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Abstract

The evaluation of urban underground space (UUS) suitability involves multiple indicators. Assigning weight to these indicators is
crucial for accurate assessment. This paper presents a method for spatially variable weight assignment of indicators using the order rela-
tion analysis method (G;-method), the entropy weight method, an improved grey relational analysis (GRA) and a set of spatial weight
adjustment coefficients. First, the subjective and objective weights of indicators for engineering geological and hydrogeological condi-
tions were determined by the G;-method and entropy weight method, respectively, and their combined weights were then obtained using
the principle of minimum discriminatory information. This study highlighted the impact of surface restrictions, such as buildings, on
UUS, and the degree of the influence of these buildings gradually decreased with the increase in depth of the rock and soil mass in
UUS, which resulted in changes in weights of indicators with depth. To address this issue, a coefficient was defined as the standardized
value of the ratio of additional stress applied by restrictions to the self-weight stress of soil at the same depth to modify the combined
weights so that all weights of indicators could vary in space. Finally, an improved GRA was used to determine the suitability level of each
evaluation cell using the maximum correlation criterion. This method was applied to the 3D suitability evaluation of UUS in Sanlong
Bay, Foshan City, Guangdong Province, China, including 16 evaluation indexes. This study comprehensively considered the influence of
multiple factors, thereby providing reference for evaluating the suitability of UUS in big cities.

Keywords: 3D suitability evaluation; Urban underground space; Ground restriction; Variable weight method; Improved grey relational analysis

1 Introduction China (Zhu et al., 2016; Zhang et al., 2021), to solve the

population, traffic and environmental problems caused by

With the increase in the density of ground-level construc-
tion in many cities, the available space in some locations has
almost reached its upper limit for development, which has
prompted people to consider urban underground space
(UUS) (Chen et al., 2018; Tan et al., 2021; Zhou et al.,
2022). In recent years, underground space development
has attracted more attention, especially in large cities in
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insufficient above-ground space (Zhu et al., 2016; X.
Zhang et al., 2020). However, underground space is consid-
ered a non-renewable resource, and arbitrary development
without proper planning may waste underground space
resources and lead to various engineering and environmen-
tal issues (Gong et al., 2008; Hao et al., 2021). To fully
develop and reduce the waste of underground space
resources, it is important to carry out an initial evaluation
of underground space suitability on the basis of sustainable
development principles (Doyle et al., 2016).

The development of 3D geological modeling technology
has transformed the suitability evaluation of UUS from 2D
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to 3D (Hou et al., 2016; Zhu et al., 2016; Hoyer et al., 2019;
Cai et al., 2022a, 2022b; Peng et al., 2022; Deng et al.,
2023). For example, Hou et al. (2016) used 475 borehole
logs to establish a 3D model of Foshan City, South China
and evaluated the suitability of UUS according to 7 geolog-
ical parameters. Through a 3D model of deposits, He et al.
(2020) analyzed the risk in UUS construction within 50 m
of the surface in Beijing, according to the engineering prop-
erties of soils, such as water content and void ratios. Deng
et al. (2023) conducted a suitability evaluation of UUS in a
3D high-precision geological model, giving special consid-
eration to 19 indicators of different rock and soil masses.
These 3D suitability evaluations involved influencing fac-
tors mainly related to geological conditions. There are
some other common indicators that have also been consid-
ered including parameters of topography as well as adverse
geological phenomena (Tan et al., 2021). However, the
impact of existing surface construction on the near-
surface layer has been almost ignored in 3D suitability
evaluations (Kapoor et al., 2020; Tan et al., 2021). Xi
et al. (2022) considered this factor, but they neglected the
fact that its impact weakens with the increase of depth.

In the evaluation of UUS, it is the most important to
comprehensively consider the impact of the above indica-
tors. There are many methods that can deal with the mul-
ticriteria evaluation problem, such as the analytic hierarchy
process (AHP) and fuzzy analytic hierarchy process
(FAHP) (Kapoor et al., 2020; Zhang et al., 2020b; Duan
et al., 2021), entropy weight method (Nyimbili et al.,
2020), technique for order of preference by similarity to
ideal solution (TOPSIS) (Lu et al., 2016; Asefi et al.,
2020), negative list method (Zhang et al., 2020a), and neu-
ral network method (Durmisevic et al., 2001; Xu et al.,
2011). These approaches played an important role in the
evaluation and guidance of underground space planning,
but they still have some shortcomings. For example,
AHP and FAHP have strong subjectivity in determining
weights (Qiu et al., 2021), while the entropy weight method
may give significant weight to some unimportant indicators
(Liu et al., 2020). TOPSIS and the negative list method
both require other methods to assign weights, and the latter
even ignores the contribution of positive factors (Zhang
et al., 2020a; Peng et al., 2022). The neural network method
has difficulty in explaining the relationship between the
evaluation factors and the output results (Xu et al.,
2011). In addition, the weights used in these methods are
fixed, making it difficult to reflect the change in the weights
of ground constraints from a larger value to zero with the
increase of depth. Therefore, it is necessary to develop a
new spatially variable weight method for evaluating the
suitability of UUS, while explicitly considering the limita-
tions of ground buildings on UUS.

In general, the 3D suitability evaluation of UUS may
involve over 10 indicators and over a million pieces of data
(Xi et al., 2022; Deng et al., 2023). In this context, the
weights of these indicators can be established through
two methods: a subjective approach using expert opinion,

and an objective approach calculated using the degree of
dispersion of data in the indicators. A subjective weight
assignment method, called the order relation analysis
method (G;-method), can overcome the shortcomings of
AHP and obtain weights only by determining the order
and degree of importance of each factor, but it ignores
the characteristics of the data of indicators (Qiu et al.,
2021). The entropy weight method is objective and determi-
nes weights by the degree of dispersion of the data
(Taheriyoun et al., 2010), which completely eliminates sub-
jective biases. However, the entropy weight method may
neglect the importance of the indicators and assign larger
weights to some unimportant indicators. A combined
weights approach that considers subjectivity and objectiv-
ity overcomes the weakness of these two methods (Dou
et al., 2022; Peng et al., 2022). Therefore, using combined
weights would be appropriate for evaluating UUS
suitability.

Furthermore, the influence of surface buildings on UUS
will rapidly decrease to zero as the depth increases. As a
result, the weights of the indicators can be considered to
gradually decrease with depth from a larger value to zero.
To reflect this characteristic, it is necessary to make certain
modifications to the above combined weights using a coef-
ficient related to depth and, thereby, form variable weights
in space. Furthermore, in order to gain comprehensive
evaluation results for all indicators, clarifing the suitability
level to which each indicator value belongs is essential.
Grey correlation analysis (GRA) can handle this problem
well by comparing the similarity between a continuous
sequence and a reference sequence. If a sequence is more
similar to the reference data of a particular level, it will
have a higher degree of belonging to that level and a larger
correlation coefficient (Huang et al., 2019). In the suitabil-
ity evaluation of UUS, it is easy to provide one or several
reference sequences, therefore, the GRA method is conve-
nient for investigating the correlation coefficient of different
indicators. By multiplying the correlation coefficients of
different indicators by the previously obtained spatial vari-
able weights, the suitability of each unit in the 3D geolog-
ical model can be obtained using the maximum correlation
criterion (Qiu et al., 2021).

In summary, using the combined weights of subjective
and objective weights to evaluate the 3D suitability of
UUS would make the evaluation results more scientific
and reasonable (Tan et al., 2021). Furtherly, to emphasize
the influence of constraints on the ground on UUS, a func-
tion that quantifies the impact gradually decreasing with
depth is built to modify the combined weights, achieving
the goal of changing weights in space, especially in the ver-
tical direction. Furthermore, while the GRA can easily
obtain the correlation coefficient of a sequence, acquiring
the correlation coefficient of an interval remains a chal-
lenge, given that the data within a particular interval of
an evaluation index are typically categorized into the same
suitability level. To resolve this problem, some improve-
ments for GRA are made by transforming its reference
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sequence into an interval and redefined a new correlation
coefficient function, which contribute to the method more
general and practical in terms of suitability evaluation.

In this paper, a combined weights approach using the
Gi-method and entropy weight method is adopted,
because it not only reflects the importance of the evalua-
tion indicators judged by experts, but also considers the
characteristics of the data itself. Furthermore, to stress
the influence of existing ground restrictions, the struc-
tures on ground are considered in our study as well as
engineering geological and hydrogeological conditions.
A coeflicient defined as the standardized value of the ratio
of additional stress in the foundation to self-weight stress
of soil at the same depth is applied to adjust the combined
weights, thereby forming a spatial variable weight assign-
ment method. The variable weight is then multiplied by a
correlation coefficient given by an improved GRA
approach, and thus obtain the suitability level according
to the maximum correlation criterion. Taking Sanlong
Bay as a case study, a 3D suitability evaluation of UUS
is conducted to assess the validity of our proposed
method.

2 Methods and materials

The processes of 3D geological suitability evaluation
based on spatial variable weights are introduced, as shown
in Fig. 1, including drilling data collection, 3D geological
modeling, classification of rock and soil masses, selection
of evaluation indicators, correlation coefficient weighting
of indicators, classification of suitability levels. In those
steps, the most step is correlation coefficient weighting of
indicators which is involved in obtaining and adjusting
indicator weights, as illustrated in red wireframe in
Fig. 1. In this section, we mainly focus on explaining the
content of this step that mainly encompasses subjective
and objective weights, combined weights, weight adjust-
ment functions, improved GRA, and determination of final
suitability. The implementation and results of this process
will be presented in the next section.

2.1 Order relation analysis method

The G;-method is a subjective evaluation method that
reflects expert opinions and assigns weights for indicators
through an important ranking, without the need to con-
struct a judgment matrix for indicators (Dai & Niu, 2017;
Zhou et al., 2018). The subjective weights obtained using
the Gj;-method are as follows (Guo, 2009; Liu et al.,
2023). Suppose the study area has an attribute decision
matrix X,,,, which means that a matrix has »n evaluation
indicators, each with m pieces of data, and the relative
importance of these n indicators ranked in a new descend-
ing order is {X] > X} >---> X} corresponding to a
weight sequence of {w,w,,---,w,}. The weight of w; can
be defined by Egs. (1)-(3).

W1
_ -
rp= (G=nn—1,-

Wi

wn=<1+iﬁm> , @)

k=2 j—k

,3,2), (1)

Wj,] = erj, (3)

where 7; represents the ratio of the relative importance of
two weights of adjacent indicators w;_; and w;, and its ref-
erence value is given in Table 1.

2.2 Entropy weight method

The entropy weight method measures the importance of
a set of information on the basis of entropy which is an
indicator to measure the degree of variation in that set of
information (Li et al, 2019). A smaller information
entropy value indicates a greater degree of dispersion and
leads to a greater weight for the indicators in a comprehen-
sive evaluation (Ji et al., 2015). The entropy weight method
is presented as follows (Li et al., 2022; Wu et al., 2022).
Suppose an attribute decision matrix X, includes positive
(+) and negative (—) indicators, and these indicators need
to be standardized for the convenience of comparison. Pos-
itive indicators and negative indicators are standardized
according to Eq. (4), to obtain the standard normalization
matrix X/, .
_xyomin(s) (for positive index)
max ()V)fmin (x/) p (4)

max (x,)—xi, f . .
———~~— (for negative index
s () —min (1) £ )

where max (x;) and min (x;) refer to the maximum and
minimum value of the jth index of the decision matrix
Xm- The entropy of the jth indexes are calculated by
Eqgs. (5)—(06).

1 m
by = “Tnm ;pzy 1npij> (5)
_ x;ﬁ/ (6)
HEID S

where b; and p,; are the information entropy of the jth
index and the normalized index value of the jth index of
the ith evaluation data, 0 < b; < 1. The weight of the jth
index (w;) is given by Eq. (7).
1 —b;
O =S (7)
TOXL(1=by)

where 0 < w; < 1, and the sum of the w; of all indicators is
equal to 1.

2.3 Weight adjustment function

According to the features on a satellite map, the ground
objects that restrict the development of UUS on the surface
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Fig. 1. Flow chart of suitability evaluation.

Table 1

Assignment reference table of r; (Zhang & Chen, 2009).

7 Explanation

1.0 Index x;_ is as important as x;

1.2 Index x;_; is slightly more important than x;
1.4 Index x;_; is obviously more important than x;
1.6 Index x;_; is much more important than x;

1.8 Index x;_ is extremely more important than x;

are divided into seven categories, namely (1) green space,
(2) road, (3) river or pond, (4) low building
(height < 9m), &) mid-rise building
(9.1 m < height < 30m), (6) high building (height > 30 m)
and (7) factory, based on the Standard for Urban Under-
ground Space Planning (Ministry of Housing and Urban-
Rural Development of the People’s Republic of China,
2019), and these categories are presented on a 2D image
in ArcGIS. To extend the range of the ground limits to
the 3D space, points representing different restrictions are
uniformly collected from the 2D image according to a cer-
tain accuracy, and then these points are matched with the
coordinates of the 3D geological model, as shown in
Fig. 2(a).

The weights for the green space, road, and river or pond
restrictions don’t need to be adjusted because they imposed

little or no additional stress on the underground space. The
low buildings, mid-rise buildings, factories and high build-
ings all produce large additional stress in the UUS as
shown in Fig. 2(b), and weights of them require to be fur-
ther modified along the depth. Figure 2(b) is divided into
three sections, with the first section completely limited
development, ranging from the ground to location (z;)
where the additional stress (o,) of the foundation is approx-
imately 10% of the self-weight stress (¢”) of soil. The second
section is an area that considers the influence of stress but
can be developed, with its location starting from z; to the
point z, where the additional stress of the foundation
equals to 3% of the ground stress. The third section does
not consider the additional stress of the foundations at
all. Here, the ratio of additional stress to self-weight stress
of 10% is determined based on the calculated depth of
ground settlement according to soil mechanics, as there
may be soft soil in the study area, and for areas without
weak soil, this value could be up to 20%. This value corre-
sponding to 3% is obtained entirely in light with engineer-
ing experience. Therefore, z; and z, can be varied according
to the needs of engineering construction. According to
Fig. 2(b), we believe that the maximum adjustment coeffi-
cient of ground restrictions at z; is taken as 1, while at z,
the adjustment coefficient is taken as 0. The weight adjust-
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Fig. 2. (a) Projection of ground 2D restrictions into the 3D geological model, and (b) zoning map of additional stress.

ment coefficient f's, defined as the standardized value of the
ratio of the additional stress to the self-weight stress of the
soil masses between z; and z, of different restrictions, is cal-
culated as follows:

0
f5(z) = { 21522K (2—205) —2215K (225 —205)

2(226K (215—205) 215K (226 —205) )

where K is the additional stress function under different
foundation forms (see Appendix A). z and zy; represent
the actual depth of the soils and burial depth of foundation
corresponding to restriction type o, respectively. J refers to
the order presented at the beginning of this section.

2.4 Determination of variable weights

Integrating the subjective and objective weights of vari-
ous indicators enables the evaluation model to reflect both
the subjective judgment of experts and degree of dispersion
of indicators. To obtain the combined weight, an objective
function is established according to the principle of mini-
mum discriminatory information (Xue et al., 2016; Qiu
et al., 2021), as shown in Egs. (9)-(10).

min f = Zq(ln%) +ch<ln%>, )
=1 J = J

s.t. ch =1, (10)
=1

where ¢;, w; and w; are the combined weight, subjective

weight and objective weight, respectively. Equation (9) is

solved using the Lagrange multiplier method, and the

equation for calculating the combined weights is as follows:

o 1/2
= () —1,2,3---,n). (11)

n 1/2 (]
> (wj;)

Different weight adjustment coefficients f; are used to
modify the combined weight, and obtain the new spatially
variable weight .. ¢, is expressed as follows:

2
C}c = écjc:uca (Z He = 1)» (12)
c=1
Cé:Hf&'(é:la”',7)7 (13)
&= (l—c‘;), (14)

where ¢ and ¢® refer to the weight of primary indicator of
geological and ground conditions, respectively; u,. repre-
sents the weight of secondary indicator of engineering geo-
logical (¢ =1) or hydrogeological (¢ =2) conditions; c;.
and c}c are the combined weight and the variable weight
of specific indicator included in engineering geological
(¢ = 1) or hydrogeological (¢ = 2) conditions; j represents
the number of evaluation indicators; 6 is the initial weight
of ground conditions, and in the area without considering
ground constraints, 6 equals 0.

2.5 Improved grey relational analysis

The GRA method is widely used for studying uncertain
problems. It evaluates the degree of correlation between
sequences according to the degree of similarity or distance
between the comparability sequence and the reference
sequence (Kuo et al., 2008). If the two sequences show sim-
ilar trends, the correlation coefficient between the two
sequences is high, otherwise the correlation coefficient is
low. Before obtaining the correlation coefficient, it is neces-
sary to standardize X,,, which is normalized by Eq. (195).
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e

Xy — X,

X = (x—xt’) +L; (te[L1V]), (15)
where x’ is the standardized indicator value, L; and L, are
the lower and upper limit pairs of reference sequences cor-
responding to level ¢, and their values are shown in Table 2.
x; and x; are the indicators value corresponding to L, and
L*, respectively. The correlation coefficient is calculated
according to the following equation:

min min |x;(j) — x/(j)| + p max max |x;(j) —x/(j)|
i J i J

j) = x0)] ’

|A] + p max max |xj(
i J
(16)

where 1 <i<m, 1 <j<n; ¢(j) refers to the correlation
coeflicient of the x;; in level t; x,(j) equals L}; p is the res-
olution coefficient, and its value is 0.5 under normal cir-
cumstances (Wei, 2011); |A’| is a function of xi(j) and L.

Normally, a piece of data belonging to an interval of an
indicators holds the same correlation coefficient (Xu et al.,
2011; Zhu et al., 2016; Zhang et al., 2023), and the data on
the grade dividing point have the same degree of correla-
tion on adjacent grades. For example, #; and #;;; in Table 2
can have the same degree of membership on Level II and
Level III. It is important to take into account this kind
of fuzziness of indicators, as a value of an indicator may
fall within two distinct suitability levels (Lu et al., 2016;
Tan et al., 2021; Deng et al., 2023). Therefore, to achieve
those goals, some improvements are made for |A'| that
can be calculated by the following formula:

$i(/) =

AL, =x()) +min min|x () —5()] - (0) € [, = L) )
ap=d min [x9(/) — x/())] (xi0) € [, Lf

A (/) = L) +min min |3 () — %) (x0) € [, L] )

00 ®()el,L; —o)u L++ﬁ10)

(17

where /4 is a constant greater than or equal to 10, which
only indicates the speed of change in the correlation coeffi-
cient, but not affects the final results. In this study, 4 is
taken as 10. o takes 0 when ¢ = I, and 1 when ¢ > I; f takes
0 when r =1V and 1 when ¢ < IV. The values of « and f§
equal to 1 corresponding to half or approximately half of
each level interval in Table 2.

The schematic diagram of the new defined correlation
coefficient function for different levels is shown in Fig. 3,
where Fig. 3(a)-(c) corresponds to Levels I, II-III, and
IV, respectively. Level I (Fig. 3(a)) only considers the cor-
relation with its right range, while Level IV (Fig. 3(c)) only
considers the correlation with its left range. Although a

Table 2

Upper and lower limits of reference sequences at different levels.

Level t=1 t=11 t=111 t=1V
LS 1 3 6 8

Lt 3 6 8 10

non-linear correlation coefficient function is built, its
non-linear characteristics have no effect on final evaluation
results. The correlation coefficients at different levels
obtained by Eq. (17) are weighted with spatially variable
weights, and finally the grey correlation degree /! under
each level is obtained as follows:

ny

r —Z 1(1"(/ ‘*‘chz(f’

where 7/ refers to grey correlation degree of the ith evalua-
tion cell in 3D geological model with regard to level #; n
and n, are the number of indicators included in geological
and hydrogeological conditions; ¢!(d) represents the corre-
lation coefficient of restriction type J, and for a place, there
is usually only one restriction. According to the maximum
correlation criterion, the level of each evaluation cell is
determined by the following formula:

G = max (). (19)

+ci(9), (18)

2.6 Geological background of study area

To verify the effectiveness of the method, we selected the
Sanlong Bay District of Foshan City, which is in Guang-
dong Province, China and covers an area of 31.65 km? as
the research object (Fig. 4). This area is surveyed on a large
scale through geological drilling for UUS development.
From the borehole logs and sedimentary history, it is
known that this area belongs to alternating marine—terres-
trial deposition, and silt, clay, and sandy soils are widely
developed within —25 m of the surface (Fig. 5). Clay and
sand make up most of the soil. More than 20 different types
of rocks occur in the substrate up to 25 m below ground in
the study area, including shale, sandstone, limestone, and
granite, with several faults among them. There are some
areas where the rocks are close to the surface or exposed,
such as Xilin Hill, Linyue Hill and Nanfu Village
(Fig. 4). Owing to the high rainfall in the study area and
the proximity to the sea, the overall groundwater table is
1-2 m below the ground, without any substantial changes
over the entire space.

3 Implementation and results
3.1 3D geological modeling

In the study area, data from more than 4000 geological
boreholes were unevenly distributed throughout the study
area (Fig. 6(a)) and were collected for 3D geological mod-
eling, served as a basis for 3D evaluation. A 3D software
platform named Depthinsight, developed by GridWord in
Beijing, which is widely used in 3D modeling of urban geo-
logical surveys in China, was used to build a 3D geological
model in which the indicators were interpolated using Krig-
ing. The specific steps were as follows: (1) according to the
geological map and actual site investigation logs of the
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Fig. 3. Schematic diagram of correlation coefficients at different levels.

study area, the faults were located and mapped spatially
(Fig. 6(a)); (2) approximately 60 m below the ground, a
50m x 50 m x 1 m interpolation grid was established, con-
taining a total of more than 500 000 evaluation cells; (3) on
the basis of more than 4000 borehole records and 12 typical
geological control profiles (Fig. 6(b)), similar to Fig. 5, the
lithology modeling in the area was carried out, and the soil
and rock formations were obtained (Fig. 6(c)); (4) the
stratigraphic profile slices from the 3D model were com-
pared with the stratigraphic profiles on the geological
map on the same survey line to ensure the accuracy of
the 3D model lithology; (5) after the calibration of the
lithology model was completed, spatial interpolation based
on the Kriging method was carried out, using data of the
geological conditions and hydrogeological conditions
recorded on borehole logs, to ensure that each cell in the
model had evaluation data (Deng et al., 2023).

3.2 Indicators selection

Undoubtedly, geological conditions are the most impor-
tant conditions in the evaluation of underground space,
especially the engineering geological conditions and hydro-
geological conditions. A unified set of indicators included
in geological conditions was used in some evaluations
(Hou et al., 2016; Tan et al., 2021; Xi et al., 2022); however,
those unified indicators that include all the parameters can-
not be applied to every type of rock and soil mass. For
example, the non-uniformity coefficient of sand, a parame-
ter characterizing the degree of potential piping disaster, is
not applicable to clay, and similarly the cohesion of clay is
not applicable to sand. Therefore, to achieve a more accu-
rate evaluation of the suitability of underground space, we
selected the different evaluation indicators for different
rock and soil masses. The rock and soil masses were firstly
classified into different categories according to Geological
Engineering Handbook (5th) (Editorial Board of
Geological Engineering Handbook, 2018) by their engi-
neering properties, namely soft soil, cohesive soil, sand,
and rock, and then suitable evaluation indicators were

selected for each category. The details of indicators for dif-
ferent categories, derived from a 3D geological model, are
shown in Table 3. It was worth noting that although there
was not much difference between the indicators of soft soil
and cohesive soil, we still classified them into two cate-
gories due to differences in engineering properties and
weights caused by different indicators.

Referring to previous research on underground space in
Foshan (Hou et al., 2016; Deng et al., 2023), we mainly
selected evaluation indicators included in engineering geo-
logical conditions from three aspects: deformation,
strength and disasters that may occur in the study area.
For example, in Table 3, the compression modulus, void
ratio, buried depth, bearing capacity and integrity coeffi-
cient are indicators to measure the deformation of rock
and soil masses; cohesion, internal friction angle and com-
pressive strength are indicators used to characterize the
strength of rock and soil masses, and the non-uniformity
coefficient is used to calculate the potential piping disaster.
Other indicators that were difficult to be categorized into
the above three categories were also selected in our evalu-
ation system, namely the moisture content of soft soil
and the specific gravity of the rocks. It showed that, gener-
ally speaking, the higher the moisture content of the soft
soil, the weaker its strength, and the greater the specific
gravity of the rock, the stronger its resistance to external
loads. Specifically, the distance to the fault was also
selected as a rock indicator because the closer it is to the
fault, the more fractured the rock becomes.

Hydrogeological conditions are also significant aspects
that were considered in our evaluation system, and three
indicators were selected, including groundwater table
depth, pH and mineralization degree, mainly to reflect
the corrosivity of groundwater. Attention was also paid
to ground conditions, especially existing ground construc-
tion, which are important in restricting the development
of underground space. Ratio of stress, defined as the ratio
of additional stress to self-weight stress of soil at the same
depth, was used to measure the magnitude of its impact on
UUS. The grade standards of all indicators we selected are
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Fig. 4. Geographical location of the study area.

listed in Table 4. The indicators may be positive or nega-
tive, and the larger the positive indicator is, the greater
the suitability of the underground space will be, and vice
versa. Here, the corresponding levels of each interval indi-
cator are given, for example, 2.25 (x;) and 2.50 (xf;) of
specific gravity in Table 4 correspond to 3 (L;;) and 6
(L)) in Table 2, respectively. Specifically, some indicators

in Table 4 are only defined in one interval and not in other
intervals, mainly to better describe the actual situation. For
example, the burial depth of rocks is only defined at Level
IV regardless of the burial depth at which the rock appears,
owing to the generally favorable engineering properties
exhibited by rocks in the study area, which stands in stark
contrast to soft soil.



216

J. Pu et al. | Underground Space 19 (2024) 208-226

0 200 400m

B B8

Mud Silt

Medium Coarse Gravel Silty clay ~ Residual  Artificial
sand sand soil fill
Stone Boreholes

Fig. 5. Typical geological profile of the study area (Deng et al., 2023).
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Fig. 6. (a) Distribution of boreholes and faults, (b) distribution of geological profiles, and (c) 3D lithology model.
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3.3 Acquisition of weight adjustment coefficient

According to the Standard for Urban Underground
Space Planning published in 2019 (Ministry of Housing
and Urban-Rural Development of the People’s Republic
of China, 2019), the constraints were divided into the fol-
lowing categories: building, main road, green space, river
or pond, municipal pipeline, square, and utility tunnel.
Because historical data of the layout of underground
pipelines were difficult to collect, they were not considered
in this study. In addition, owing to the low level of devel-
opment, there were no large squares and utility tunnels in
the area. Hence, we only considered the impact of the first
four constraints. Their zoning map is shown in Fig. 7.

We assumed that (1) the foundation of the low buildings
in Fig. 7 was a strip foundation loaded by an infinite uni-
formly distributed load for the purpose of conservative cal-
culation; (2) the factories, mid-rise buildings and high
buildings in Fig. 7 adopted independent foundations, raft
foundations and pile foundations, respectively, and the
additional stress generated by them for the UUS was
assumed to be a square arca with a uniform load. The
specific parameters for different types of restrictions are
listed in Table 5. In Table 5, the burial depth of the foun-
dation (zy) of the mid-rise buildings was 3-6 m, while the
burial depth of the foundation (z;) of the high buildings
was 840 m. Because the depth of the bedrock changed
constantly in the region (Fig. 8), the specific depths of those
two types were also varied with the bedrock surface, lead-
ing to a variable limited development depth (z;). The addi-
tional stress in foundations, corresponding to the p in
Fig. Al in Appendix A, was estimated on the basis of the
bearing capacity of the soil. Due to the minimal impact
of green spaces, roads, and pools on UUS, their limited
development depths (z;) were set to be 2, 3, and 8 m,
respectively, which were established in compliance with

Table 3
Evaluation indicators of different rock and soil masses.

the Standard for Urban Underground Space Planning
The departmental regulations generally limit the develop-
ment depth of green spaces and roads to be greater than
1.8 and 2.5 m, respectively. However, the vertical resolu-
tion of the 3D geological model in this article was 1 m.
Therefore, we modified these two values to 2 and 3 m for
ease of calculation. In addition, the decision to limit the
development depth of pools to 8 m was based on the actual
depth of the water body in the study area. Overall, these
three values could meet the needs of evaluation.

Using these parameters, the ratio of additional stress to
self-weight stress was obtained by equations listed in
Appendix A, assuming that the average unit weight of
the soil was 20 kN/m?>. The weight adjustment coefficients
of different types of restrictions were calculated according
to Eq. (8). The weight adjustment coefficients of low build-
ings and factories are given in Fig. 9. It is difficult to give
coefficients for mid-rise buildings and high buildings
because the different burial depths of the foundations cause
the value of the adjustment function to change in space.

3.4 Determination of the weight

The weights of engineering geological conditions, hydro-
geological conditions and ground conditions were mainly
given by local experts on the basis of their engineering
experience, as shown in Table 6. A total of 6 experts deter-
mined that the ratio of the weights of engineering geologi-
cal conditions to those of hydrological conditions was 3:1,
following the Standard for Urban Underground Space
Planning and engineering experience. The initial weight
of ground conditions was mainly decided based on engi-
neering experience due to the lack of similar research that
could be referenced, and experts believed that the initial
ratio of geological conditions to ground conditions weight
was roughly 1:1; that is to say, 0 is 0.5 in Eq. (13). After

Primary indicator Secondary indicator

Specific indicator

Soft soil Sand Cohesive soil Rock

Geological conditions Engineering geological conditions

Hydrogeological conditions
pH

Mineralization degree

Ground conditions Ground conditions

Burial depth

Specific gravity

Moisture content
Compression modulus
Void ratio

Internal friction angle
Cohesion
Non-uniformity coefficient
Bearing capacity
Integrity coefficient
Compressive strength
Distance to fault
Groundwater table depth

Ratio of stress

<

v v

L <
L
L <

L
LK
LK
L
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Table 4
Grade standards of indicators.
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Conditions Indicator Property Unit Grade standard
Level 1 Level II Level 111 Level IV
Engineering geological conditions Specific gravity + g/cm? 1.5-2.25 2.25-2.50 2.50-2.75 2.75-3.0
Burial depth + m 0-5 5-10 10-20 20-60
Moisture content - % 30-50 20-30 10-20 0-10
Compression modulus + MPa 0-2 2-4 4-6 6-10
Internal friction angle + ° 0-5 5-10 10-15 15-30
Cohesion + kPa 0-5 5-10 10-15 15-30
Bearing capacity + kPa 0-80 80-150 150-200 200-300
Non-uniformity coefficient + - 0-1 1-5 5-10 10-15
Integrity coefficient + — — 0-0.15 0.15-0.35 0.35-0.55
Compressive strength + MPa — 0-10 10-60 60-170
Distance to fault + m 0-20 20-80 80-150 150-250
Void ratio - - 0.85-2 0.75-0.85 0.6-0.75 0-0.6
Burial depth g 4011 + m 0-60 - - -
Burial depth, + m - - - 0-60
Hydrogeological conditions Groundwater table depth + m 0-1 1-3 3-6 6-10
pH + - 1-4 4-5 5-6 6-8
Mineralization degree - mg/L 5000-8000 2000-5000 1000-2000 0-1000
Ground condition Ratio of stressiow—rise building — - 0.055-0.1 0.035-0.055 0.03-0.035 -
Ratio of stress - 0.06-0.1 0.04-0.06 0.03-0.04 -

Note: All indexes with subscript in the table are only for the evaluation category, for example, Burial depth,, only used for rock evaluation; and indexes
without subscript can be used as general indicators.

[ | Mid-rise building [ | Factory
[ High building

|:| Road

0 1 km

b}

J.T\Nf‘

o

|:| Green space

|:| Low building

AT

B Pool

Fig. 7. Land object classification map.

confirmed by local public institutions of Foshan Bureau of
Geological Survey of Guangdong Province, this ratio
should be reasonable. However, because of difficulty in
determining weights of the ground constraints, we would
discuss its impact on the final results later in the discussion.

All the indicators in Table 3 were exported from the 3D
model in which the subjective and objective weights were
calculated by the Gj-method and the entropy weight

method, respectively, and then the combined weights were
obtained using Eq. (11). The combined weights of the eval-
uation indicators in the engineering geological conditions
and in the hydrogeological conditions are shown in Tables
7 and 8, respectively. When the combined weights were
obtained, the set of weight adjustment coefficients were
used to modify the combined weights, and the spatially
variable weights were obtained using Eqs. (12)-(14).
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Table 5

Specific basic parameters for different types of restrictions.

Category Foundation Zps (m) p (kPa) z15 (m)
parameters
(m)

Low building by =1 1 130 7

Mid-rise building by =35 min (Hrock, 6) (3 < Hroek < 6) 350 *
=7

High building by =38 max (8, Hrock) (8 < Hrock < 40) 1000 *
=10

Factory by =8 2 250 28
=125

Note: b; and / are the width and length of the foundation, respectively; H ok is the bedrock burial depth; “*’ represents the variation of limited depth with

bedrock depth; z; is calculated from the ground to the underground.
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Fig. 8. Distribution map of bedrock depth.

The subjective weight judging from human experience
with strong subjectivity represents the absolute importance
of indicators, while the objective weight, with the short-
comings of accidentally assigning high weights to unimpor-
tant indicators, indicates the relative importance of
indicators. By combining those two weights, their disad-
vantages are avoided to a certain extent, and a compromise
is reached between them, which is comprehensively consid-
ering both absolute and relative significance of evaluation
indicators. For example, the subjective weight and objec-
tive weight of the integrity coefficient of rocks in Table 7
are 0.3097 and 0.3594, respectively. If subjective weight
or objective weight is used only in an evaluation, there
may be a deviation in the final result. Therefore, a com-
bined Weight of 0.3341 is adopted, which keeps a balance
between subjective and objective weights. Furthermore,
the combined weights are corrected by the weight adjust-

ment coefficient in the vertical direction, achieving a quan-
titative description of the impact of ground restrictions on
UUS in weight.

3.5 Suitability evaluation result

According to Egs. (15)—(19), the correlation coefficients
of different indicators were weighted using the variable
weights and then, using the maximum correlation criterion,
the suitability level of each cell in the 3D geological model
was obtained. The final 3D evaluation results are illus-
trated in Fig. 10 and the maps at different depths in
Fig. 10 are shown in Fig. 11. The proportions of areas
restricted by ground constraints and areas with suitability
levels at different depths were counted, as shown in Table 9.

Figure 11(a) shows that the UUS was mainly restricted
by low buildings and factories at a depth of 0 m, and the
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Fig. 9. Weight adjustment coefficient for (a) a low building, and (b) factory.
Table 6
Weights of the different conditions in Table 3.
Category Weight
Engineering geological condition () Hydrogeological condition (u,) Ground condition (6)
Soft soil 0.75 0.25 0.5
Cohesive soil 0.75 0.25 0.5
Sand 0.75 0.25 0.5
Rock 0.75 0.25 0.5
Table 7
Combined weights of geological conditions.
Index Soft soil Sand Cohesive soil Rock
wj w; Cjl wj w; Cil wj w; Cil wj w; Cji
Burial depth 0.1892 0.1897 0.1895 0.1104 0.1061 0.1082 0.3348 0.3633  0.3490 0.0723  0.0611 0.0666
Specific gravity 0.1304 0.1256 0.1281
Moisture content 0.1194 0.1193 0.1194
Compression modulus 0.1314 0.1305 0.1310 0.2804 0.2937 0.2871 0.1691 0.1630 0.1661
Void ratio 0.0995 0.1016 0.1006 0.1655 0.1604 0.1630
Internal friction angle 0.1577 0.1520 0.1548 0.2003  0.2082  0.2043 0.1861 0.1835 0.1848
Cohesion 0.3028 0.3069 0.3047 0.1409 0.1310 0.1359
Non-uniformity coefficient 0.1821 0.1828 0.1825
Bearing capacity 0.0613  0.0488 0.0549 0.1691 0.1592 0.1642 0.1434  0.1364 0.1400
Integrity coefficient 0.3097 0.3594 0.3341
Compressive strength 0.1721 0.1598 0.1661
Distance to fault 0.1721 0.1577 0.1651

restricted development space accounted for approximately
33.68% of the total space. As the development depth grad-
ually increased from —5 to —20 m (Fig. 11(b)—(e)), where

Table 8
Combined weights of hydrogeological conditions.
Index Weight

Wi Wj Cj2
Groundwater table depth 0.3834 0.3872 0.3853
pH 0.3485 0.3451 0.3468
Mineralization degree 0.2681 0.2677 0.2679

the main types of restricted underground space were facto-
ries, mid-rise buildings and high buildings, about 80% of
space could be developed. At a depth of —25 m (Fig. 11
(f)), the use of UUS was mainly limited by mid-rise build-
ings and high buildings, but this limitation only occupied
approximately 1.49%. It is worth noting that, the suitability
of the layer within this depth was poor owing to the impact
of additional stress from factories, and extra engineering
measures should be needed to ensure the safety of ground
buildings. When the evaluation depth reached —30
and —50 m (Fig. 11(g)—(i)), only high buildings restricted
the development of UUS, and the restricted space was less
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Fig. 11. Suitability of underground space at different depths.

than 1% of the total space. In summary, the space available
for development at lower levels (Level I and Level II) was
mainly concentrated from the ground to —10 m of the
UUS, while the UUS below —10 m was in a suitable state
for development. However, as the development depth
approached the bedrock surface, the difficulty of excava-
tion of UUS would sharply increase. Therefore, in the pro-
cess of development, it is necessary to choose the
appropriate development depth. Known from Fig. 5, the

study area is mostly composed of soil 0 to —25 m under-
ground, making excavation relatively easy. In the study
area, we believe that the preferred development depth of
UUS should be —-10 to —-25 m, followed by
below —25 m, considering the suitability and the difficulty
of development.

We carried out a qualitative analysis of the evaluation
results to verify the accuracy of the 3D evaluation from
two aspects. First, Fig. 11(a)—(d) demonstrates that despite
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Table 9
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Proportion of different suitability levels and restricted areas at different depths.

Elevation  Percentage (%)

(m) Level I Level I Level Il Level IV  Green space Road Pool Low building Factory Mid-rise building High building
0 6.61 24.51 14.82 20.38 0.20 0.73 .12 1251 17.27 1.12 0.73
-5 11.87 38.75 18.17 11.65 0 0 0.40 0.05 17.26 1.12 0.73
—10 9.17 22.58 33.15 15.98 0 0 0 0 17.27 1.12 0.73
—15 7.40 14.28 38.00 21.21 0 0 0 0 17.26 1.12 0.73
-20 3.32 8.76 35.38 33.63 0 0 0 0 17.20 0.98 0.73
=25 17.66 5.82 38.58 36.45 0 0 0 0 0.76 0 0.73
=30 1.44 5.58 45.69 46.56 0 0 0 0 0 0 0.73
—40 0.01 4.25 50.35 44.66 0 0 0 0 0 0 0.73
-50 0.21 2.46 46.02 50.86 0 0 0 0 0 0 0.45

the deepening of the evaluation depth, the suitability of the
UUS in the northeast corner (on the north side of Linyue
Hill) was always at Level 1. A field site survey showed that
the ground had undergone large-scale uneven settlement
owing to the poor mechanical properties of the rock and
soil masses; thus, the suitability of underground space here
was lower. Second, as depicted in Fig. 11(b)—(c), the south-
east corner of the study area had better suitability (Level
III and Level 1V) at a shallow depth (—5 to —10 m) owing
to the shallow burial of rocks in the southeast corner of the
area. This was in line with the field observations.

The suitability zoning map provided by this study can be
used to guide the development of underground space, in
short, to construct structures that can be supported by
the geological environment in areas with different suitabil-
ity. In detail, areas with high suitability can be given prior-
ity in building subways, shopping centers, parking lots, and
other critical structures to increase available space for
human activities, while areas with poor suitability should
either avoid development or introduce necessary engineer-
ing measures to ensure smooth development of under-
ground space, thereby minimizing space waste caused by
insufficient understanding of underground space.

4 Discussion

In our study, the initial weight (6) of the foundation at
the critical depth was 0.5, because the weight of the con-
straints was very difficult to determine. To highlight the
influence of the weight at the critical depth on the UUS,
different weights from 0 to 0.9, with an interval of 0.1, were
used to evaluate the suitability, and the proportions of dif-
ferent suitability levels according to different types of rock
and soil masses were counted (Fig. 12). It can be seen from
Fig. 12 that as a whole, the evaluation results showed
strong sensitivity when 0 is between 0.3 and 0.6 (Fig. 12
(b)—(d)), while the sensitivity was weak when 0 is between
0 and 0.3, and 0.6 and 0.9. In contrast to the above pattern,
the sensitivity range of Fig. 12(a) was between 0 and 0.3,
owing to the small distribution and thickness of the soil
layer. Furthermore, the influence of the initial weights on
UUS in different types of rock and soil masses varied.
For example, the variation of Level I in cohesive soil could

reach 3.7%, while Level I in soft soil only reached 2%. This
indicates that it is important to consider the impact of land
features on UUS, because the 2%-3% volume will be a very
large space in large cities.

In this paper, we propose a variable weight method for
evaluating the 3D geological suitability of UUS, which
solves the following problems. Firstly, the Gj-method,
which is subjective, overcomes the consistency test issue
in the AHP method when assigning weights to multiple
indicators, making weight assignment more convenient.
Secondly, in the 3D evaluation of UUS, each indicator usu-
ally contains hundreds of thousands of data points or even
more, and it is feasible to obtain weights by means of ana-
lyzing the differences in these datasets. The entropy weight
method, an objective method, directly calculates the
weights of indicators through the information entropy,
and its introduction overcomes the deviation of results
caused by relying solely on subjective weights. Thirdly, this
study also explicitly considers the changeable impact
applied by ground restrictions on UUS in vertical direc-
tion, which is very consistent with the situation where the
ground is built first and then developed underground. It
is more realistic than evaluating the suitability of UUS
without considering or simply considering the impact of
surface structures, as in reality surface buildings have par-
ticularly severe constraints on underground space.
Fourthly, appropriate modifications are made to GRA
mainly by transforming its original reference sequence into
a reference interval, further adapting it to the suitability
evaluation of UUS.

Although the variable weights method has advantages in
evaluating the suitability of UUS, there are also some
drawbacks. Firstly, obtaining weights using the G-
method relies heavily on the relatively fixed relative impor-
tance ratio, which leads to relatively fixed weights. Sec-
ondly, this article addresses the issue of initial weight
assignments between ground constraints and geological
conditions; however, the assignment of initial weights for
areas lacking engineering experience can be challenging.
Last but not least, the accuracy of the evaluation results
of UUS is dependent on the precision of the 3D geological
model, which in turn is influenced by the quantity of bore-
holes utilized for modeling. However, gathering data for



J. Pu et al. | Underground Space 19 (2024) 208-226

(b)

L _o—0—0—0—0—0—0—0—
04— —9o—0—o—0—0—0

o —eo— Level |
03}

.g —eo— Level 11

e —o— Level 111

E 02} —o— Level IV’
o1l e—eo—0—0 0o 0 oo

0 Bl VS R VY WY W N

0 0.15 030 045 0.60 0.75 0.90

Initial weight, 8

0.45
——0—0—90—90—90—0—0—4
036fF = T e
—eo—Level I
. —o— Level 11
£027¢ —eo— Level III
S —e— Level IV
5] ——0—0—0— —o
2018}
0.09}

0
0 0.15 030 045 0.60 0.75 0.90
Initial weight, 8

(d)

223

0.40

=)
(98]
[\S]

—eo— Level I

=]

;g 0.24F —eo— Level 11

2 —eo— Level III

£0.16} —e—Level IV
0.08 }

0
0 0.15 030 045 0.60 0.75 0.90

Initial weight,

0.5 [~ 9 O 8 —9 o9 o o |
'_@_&_‘*M-H_@
4F
¢ —eo—Level I
—o— Level Il
=]
S03F —e— Level III
:‘i —o— Level IV
202t
0.1F

0
0 0.15 0.30 045 0.60 0.75 0.90
Initial weight,

Fig. 12. Effects of weights of foundations on (a) soft soil, (b) cohesive soil, (¢) sand, and (d) rock suitability levels.

modeling from thousands of boreholes often is a hard and
time-consuming task. In future, to reduce the workload of
3D suitability evaluation of UUS, it would be worth devel-
oping automatic 3D geological modeling technology based
on image recognition technology. Furthermore, future
research into dynamic suitability evaluation, dynamic
reserve estimation, and dynamic planning of UUS based
on the proposed model should be studied with the develop-
ment of ground restrictions, to better develop and utilize
underground space.

5 Conclusions

This study proposed a 3D UUS assessment method
using a 3D geological model and spatially variable weights
method. The method was illustrated with a case study using
16 evaluation indicators in the Sanlong Bay District of
Foshan City, China. The following conclusions were
drawn.

By incorporating an enhanced GRA, this study’s results
considered not only the subjective and objective weights of
evaluation indicators but also the influence of ground

restrictions. The outcomes offer valuable insights on the
suitability of various depths and locations that might limit
the development through a 3D model, thereby making it
easier to guide underground space planning.

The space above —25 m was mainly limited by factories
and mid-rise buildings, while those below —25 m was pri-
marily restricted by high buildings. The suitability of
UUS from ground level to —10 m was poor; however,
the space below —10 m was highly suitable. On the basis
of the distribution of bedrock in Sanlong Bay, we recom-
mend prioritizing development for UUS ranging
from —10 to —25 m owing to its suitability and ease of
excavation, followed by space located below —25 m.

Ground restrictions had a significant negative impact on
underground space, resulting in a maximum 3.7% differ-
ence in low suitability areas in cohesive soil when their
influence was considered in the study area. Therefore, it
is crucial to consider those constraints in suitability evalu-
ation of UUS, particularly in densely populated cities with
high buildings.

In the future, to alleviate the workload of 3D suitability
evaluation of UUS, it would be worthwhile to develop
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automatic 3D geological modeling technology founded on
image recognition technology. Moreover, in order to effec-
tively utilize underground space, further research should be
conducted including dynamic suitability evaluation,
dynamic reserve estimation, and dynamic planning of
UUS based on the proposed model.
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Appendix A Additional stress for different foundation
forms

For low buildings: the additional stress of the strip area
with a uniform load (Fig. Al(a)) can be expressed as fol-
lows (Li et al., 2014):

2 X242-2by b

(A1)

K(z) == [arctanf - arctanx’T”‘ + bxlﬁ:) 2x—b))

For other buildings: the additional stress of the rectan-
gular area with a uniform load (Fig. Al(b)) is defined by
(Li et al., 2014):

K(z) = % |arctan —-2 L2 ( 7 i )
k BN =R

(A2)

where x and z represent the horizontal and vertical distance
from the point O, respectively; b; is the width of the foun-
dation in Fig. Al(a); b, and / refer to half of the width and
length of the foundation in Fig. Al(b); p is the additional
stress on the top surface of foundation applied by
buildings.
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Fig. Al. Load distribution of different foundations.
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