring engineer (c16) are the key factors to ensure 
construction safety.

The influence of metro construction using shield 
tunneling on heritage buildings can be assessed by 
developing an index system. Based upon the above 
review, the 16 indexes listed in Table  2 were selected 
to develop the safety risk evaluation index system of 
heritage buildings. The system has four categories: 
heritage building factors, metro construction factors, soil 
factors, and management factors.

Grade division standard of evaluation factors
The proposed safety risk evaluation index system for 
adjacent heritage buildings under the influence of 
metro construction using shield tunneling involves 
both objective evaluation factors (e.g. construction and 
soil) and subjective evaluation factors (e.g. building and 
management). Each factor has a certain contribution 
to the ultimate risk level. Therefore, it is important to 
analyze the intervals of the evaluation factors. Objective 
factors were measured by actual values on a project, 
while subjective factors are determined by relevant 
experts. Table  3 shows the scoring details of subjective 
factors based on a 100-mark system (0–100) [14]. The 
intervals for each factor are recognized by combining 
with engineering practices and theoretical analysis [15]. 
Table  4 shows the evaluation criteria for each index. 
Table 5 presents the normalized results of the values for 
each index in Table 4 according to Eqs. (2) and (3).

Case study verification
This case study involves a heritage building located at 27 
Square in the old town of Zhengzhou in Henan Province. 
Built in 1971, the building is a cultural monument with 
hexagonal conjoined twin towers. Built by reinforced con-
crete, this 14-floor building is 63 m high. There are three 
floors underground in the base surrounded by white 

marble fence. The bottom tower has 11 floors, and another 
hexagonal bell tower (2.7  m in diameter) stands on its 
top (see Fig.  1). It has a 1500-mm-thick raft foundation, 
under which lie 200 mm of plain concrete and 800 mm of 
thick sand cushion. This heritage building was declared 
by the State Council of the People’s Republic of China as a 
National Key Cultural Relic Protection Unit in 2006.

The tunnel of the Zhengzhou Metro Line Three 
(ZMLT) runs alongside the heritage building. The hori-
zontal distance between the tunnel edge and the build-
ing is only 3 m, and the vertical distance between them is 
20.5 m. Their spatial image is illustrated in Fig. 2.

Before the metro construction, a detailed geotechni-
cal investigation must be conducted along the metro line. 
The soil layer traversed by ZMLT is mainly silty clay, with 
silty sand and fine sand in some parts. The engineering 
geological section is shown in Fig. 3.

Data acquisition
The values of objective indexes were obtained through 
the geotechnical investigation report and the metro 
construction drawing. The report includes the 
sections of the friction angle, compression modulus, 
the Poisson’s ratio and other relevant information 
about their different horizontal distances. The metro 
construction drawing includes the cover depth and 
the tunnel diameter. The soil loss rate in clay was 
1.0% ~ 1.5% [41]. It is easy for fine sand to produce 
formation loss, and thus soil loss rate will increase. 
Therefore, the soil loss rate was 1.05 ~ 1.31% according 
to the previous construction experience and geological 
conditions. The subjective indexes were obtained by 
using the scores given by domain experts on heritage 
building factors and management factors. Table 6 lists 
the values of each evaluation index. Table 7 shows the 
corresponding normalized evaluation indexes using 
Eqs. (2) and (3).

Correlation calculation
Taking the measured data set as an example. The 
nearest horizontal distance between the tunnel and the 
building was set as 3 m, and the advancing speed for the 
shield machine was tentatively set at 40  mm/min. The 
following two sections demonstrates the calculation 
processes.

Weights calculation
Based on the established hierarchical structure model, 
Table  8 shows the 1–9 scale method was adopted to 
compare the judgment matrixes of the criterion layer 
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Table 2  Safety risk evaluation index system of heritage buildings

Target (O) Criteria (B) Index (C) Description

Safety risk of 
heritage 
buildings

Heritage building factors 
( b1)

Importance degree c1 (score) Subjective index. Heritage buildings are of great value and are precious 
material and spiritual wealth left by ancestors [34]. The more 
important they are, the greater the loss after the disaster, and the 
higher the risk level

Geometric character c2 (score) Subjective index. Geometric character refers to the length, width and 
height of a building. The higher the building, the greater the L/W, the 
smaller the L/H, or the greater the H/W, the worse the overall stability 
of the building, and the higher the risk level [35]

Structure type c3 (score) Subjective index. Different structure types have different ability to resist 
external deformation. Their safety is mainly based on the structural 
components bearing capacity, such as reinforced concrete > frame/
shelf > concrete > brick/stone wood > wood structure, reinforced 
concrete > plain concrete > brick/rubble stone foundation [30]

Deterioration degree c4 (score) Subjective index. Most of the heritage buildings have a long history, 
and the structural components gradually suffer from aging and 
damage, which cannot reach the original carrying capacity. The 
higher the degradation degree [43], the higher the risk level is

Metro construction factors 
( b2)

Cover depth c5 (m) Objective index. The deeper cover depth, the smaller the surface 
settlement is, and the lower the risk level is. There is an approximate 
linear relationship between the cover depth and surface settlement 
[20]. Generally, the cover depth of metro tunnel is above 6 m and 
below 30 m, but there are other conditions (Chandpole Gate in 
Jaipur 4.5 m, Huaihai Middle Road station of Shanghai 33 m). The 
value range is set as 0 m-40 m

Horizontal distance c6
(m)

Objective index. When the metro interval structure side passage the 
existing structure, the monitoring range is within 30 m of the metro 
structure outer edge [44]. For heritage buildings, this distance can be 
appropriately increased. The value range is set as 0 m-40 m

Tunnel diameter c7 (m) Objective index. The tunnel diameter is approximately equal to the 
diameter of the shield machine. At present, the shield tunneling 
machine used in the tunnel construction has a maximum size of 
Bertha from the United States with a diameter of 17.45 m, used in 
The SR99 tunnel of Seattle, and the minimum size is Ruicheng from 
Jiangsu, China with a diameter of 2.1 m, used in the sewage pipeline 
project of Nanjing. The typical metro tunnel is 6.2 m/6.8 m, but there 
are also 12.26 m (Dalian Metro Line 5) and 15.2 m (Wuhan Metro line 
7). Considering all the existing dimensions, the value range is set as 
0 m-20 m

Advancing speed c8 (mm/min) Objective index. The greater the advancing speed is, the greater the 
disturbance range to the soil, and the higher the risk level will be. 
Therefore, reducing the advancing speed is very important for the 
stability of the earth pressure around the shield [38]

Soil factors ( b3) Friction angle c9 (°) Objective index. The friction angle increases, the surface settlement 
decreases, and the risk level decreases [40]. The interval value is found 
in the relevant literature [14]

Compression modulus c10 
(MPa)

Objective index. The compression modulus increases, the surface 
settlement decreases, and the risk level decreases [40]. interval value 
is found in the relevant literature [14]

Poisson’s ratio c11 Objective index. The Poisson’s ratio increases, the surface settlement 
decreases, and the risk level decreases [20]. interval value is found in 
the relevant literature [14]

Soil loss ratio c12 (%) Objective index. The soil loss rate increases, the surface settlement 
increases, and the risk level increases [17]. Wei studied the value and 
distribution of soil loss rate caused by shield tunnel construction, 
which was 0.20%–3.01%, and 95.77% of the data was distributed in 
the range of 0.20%–2.0% [41]

Management factors ( b4) Monitoring measurements c13 
(score)

Subjective index. The Chinese code GB 50911–2013 specifies in detail 
the monitoring technical specifications for urban rail transit projects, 
including monitoring methods, monitoring technology, monitoring 
frequency and the arrangement of measuring points, etc. [45]
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(see Table  9) and the index layers (see Table  10). Equa-
tion (4) was used to construct the CWM decision matrix, 
as shown in Table 11.

Using MATLAB, the AHP weight matrix was calcu-
lated to be W = [0.0389 0.0077 0.0191 0.0838 0.0781 
0.1267 0.0407 0.1168 0.0219 0.0675 0.0389 0.1198 
0.0347 0.1095 0.0775 0.0185]T. Using Eqs. (4)–(7) in 
MATLAB, the CWM weight matrix was calculated 
to be Z = [0.1141 0.1031 0.0302 0.0316 0.0670 0.1271 
0.0426 0.0550 0.0427 0.1024 0.0660 0.0631 0.0261 
0.0110 0.0508 0.0673]T.

Using Eq.  (8), a is 0.3 in this project after repeated 
calculations, the comprehensive weight matrix was cal-
culated to be W′ = [0.0915 0.0745 0.0269 0.0473 0.0703 
0.1270 0.0420 0.0735 0.0364 0.0919 0.0578 0.0801 
0.0287 0.0405 0.0588 0.0527] T.

Correlation degree calculation
The correlation degree of each evaluation factor with each 
level was calculated using Eqs. (9)–(13) (see Table  12). 
Moreover, using Eq.  (14) and the comprehensive weight 
matrix, the average correlation degree µj

(

j = 1, 2, . . . , 5
)

 
of the safety risk assessment level for the heritage 
building was calculated (see Table 13).

Determination of risk level
Equationµk = max

{

µj

}

 , µk = µ3 was used to cal-
culate the safety risk assessment level for the herit-
age building. It was found the safety impact upon 
the heritage building is at Level III when the shield 
tunneling machine travels at a speed of 40  mm/min 
and at 3  m away from the nearest point of the build-
ing. The decision-makers would need to take essential 

Table 2  (continued)

Target (O) Criteria (B) Index (C) Description

Management system c14 
(score)

Subjective index. A sound production safety management system 
includes the management system, management personnel, 
division of duties, and management level. Perfect system, complete 
personnel, clear division of responsibility, high management level 
made strong guarantees for production safety

Contingency plan c15
(score)

Subjective index. The improvement of the contingency plan can 
locate the hidden danger and weak link in time, and prepare for the 
previously unpredicted danger, which has the value of early warning 
and emergency

Monitoring engineer c16 (score) Subjective index. Engineers with high professional level and rich 
engineering experience are helpful to the reliability of monitoring 
results. According to the feedback of monitoring results, the safety 
status and development trend of engineering structures and 
surrounding environment can be analyzed and predicted

pre-reinforcement measures before construction, such 
as grouting, mixing, rotary jet grouting and other gen-
eral soil reinforcement measures; strengthen monitor-
ing of surface subsidence and building displacement; 
and conduct trend analysis weekly for building damage 
caused by tunneling.

Results
During the propulsion process of the shield tunneling 
construction of the ZMLT, the risk levels were calculated 
between the building’s different locations and different 
advancing speeds (see Table 14).

Table 14 shows the following results:

(1)	 When the advancing speed ( c8 ) of the shield 
machine is in the low speed range (20–35  mm/
min), the position of the shield machine relative to 
the heritage building (horizontal distance c6 ) has 
no significant impact upon its safety; and the risk 
assessment level is II.

(2)	 When c6 is unchanged, the safety risk to the herit-
age building becomes serious with increase of c8.

(3)	 When c6 is diverse, the safety risk is the same 
with changes to c8 . For example, the risk assess-
ment level is IV for all of the following cases: 
c6 = 3  m,c8 = 55  mm/min; c6 =  ± 6  m, c8 = 60  mm/
min; c6 =  ± 10 m,c8 = 65 mm/min; and c6 =  − 15 m, 
and c8 = 70 mm/min.

(4)	 When c6 =  − 15 m and c6 = 15 m, c8 no longer has 
exactly the same influence on the safety, and its 
effect differs from other symmetrically horizontal 
distances to the heritage building. The main reason 
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Table 3  Specific scoring details of each subjective index

Index Content Grading (select one box per row)

c1 Impor-
tance degree

(100)

x11 Cultural relics
level (25)

Ungraded
(0–5)

County
(6–10)

Municipal
(11–15)

Provincial
(16–20)

National
(21–25)

x12 Historic value
(25)

Very low
(0–5)

Low
(6–10)

Average
(11–15)

High
(16–20)

Very high
(21–25)

x13 Artistic value
(25)

Very low
(0–5)

Low
(6–10)

Average
(11–15)

High
(16–20)

Very high
(21–25)

x14 Scientific value 
(25)

Very low
(0–5)

Low
(6–10)

Average
(11–15)

High
(16–20)

Very high
(21–25)

c2 Geometric 
character 
(100)

x21 Height (25)  < 5 m
(0–5)

5–10 m
(6–10)

10–15 m
(11–15)

15–25 m
(16–20)

 > 25 m
(21–25)

x22 Length–width 
ratio (25)

1.0–1.5
(0–5)

1.5–2.5
(6–10)

2.5–3.5
(11–15)

3.5–4.5
(16–20)

 > 4.5
(21–25)

x23 Length–height 
ratio (25)

 > 5.0
(0–5)

3.0–5.0
(6–10)

1.0–3.0
(11–15)

0.5–1.0
(16–20)

 < 0.5
(21–25)

x24 height–width ratio 
(25)

 < 0.5
(0–5)

0.5–1.0
(6–10)

1.0–1.5
(11–15)

1.5–2.0
(16–20)

2.0–2.5
(21–25)

c3 Structure type 
(100)

x31 Upper structure
(50)

Wooden structure
(0–10)

Brick/stone mix 
structure

(11–20)

Concrete structure
(21–30)

Frame/bent 
structure

(31–40)

Reinforced con- 
crete structure

(41–50)

x32 Foundation
(50)

No foundation or 
unknown

(0–10)

Brick / rubble 
foundation

(11–20)

Plain concrete 
foundation

(21–30)

Reinforced concrete 
foundation

(31–40)

Pile foundation
(41–50)

c4 Deterioration 
degree (100)

x41 Deterioration
(25)

No obvious 
degradation

(0–5)

Slight local 
degradation

(6–10)

Significant local
degradation
(11–15)

Serious local 
degradation

(16–20)

Serious 
degradation

(21–25)

x42 Weathering
(25)

 ≤ 5%
(0–5)

5%–10%
(6–10)

10%–15%
(11–15)

15%–20%
(16–20)

 ≥ 20%
(21–25)

x43 Damage
(25)

 ≤ 1%
(0–5)

 ≤ 10%
(6–10)

10%–30%
(11–15)

30%–50%
(16–20)

 ≥ 50%
(21–25)

x44 Crack width
(25)

0
(0–5)

 ≤ 0.1 mm
(6–10)

0.1–0.3 mm
(11–15)

0.3–0.5 mm
(16–20)

 ≥ 0.5 mm
(21–25)

c13 Monitoring 
measurements 
(100)

x131 Monitoring 
frequency

(30)

1 time/ 
3–5 days or no 
monitoring

(0–6)

1–2 times / 1 day
(7–12)

3–5 times / 1 day
(13–18)

1 time / 2–5 h
(19–24)

1–5 times / 1 h
(25–30)

x132 Monitoring 
precision

(30)

Manual 
monitoring,

very low
(0–6)

Manual 
monitoring,

low
(7–12)

Manual 
monitoring,

average
(13–18)

Automated 
monitoring

high
(19–24)

Automated 
monitoring,

very high
(25–30)

x133 Measuring point
(40)

Very lack
(0–8)

Lack
(9–16)

Average
(17–24)

Dense
(25–32)

Very dense
(33–40)

c14 Management 
system (100)

x141 Management 
system (25)

Worst
(0–5)

Poor
(6–10)

Average
(11–15)

Good
(16–20)

Perfect
(21–25)

x142 Management 
personnel (25)

Worst
(0–5)

Poor
(6–10)

Average
(11–15)

Good
(16–20)

Perfect
(21–25)

x143 Responsibility 
division (25)

Worst
(0–5)

Poor
(6–10)

Average
(11–15)

Good
(16–20)

Perfect
(21–25)

x144 Management level 
(25)

Very low
(0–5)

LOW
(6–10)

Average
(11–15)

High
(16–20)

Very high
(21–25)

c15 Contingency 
plan (100)

x151 Emergency plan 
(50)

Worst
(0–10)

Poor
(11–20)

Average
(21–30)

Good
(31–40)

Ideal
(41–50)

x152 Early warning 
response (50)

Very slow
(0–10)

Slow
(11–20)

Average
(21–30)

Fast
(31–40)

Very fast
(41–50)

c16 Monitoring 
engineer 
(100)

x161 Professional level 
(50)

Very low
(0–10)

Low
(11–20)

Average
(21–30)

High
(31–40)

Very high
(41–50)

x162 Practical 
experience (50)

very low
(0–10)

low
(11–20)

average
(21–30)

high
(31–40)

very high
(41–50)
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behind is the difference in geological conditions 
at ± 15 m.

(5)	 When c6 = 25  m, c8 has little influence on safety; 
the levels are all at II. This finding is consistent with 
relevant standard requirements [44]. That is, when 
a metro structure or pipeline runs alongside an 
existing structure, the monitoring range is gener-

ally within 30 m of both sides of the metro structure 
and the pipeline.

Discussion
Comparison analysis
In order to further verify the feasibility of the SPA 
method proposed in this research, the Matter-Element 

Table 4  Evaluation criteria for each index

Evaluation factor Attribute category I II III IV V

c1 Negative index 0–20 20–40 40–60 60–80 80–100

c2 Negative index 0–20 20–40 40–60 60–80 80–100

c3 Positive index 80–100 60–80 40–60 20–40 0–20

c4 Negative index 0–20 20–40 40–60 60–80 80–100

c5 Positive index 32–40 24–32 16–24 8–16 0–8

c6 Positive index 32–40 24–32 16–24 8–16 0–8

c7 Negative index 0–4 4–8 8–12 12–16 16–20

c8 Negative index 0–20 20–40 40–60 60–80 80–100

c9 Positive index 20–30 15–20 10–15 5–10 0–5

c10 Positive index 16–20 12–16 8–12 4–8 0–4

c11 Positive index 0.4–0.5 0.3–0.4 0.2–0.3 0.1–0.2 0–0.1

c12 Negative index 0–0.5 0.5–1.0 1.0–1.5 1.5–2.0 2.0–3.0

c13 Positive index 80–100 60–80 40–60 20–40 0–20

c14 Positive index 80–100 60–80 40–60 20–40 0–20

c15 Positive index 80–100 60–80 40–60 20–40 0–20

c16 Positive index 80–100 60–80 40–60 20–40 0–20

Table 5  Normalized evaluation criteria of each index

Evaluation factor Attribute 
category

I II III IV V

c1 − 0.0000–0.2000 0.2000–0.4000 0.4000–0.6000 0.6000–0.8000 0.8000–1.0000

c2 − 0.0000–0.2000 0.2000–0.4000 0.4000–0.6000 0.6000–0.8000 0.8000–1.0000

c3 +  0.0000–0.2000 0.2000–0.4000 0.4000–0.6000 0.6000–0.8000 0.8000–1.0000

c4 − 0.0000–0.2000 0.2000–0.4000 0.4000–0.6000 0.6000–0.8000 0.8000–1.0000

c5 +  0.0000–0.2000 0.2000–0.4000 0.4000–0.6000 0.6000–0.8000 0.8000–1.0000

c6 +  0.0000–0.2000 0.2000–0.4000 0.4000–0.6000 0.6000–0.8000 0.8000–1.0000

c7 − 0.0000–0.2000 0.2000–0.4000 0.4000–0.6000 0.6000–0.8000 0.8000–1.0000

c8 − 0.0000–0.2000 0.2000–0.4000 0.4000–0.6000 0.6000–0.8000 0.8000–1.0000

c9 +  0.0000–0.3333 0.3333–0.5000 0.5000–0.6667 0.6667–0.8333 0.8333–1.0000

c10 +  0.0000–0.2000 0.2000–0.4000 0.4000–0.6000 0.6000–0.8000 0.8000–1.0000

c11 +  0.0000–0.2000 0.2000–0.4000 0.4000–0.6000 0.6000–0.8000 0.8000–1.0000

c12 − 0.0000–0.1667 0.1667–0.3333 0.3333–0.5000 0.5000–0.6667 0.6667–1.0000

c13 +  0.0000–0.2000 0.2000–0.4000 0.4000–0.6000 0.6000–0.8000 0.8000–1.0000

c14 +  0.0000–0.2000 0.2000–0.4000 0.4000–0.6000 0.6000–0.8000 0.8000–1.0000

c15 +  0.0000–0.2000 0.2000–0.4000 0.4000–0.6000 0.6000–0.8000 0.8000–1.0000

c16 +  0.0000–0.2000 0.2000–0.4000 0.4000–0.6000 0.6000–0.8000 0.8000–1.0000
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(ME) method, based on the extension mathematics 
theory [28], was also used to calculate and compare the 
evaluation results collected from the above case study. 
Figure 4 shows the comparison results:

(1)	 The variation trend calculated by the two evaluation 
methods was the same. The levels calculated by SPA 
and ME were distributed between II and IV. When 
c6 is unchanged, the risk level increases with the 
increase of c8 ; when c8 is unchanged, the risk level 
increases with the increase of c6.

(2)	 The results calculated by the two evaluation meth-
ods are slightly different. Most of the results cal-
culated by SPA are higher than ME. This indicates 
that this method is more conservative and condu-
cive to the protection of heritage buildings. Except 
when c6 = −25 m , and c8 ≥ 70 , ME (III) is higher 
than SPA (II), showing SPA is more aligned with the 
actual situation. However, owing to their different 
data processing, the deviation is inevitable, which is 
acceptable when a large number of buildings need 
to be evaluated [15].

Implementation effects
The SPA evaluation method needs to be conducted 
before the construction. Decision-makers can apply the 

Fig.1  External façade of the heritage building

Fig.2  Spatial relationships between tunnel and building: a profile; b plan
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60 mm/min. Table 14 shows that metro shield construc-
tion has a very high impact on the structural safety of 
heritage buildings at this speed. It was found to reduce 
the impact on the structure of this building while opti-
mizing the metro construction schedule, when c6 < 6 m, 
the speed should not exceed 50  mm/min; when c6 = 
6–15  m, the speed should not exceed 60  mm/min; 
when c6 > 15  m, the shield construction could be done 

evaluation results into the safety control measures. If the 
risk assessment results are at Level-I or Level-II, rein-
forcement measures do not need to be taken before con-
struction (see Table 1). When the assessment results are 
higher than Level III, reinforcement measures should be 
undertaken to control the high level of risk.

In the actual construction of this project, the advanc-
ing speed of the shield machine was normally at 

Fig.3  The engineering geological section

Table 6  Values of 16 evaluation indexes

Index c1 c2 c3 c4 c5 c6 c7 c8 c9 c10 c11 c12 c13 c14 c15 c16

− 25 m 83 75 78 23 20.9 25 6.2 – 19 4.6 0.33 1.06 81 92 63 51

− 20 m 83 75 78 23 20.82 20 6.2 – 18 5.5 0.29 1.06 81 92 63 51

− 15 m 83 75 78 23 20.77 15 6.2 – 19 5.3 0.33 1.05 81 92 63 51

− 10 m 83 75 78 23 20.68 10 6.2 – 18 5.9 0.28 1.05 81 92 63 51

− 6 m 83 75 78 23 20.57 6 6.2 – 18 6.3 0.28 1.27 81 92 63 51

3 m 83 75 78 23 20.5 3 6.2 – 19 5.1 0.26 1.31 81 92 63 51

6 m 83 75 78 23 20.42 6 6.2 – 18 6.1 0.28 1.28 81 92 63 51

10 m 83 75 78 23 20.3 10 6.2 – 18 5.9 0.30 1.18 81 92 63 51

15 m 83 75 78 23 20.23 15 6.2 – 18 4.2 0.32 1.12 81 92 63 51

20 m 83 75 78 23 20.18 20 6.2 – 18 5.5 0.29 1.11 81 92 63 51

25 m 83 75 78 23 20.1 25 6.2 – 19 4.5 0.34 1.05 81 92 63 51
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at the normal advancing speed of 60 mm/min. Further-
more, it was found that additional reinforcement meas-
ures are required before construction. For example, 
29-m-length ⌀800@1000  mm isolation piles between 
the building and the metro tunnel need to be installed 
to form an isolation curtain to limit deformation of 
the soil mass behind the piles [47]. During construc-
tion, the monitoring of surface subsidence and building 

Table 7  Values of 16 normalized evaluation indexes

Index c1 c2 c3 c4 c5 c6 c7 c8 c9 c10 c11 c12 c13 c14 c15 c16

− 25 m 0.83 0.75 0.22 0.23 0.4775 0.3750 0.31 – 0.3667 0.7700 0.3400 0.3533 0.19 0.08 0.37 0.49

− 20 m 0.83 0.75 0.22 0.23 0.4795 0.5000 0.31 – 0.4000 0.7250 0.4200 0.3533 0.19 0.08 0.37 0.49

− 15 m 0.83 0.75 0.22 0.23 0.4808 0.6250 0.31 – 0.3667 0.7350 0.3400 0.3500 0.19 0.08 0.37 0.49

− 10 m 0.83 0.75 0.22 0.23 0.4830 0.7500 0.31 – 0.4000 0.7050 0.4400 0.3500 0.19 0.08 0.37 0.49

− 6 m 0.83 0.75 0.22 0.23 0.4858 0.8500 0.31 – 0.4000 0.6850 0.4400 0.4233 0.19 0.08 0.37 0.49

3 m 0.83 0.75 0.22 0.23 0.4875 0.9250 0.31 – 0.3667 0.7450 0.4800 0.4367 0.19 0.08 0.37 0.49

6 m 0.83 0.75 0.22 0.23 0.4895 0.8500 0.31 – 0.4000 0.6950 0.4400 0.4267 0.19 0.08 0.37 0.49

10 m 0.83 0.75 0.22 0.23 0.4925 0.7500 0.31 – 0.4000 0.7050 0.4000 0.3933 0.19 0.08 0.37 0.49

15 m 0.83 0.75 0.22 0.23 0.4942 0.6250 0.31 – 0.4000 0.7900 0.3600 0.3733 0.19 0.08 0.37 0.49

20 m 0.83 0.75 0.22 0.23 0.4955 0.5000 0.31 – 0.4000 0.7250 0.4200 0.3700 0.19 0.08 0.37 0.49

25 m 0.83 0.75 0.22 0.23 0.4975 0.3750 0.31 – 0.3667 0.7750 0.3200 0.3500 0.19 0.08 0.37 0.49

Table 8  The 1–9 scale for comparison of two factors [46]

Intensity of importance Definition Explanation

1 Equal importance A is as equally important as B

3 Moderate importance A is moderate important than B

5 Strong importance A is strong important than B

7 Very strong importance A is very strong important than B

9 Extreme importance A is extreme important than B

2, 4, 6, 8 Compromise The importance of A over B is in the middle of the above adjacent judgments

1/2, 1/3, …,1/9 Unimportance If A has one of the above nonzero numbers assigned to it when compared 
with B, then B has the reciprocal value when compared with A

Table 9  Judgment matrix of criterion layer

o b1 b2 b3 b4

b1 1 1/3 1 1/2

b2 3 1 2 1

b3 1 1/2 1 2

b4 2 1 1/2 1

Table 10  Judgment matrixes of index layer

b1 c1 c2 c3 c4 b2 c5 c6 c7 c8

c1 1 5 3 1/3 c5 1 1/2 3 1/2

c2 1/5 1 1/4 1/7 c6 2 1 3 1

c3 1/3 4 1 1/5 c7 1/3 1/3 1 1/2

c4 3 7 5 1 c8 2 1 2 1

b3 c9 c10 c11 c12 b4 c13 c14 c15 c16

c9 1 1/3 1/2 1/5 c13 1 1/3 1/4 3

c10 3 1 2 1/2 c14 3 1 2 5

c11 2 1/2 1 1/3 c15 4 1/2 1 3

c12 5 2 3 1 c16 1/3 1/5 1/3 1
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displacement should be strengthened. Figure  5 shows 
the layout of on-site monitoring points. For example, it 
shows the shield cutter head moved into the 30 m scope 
of the building on April 15, 2019, and the shield tail 
moved away from the 30 m scope on April 29, 2019. The 
monitoring data for the surface subsidence are shown 
in Fig. 6a, and building displacement data are shown in 
Fig.  6b. The monitoring results show that the surface 
subsidence is 4.87–4.79 mm; the maximum differential 

settlement of the building is 1.89  mm; and the gradi-
ent ≈ 0.13‰, conforming to the relevant control stand-
ards [30, 45]. After the construction, no visible cracks 
or uneven settlement occurred on the outdoor floor of 
the building (see Fig.  7a); no visible cracks appeared 
in the main structure (see Fig.  7b); a few slight cracks 
appeared in the non-structural components (see 
Fig. 7c); and a door tilted slightly (see Fig. 7d).

The above findings show that the evaluation results are 
aligned with the actual physical results, and that risk con-
trol was effectively carried out by taking protective meas-
ures and controlling the related parameters.

Conclusions
This study has developed a safety risk assessment model 
to investigate the impact of the metro construction on 
adjacent heritage buildings. The model is based upon the 
SPA theory and uses 16 single indexes as evaluation fac-
tors, namely, importance degree, geometric character, 
structure type, deterioration degree, cover depth, hori-
zontal distance, tunnel diameter, advancing speed, fric-
tion angle, compression modulus, Poisson’s ratio, soil loss 
ratio, monitoring measurements, management system, 
contingency plan, and monitoring engineer. The model 
was used in a case study of a heritage building in Zheng-
zhou, and the main conclusions are as follows.

(1)	 The SPA-based safety risk assessment model 
improves the information utilization rate and 
enhances the credibility of the evaluation results. 
Therefore, the method is suitable for multi-level and 
multi-objective complex decision systems.

(2)	 In general, when metro lines go through old cities, 
a large number of heritage buildings are affected. 
Commonly used numerical simulation methods 
have high precision. However, the process is very 
time-consuming if every building has to be included 
in the calculations. The proposed SPA method is 

Table 11  Decision matrix of CWM

xij c1 c2 c3 c4 c5 c6 c7 c8 c9 c10 c11 c12 c13 c14 c15 c16

I 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.3333 0.20 0.20 0.1667 0.20 0.20 0.20 0.20

II 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.5000 0.40 0.40 0.3333 0.40 0.40 0.40 0.40

III 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.6667 0.60 0.60 0.5000 0.60 0.60 0.60 0.60

IV 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.8333 0.80 0.80 0.6667 0.80 0.80 0.80 0.80

V 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.0000 1.00 1.00 1.0000 1.00 1.00 1.00 1.00

Table 12  Correlation degree of  each evaluation factor 
with each level

Evaluation 
factor

I II III IV V

c1 − 1 − 1 − 1 0.7 1

c2 − 1 − 1 − 0.5 1 0.5

c3 0.8 1 − 0.8 − 1 − 1

c4 0.7 1 − 0.7 − 1 − 1

c5 − 1 0.125 1 − 0.125 − 1

c6 − 1 − 1 − 1 − 0.25 1

c7 − 0.1 1 0.1 − 1 − 1

c8 − 1 1 1 − 1 − 1

c9 0.6 1 − 0.6 − 1 − 1

c10 − 1 − 1 − 0.45 1 0.45

c11 − 1 0.2 1 − 0.2 − 1

c12 − 1 − 0.24 1 0.24 − 1

c13 1 0.9 − 1 − 1 − 1

c14 1 − 0.2 − 1 − 1 − 1

c15 − 0.7 1 0.7 − 1 − 1

c16 − 1 0.1 1 − 0.1 − 1

Table 13  Average correlation degree of  each risk 
assessment level

Level I II III IV V

µj − 0.6190 − 0.0758 − 0.0629 − 0.1619 − 0.3181
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simple and easy to operate using computer pro-
grams, making it more efficient than the other 
methods, and can be used to conduct the evalu-
ation of buildings one by one. For buildings with 
higher risk level, numerical simulation is used to 
calculate the specific stress concentration area, and 
targeted protective measures can be implemented.

(3)	 A calculation example herein shows that the evalu-
ation results are in line with actual physical results. 
By using the dynamic changes to the risk levels of 
heritage buildings in the process of metro shield 
tunneling, this method can be used to control 
risk by slowing the advancing speed of the shield 

machine as appropriate, thereby provide guidance 
to the construction plan. The SPA method can 
effectively guide similar projects and is worth popu-
larizing.

It is worth noting that AHP calculated the subjective 
indexes and weights based upon the experts’ knowl-
edge and rich experience. Further studies are required 
to conduct quantitative analysis objectively. Moreo-
ver, the sensitivity analysis of the factors of influence 
and the scientific selection of safety control measures 
need to be undertaken in future research, to establish 

Table 14  Summary sheet of the evaluation results

Fig.4  Evaluation results of different methods: a SPA; b ME
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Fig.5  Layout of the monitoring points

Fig.6  Monitoring data curve: a surface subsidence; b building displacement
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a thorough safety risk management system for heritage 
buildings.
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