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Urban geological modeling (UGM) is a fundamental approach for the visualization of
underground space and recognition of complex geological conditions of a city. Previous
UGM studies, with the assumption of homogeneous geological characteristics, have
resulted in deviated modeling properties due to the negligence of parameters with
obviously different spatial distributions in lithologies. This study presents a case study
of Guang’an city in SW China by using a sequential simulation interpolation (SSI) method
that reflects geological heterogeneity by combining field surveys, topography, borehole
data, geological profiles, and stratigraphic columns to establish a lithology distribution
model in the study area. The geotechnical attribute model of the area of interest was
established based on lithology to capture subtle variations in lithology due to obvious
differences in geotechnical characteristics of clay, sand, mudstone, sandy mudstone, and
shaly sandstone. This 3D model could provide a reference for the urban underground
space master planning and future sustainable development of Guang’an city. In addition,
this study also discusses the prospects and directions of urban geological modeling and
provides a few suggestions for engineering in urban areas.

Keywords: urban geological modeling, urban underground space, sequential simulation interpolation, geotechnical
attribute model, Guang’an city

INTRODUCTION

Urban areas are the priority place where people gather and anthropogenic activities occur. It is estimated
that over 70% of the world’s population will be living in urban areas by 2050 (Price et al.,, 2018; Zhang
et al,, 2021b). Rapid urbanization has put massive pressure on land use and environmental optimization
and has brought enormous challenges to urban master planning and sustainable development. These are
forcing urban designers and administrators to take action to alleviate environmental pressure caused by
population explosion and to assess new suitable spaces for future development.

Abbreviations: AHP, analytic hierarchy process; DEM, digital elevation model; MUGM, most unfavorable grade method; SGS,
sequential Gaussian simulation; SIS, sequential indicator simulation; SSI, sequential simulation interpolation; TIN, triangulated
irregular network; UGM, urban geological modeling; UUS, urban underground space.
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Urban underground space (UUS) is a potential space that can
be adapted to surface architecture and conditions and has attracted
increasing attention worldwide as a promising way to address
human-land conflicts, big city diseases, and future sustainable
development problems. Proper use of UUS could make most of
the available space and mitigate the potential interactions between
the existing and planned objects (Li et al., 2021).

Distinct from the urban surface, UUS is fragile and vulnerable
to damage during the development and utilization due to its
geological features (Zhu et al., 2016), which would experience
permanent and irreversible changes once utilized. Also, irrational
development often leads to irregular arrangement of
underground structures, which could cause safety issues, such
as geological hazards like collapse and seepage (Tan et al., 2021).
Therefore, it is crucial to identify the urban geological features
before the utilization of UUS (Liao et al., 2006).

The advancement of computer processing speed and
visualization methodology has enabled geologists to reveal the
geology of UUS in an easy-to-read format through two-
dimensional (2D) mapping and three-dimensional (3D)
visualization. 2D mapping based on the GIS platform is mainly
used for surface and subsurface UUS surveys worldwide (Dai et al.,
2001; Xiong et al.,, 2006; El May et al., 2010; Hou et al., 2016; Peng
and Peng, 2018; Andriamamonjisoa and Hubert-Ferrari, 2019; Zhou
et al, 2019; Li et al., 2020; Mao et al., 2020), which could integrate
geological factors with groundwater, geothermal, and geological
materials (Doyle, 2016; Andriamamonjisoa and Hubert-Ferrari,
2019; Zhou et al, 2019). Combined with evaluation methods
such as the analytic hierarchy process (AHP) and the most
unfavorable grade method (MUGM), a comprehensive
multielement qualitative to semi-quantitative UUS assessment
model could be constructed (Guan et al., 2008; Peng et al., 2010;
Liu et al,, 2011; Peng and Peng, 2018). 3D modeling is an advanced
visualization of these factors in UUS survey (Thierry et al., 2009;
Tame et al., 2013; Mielby and Sandersen, 2017; He et al., 2020). It is
characterized by the reflection of survey depth on the z-axis and
spatial coupling of geological bodies, which has become a popular
technique, gradually replacing 2D mapping in UUS survey, although
its direct use may come from derived 2D map outputs (Price et al,,
2018). However, previous studies using this approach may have
considered geological features to be homogenous rather than
heterogeneous, which could produce deviations in the
geotechnical properties. Therefore, when modeling the attributed
characteristics of geotechnical properties, caution should be taken in
the selection of the interpolation method, the recognition of
geological heterogeneity, and variations of small-scale vertical
lithology to minimize the possible modeling deviations.

This study introduced the concepts of geological modeling based
on the workflow in the GOCAD (version 2017) platform and
proposed the proper selection of the interpolation method for
lithology and geotechnical properties based on the available 2D/
3D datasets. Sequential indicator simulation (SIS) that depicts the
lithological spatial distribution and provides a zonal basis for
attribute parameter models was chosen to build the 3D lithology
model. Accordingly, small-scale variations in lithology with the
lengths of the cores were revealed by collecting lithology data from
38 nonprofit boreholes distributed in the study area (Figure 1).

Lithology-Based Urban Geological Modeling

The attribute model of geotechnical properties based on the
zonation of lithology was constructed using the sequential
Gaussian simulation (SGS) method, which reveals distribution
characteristics of geological conditions. Furthermore, 2D
information derived from 3D geological and geotechnical
properties was presented for UUS optimization and urban
master planning.

3D MODELING METHODOLOGY

Introduction to Geostatistics Interpolation
Geostatistics is a powerful technique to estimate unknown values
in a specific field based on the available data by interpolation,
which is the core of the system (Hou, 1996; Hou, 1997; Hu, 2007).
A proper interpolation method could reduce the deviation of
interpolation results when building 3D geological models and is
thus crucial for geologists and modelers to get reliable results.

Kriging and SSI are the most commonly adopted interpolation
tools in 2D mapping and 3D modeling, respectively. In particular,
the application of Kriging has been widely used in the fields of
geology, oil, mining, and atmosphere (Wycisk et al., 2009; Yan
et al, 2011; Yu et al, 2013). Theoretically, kriging takes
regionalized variables as the core variables and attempts to
obtain the best, unbiased, and minimum variance interpolation
results (Xin et al., 1997), which indicate deterministic mapping or
modeling results. The interpolation is merely from the initial
available data using correlation defined by variograms (or semi-
variograms). Comparing SSI against Kriging, SSI transforms data
to a standard normal distribution; a value is randomly drawn
from the normal distribution, and then the value and original
data are used to interpolate (Rahimi et al., 2018). After that, the
simulated values are then back-transformed to the reference
distribution to acquire the real value.

The differences between Kriging and SIS demonstrate distinct
application scenarios. SSI highlights the potential to respond to
the heterogeneity and uncertainty of rocks and soils that show
different geotechnical properties varying with positions (Asghari
et al,, 2009). The interpolation results of SSI are less smooth than
those of the kriging method due to the mathematical logic (Liu
et al., 2018), which corresponds to the underground distribution
of geological bodies.

Therefore, kriging is suitable for small-scale and data-rich
situations, whereas SSI is a better stochastic approach for urban
geological modeling (UGM), especially for regions with uneven
data distribution and large-scale modeling. Modeling using SSI
instead of the kriging method could minimize the deviations of
modeling and maintain a better intensity of global spatial
variation (Hu, 2007; Zhao et al., 2010).

Sequential Simulation Interpolation
Parameter Settings

The semi-variogram model is crucial to SSI; thus, the
parameter settings of the semi-variogram model affect the
reliability of modeling results. There are two sections in the
semi-variogram model that represent spatial correlation in
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TABLE 1 | Empirical formulas in parameter settings.

Formula Variable
section
Vertical Average points of the well (ANPW)

Average height of the well (AH)
Areal Minimum x distance between wells
Minimum vy distance between wells
Maximum x distance between wells
Maximum y distance between wells

mXD,
mYD,
MXD)
MYD)

(mXD)
(mYD)

Lithology-Based Urban Geological Modeling

Key factor Formula for key factors

Number of lags (NLV)

Lag distance (LD)

Number of X columns (NXC)
Number of Y columns (NYC)
Number of lags (NLA)

Lag distance (LD)

min (100, (ANPW)/2)
AH/2* NLV)

min (MXD/mXD-+1,100)
min (MYD/mYD-+1,100)
Max (NXC,NYC)

Max (MXD, MYD)/NLA

Chengdu
® 3

Legend
®  Drilling

City
©  County
Planning region

Modeling area

. Di:'a't‘ljiang county
©

FIGURE 1 | Location of Guang’an city and the modeling area.

vertical and areal sectors, respectively. The key factors of the
parameter setting consist of lag distance, number of lags,
tolerance, bandwidth, direction, range, and sill. Lag distance
and the number of lag computation based on data
characteristics using empirical formulas are shown in
Table 1. Tolerance and bandwidth are automatically
calculated based on the lag distance and data characteristics.
The direction, range, and sill are defined in the experiment by
calculating the distance vs. semi-variance of data pairs which
respond to the spatial correlation of input data. Direction and
relevant range will be set when the semi-variance of data pairs
sustains the longest distance in a particular direction. Sill is
defined when the semi-variance of data pairs reaches a steady
state in distance. Figure 2 demonstrates the case of the sand
lithology semi-variogram model. The major direction was set
to 45°, and the minor direction was set to 135° because semi-
variance of data pairs sustains the longest distance in 45°. The
corresponding range is set to 3,400 and 3,000 m; the sill value is

set to about 0.2 where the semi-variance roughly remains
constant along distance.

3D Geological Modeling Workflow
The GOCAD platform, initially designed for reservoir modeling
and sedimentary formation, is compatible with UGM and mining
modeling to meet the increasing requirements of diverse modeling
tasks. This package provides tools for geologists to construct UUS
models with pure data or multifactor datasets, including borehole
data, 2D boundaries, cross sections, and seismic data (Zhou et al.,
2020). Furthermore, regardless of data density, this package is
capable of establishing a desired model covering all available data
in the workflow, which is characterized by streamlining steps.
In general, the modeling workflow includes four steps
(Figure 3). First, the available datasets for the tasks are
gathered, analyzed, and sorted out. Second, contact
relationships of strata are classified into conformable, eroded,
baselap, and unconformable. Third, all strata data are imported to
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FIGURE 3 | Workflow of 3D geological modeling.

the workflow to produce a triangulated irregular network (TIN)
surface of formations using the discrete smooth interpolation
(DSI) method. Then, a fault framework is constructed, and
contact relationships are revised based on the formation ages
of faults. Finally, a specific grid size is set up, and a geological
model is established by superposing strata and faults together.

Once the geological model is produced, the property model
can be combined with the dataset through streamlining steps.
First, properties from the borehole data are analyzed and
classified, and thus, semi-variograms that reflect the spatial
variability of different properties are built, respectively.
Second, a lithology model is established based on the rock
classification using SIS, an SSI method designed for a discrete
dataset. Finally, a property model is constructed based on
lithology zonation using SGS; an SSI method was designed for
continuous datasets, such as porosity and permeability.

The workflow offered by GOCAD software not only improves
the modeling speed but also ensures conflict-free processing of
the multi-source datasets and precise modeling results.

3D MODELING AND RESULTS
Geological Setting

Guang’an city is situated at the junction of Sichuan province and
Chonggqing city and has lower elevations in the west than in the
east (Figure 1) (Zhang et al., 2021a). It spans two different
natural geographic regions, the red soil hilly area of Sichuan and
the lower mountain area of the Huaying Mountain, and belongs
to the Upper Yangtze platform and the Central Sichuan
depression (Wei et al,, 2017). The area is characterized by
weak active fractures, with low magnitude seismic activity
mainly in the eastern part. The Cambrian, Ordovician,
Silurian, Carboniferous, Permian, Triassic, Jurassic, and
Quaternary strata are exposed in the study area with gentle
dip angles (1-5°). The most widely distributed Jurassic
Shaximiao Formation (J,s) of 400-500 m thickness shows
moderate to strong weathering (Figure 4). Interlayered and
lenticular sand and mudstone account for about 80% of the
entire outcrop.
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Introduction to Modeling Raw Data
The modeling raw data are composed of boreholes, DEM, and

geological section in this study.

Boreholes could offer reality intrusive investigation data which
are vital to construct a reliable geological model. The stratigraphic

and attribute modeling data are primarily derived from 38
nonprofit boreholes distributed in the study area. Wells are
scattered in the planning region of Guang’an city and primarily
located in the west region. Altitude and depth vary from 409 to

236 m and from 120.4 to 50 m.

All the wells were drilled vertically,
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FIGURE 6 | 3D Geological model of Guang’an city (A) and fence diagram (B).

and coring was performed along the whole well section. Lengths of
coring are between 0.3 and 0.7 m. The mechanical experiment of
coring was performed in two qualified companies located in
Sichuan and Chongqing. Tensile strength and shear strength
experiments were implemented by the southern construction
engineering testing corporation in Chongqing, and other
attribute experiments were accomplished by the geological
engineering exploration institute corporation in Sichuan.
Specific attribute experiments in one coring sample, which were
carried out more than once, were averaged for attribute modeling,
such as compression strength and tensile strength.

The geological section was adopted to provide a whole picture
of the stratum to support stratigraphic stratification. In this study,
a geological section was surveyed in the northwest area in the
study area, (Figure 4) and it ranges from 510 to 253 m in altitude.
The outcrops of the section only consist of the Shaximiao (J,s)
Formation.  Therefore, stratigraphic  stratification  was
implemented according to the proportion and rhythm of sand
and mudstone in the outcrop.

DEM provides the surface shape of the model. DEM data were
downloaded from the public Google earth map with 30 m
resolution in the .tiff format, which covered the whole
Guangan city, and was converted to the .dat format for
modeling in a GIS-based platform.

Stratigraphic Modeling

To perform stratigraphic modeling, the priority task is to stratify
and construct a stratigraphic column. The Jurassic Shaximiao
Formation (J,s), as the primarily exposed formation in the study
area, is dominated by sand and mudstone with insignificant
stratigraphy, but lithostratigraphy offers a way to correlate and
group similar geological layers, according to their assemblage,
geotechnical properties, and geological evolution history. It is
combined with the gentle occurrence and geological section
survey of the strata. Stratigraphic stratification was rationale
marked for the Shaximiao (J,s) Formation. Thus, the Shaximiao
(J2s) Formation can be divided into seven geotechnical units and

named from one to seven in altitude from 450 to 200 m
(Figure 5). The stratigraphic column which constrains the
vertical deposition sequence of the seven wunits was
established. In the column, the contact relationship is set to
be conformable due to the absence of sedimentary gaps between
those units. The surface digital elevation model (DEM) obtained
from Google Earth is used to represent surface to cover the
available datasets, with the contact relationship with
geotechnical units set to be eroded. Fracture is rare in the
study area and was thus not included in the workflow.

On the basis of the abovementioned work, TIN surfaces of
units were possible to construct. DSI was employed in the process
to generate the TIN surfaces, and the stratigraphic mark was used
as “hard” data to constrain the depth of the surfaces. A GIS-based
outline of the modeling area was adopted to constrain the
extension and shape of the model. The top and bottom of the
stratigraphic model were set to 600 and 150 m in altitude,
respectively, to include all the above-mentioned datasets. The
resolution of the model was set distinctively to satisfy the data
interpolation requirement. Horizontal grid cells were set to 200 m
x 200 m to reduce the number of grids and processing time.
Vertical grid cells set to 1 m for unit 7 to unit 2 and 5 m for unit 1.
Since most borehole data were between unit 7 and unit 2, they
require a higher resolution for further attribute interpolation than
unit 1 (Figure 6).

The whole stratigraphic modeling process mentioned in this
section is illustrated in Figure 3.

Lithology and Engineering Geological
Modeling

Inferior lithology was ignored in the previous geological
modeling. The dominant lithology in the units or layers was
adopted to represent the units or layers, which skipped subtle
vertical lithological changes. This study transformed the lithology
to a logging curve format and classified them into five categories
of clay, sand, mudstone, shaly sandstone, and sandy mudstone
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FIGURE 7 | Lithology model (A), fence diagram (B), and lithology distribution of the research area (C,D,E,F, and G).

based on the coring length without neglecting small-scale
lithological changes.

Furthermore, the lithology curves were upscaled to the high
vertical resolution grids as mentioned earlier; combined with the SIS
method and semi-variogram, the lithology model (Figure 7) could
be established following the workflow introduced previously. This
approach could capture subtle vertical changes in lithology and
make full use of core data, effectively refining the lithology modeling.

After lithology modeling, it is possible to produce the attribute
of geotechnical properties from the borehole records. In
Guang’an city, each property, such as porosity, cohesion, and
permeability, was established, respectively, due to the different
geological characteristics between lithologies. The process of
property modeling is similar to that of lithology modeling.
Interpolation employed in property modeling (Figure 8) was
SGS because geotechnical logging data were considered to be
continuous rather than discrete.

DISCUSSION

Borehole and topographic data were adopted to produce the
initial 3D urban geological model of Guang’an city. Based on the
high-resolution urban geological model, lithologies of clay, sand,
mudstone, shaly sandstone, and sandy mudstone and 12
geotechnical properties were modeled. Horizontal (Figure 9)
and vertical slices of these models described previously were
set to demonstrate the extension of geological bodies. The
lithology and property variations with depth and the
underground geology conditions were thus revealed.
Importantly, the geotechnical model and derived 2D outputs
provide the potential for the qualitative or quantitative
assessment of UUS combined with the evaluation methods

such as AHP or numerical simulation. More details of
implication are discussed below:

Visualization

Visualization is the primary application of the 3D geological
model. In contrast to the traditional GIS-based illustrations that
are constrained in a fixed 2D-scene, the 3D geological model
offers the ability to rotate the model in real 3D space from the
surface to certain depth, which reveals the panorama of the study
area. Meanwhile, fence diagrams, cross sections, and 2D slice
extracts from the model present the extension and tendency of
geobodies where investigation data are absent.

Furthermore, fence diagram, cross sections, 2D slices, and
artificial construction could be coupled in the geological model to
detect possible spatial distribution conflicts. Specifically, it is vital
to underground artificial construction, such as tunnel
construction. The model could provide measurable packages of
hazardous geobodies (faults and gypsum) that have major effect
on cost and safety in tunnel construction which could mitigate
waste of space in tunnel construction by offering precise
coordinates of these hazardous geobodies at the planning
phase of tunnel construction.

Statistics and Simulation
The geological model is the visualization of numerals and data
from multisource investigation. Therefore, it is essentially
measurable and statistical of all the elements that are consisted
in the geological model. Statistics of the geological model could
offer the overall picture of features that interest the users of
the model.

Mostly mentioned urban geological model statistics
characteristics including area, volume, distance, and curvature
could be accomplished by the statistic of stratigraphic structure
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FIGURE 8 | Geotechnical attribute model of Guang'an city. (A) compression strength; (B) density; (C) water absorption; (D) shear strength (tg); (E) porosity; (F)
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modeling. Additional information like properties or attributes is
usually derived from the attribute or property model. Features of
the corresponding properties could be revealed by generating
visualization diagrams and charts of the properties such as
histograms, cross-plots, and pie-charts. Furthermore, natural
resource reserve computation or analysis is available through a
combination of particular dimensional properties on the basis of
previous statistics.

Simulation is a major application of the urban geological
model and statistics. The differentiation between simulation
and statistic is enormous. Simulation mainly focuses on the

dynamic restoration of the geological process and illustrates
the principle of the present phenomenon. Meanwhile,
simulation provides predictions of geology evolution over time
or under particular situations. However, statistics is merely the
summary of the present phenomenon without restoring or
predicting the function.

Generally, realization of the specific simulation purpose
through the integrating geological model with simulation
software packages, for instance, Flac3D and ANSYS, is
commonly adopted to implement geomechanics simulation,
and FEFLOW is employed to simulate underground water
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FIGURE 9 | Horizontal slices of the geotechnical model in different elevations (considering density as an example).
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migration and preservation. However, caution should be taken to
mitigate simulation deviation caused by tiny deformation while
transferring the model to simulation software packages and
parameter settings before simulation.

3D Assessment of the Geological Resource
Traditional assessments of urban geological resources are two-
dimensional (x, y) based on the GIS platform. The urban
geological model offers the ability to conduct the assessment in
three dimensions (x, y, and z). Taking suitability evaluation of urban
underground space exploitation as an example, the urban geological
model offers a high-dimensional dataset from heterogeneous
property/attribute modeling. Every cell that makes up the model
is an independent unit for assessment. Quantities of properties/
attributes are dimensional of the units. Even more, assessors could
transfer two-dimensional properties or factors into 3D for the units
by assigning the properties or factors to the units with the same
plane coordinates. Furthermore, by coupling AHP, MUGM, or the
unsupervised learning algorithm, a three-dimensional quantitative
evaluation of urban underground space could be achieved.

Suggestions for Future Urban Underground

Space Utilization

Although the modeling approach of UUS provides impressive
results, a few questions still need to be discussed before its wide
utilization in future projects. First of all, data quantity and density
uncertainty could give outcomes that deviated from the actual
situation. An additional intrusive investigation is a precise way to
obtain underground geological conditions, but it is costly and time-
consuming. Therefore, combining the region-scale geophysical

methods, which could provide a framework of the area of
interest, with the available borehole data as “hard” constraints
can alleviate the uncertainty and improve the reliability in a shorter
time frame and at a lower cost. Second, due to the different
theoretical frameworks that software manufacturers employed,
the format barriers of geological models reduce the
communication between disciplines and hinder the share of
results to a wider audience. Therefore, there is an urgent need
for a universal format of the UUS model that could be applied in
various modeling systems. Third, the popularity and application of
UUS should be further explored. The UUS model is not only a tool
to illustrate the spatial coupling of geological bodies, but more
importantly, it provides primary and public data for other
disciplines. In recent years, attempts have been made in the
applications of UUS models in underground engineering,
geothermal, and groundwater. However, multidisciplinary
collaboration and applications still need to be deepened to
facilitate the usability of geological models produced by
geologists.  Finally, artificial construction coupling with
geological models needs further research, in particular platforms
that can simultaneously display, modify, and analyze the
construction and geological models.

Generally, 3D UGM describes UUS in a regional scale and
cannot replace the site-specific intrusive investigation. It could
provide a brief reference with a gradually precise reliability
modeling approach before conducting a site-specific
assessment. Integrated with geotechnical variability and semi-
quantitative analysis, 3D UGM enables urban planners to assess
potential application and conflicts of underground geological unit
assets and to optimize the future development of the urban
underground survey.
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CONCLUSION

Stratigraphy, lithology, and 12 geotechnical properties were
successfully modeled. Horizontal slices of the geotechnical
model at various altitudes were set up for display and query
based on the borehole data by GOCAD software. Given the
possible heterogeneous and inadequate data display in this
case study, a better method to model the lithology and
properties is to adopt SIS and SGS as interpolation methods
instead of kriging. These methods provide the ability to model
and capture variations in geotechnical properties based on
lithology zonation and the high-resolution grid in the core-
length scale.

Although the results of geotechnical property modeling are
likely to be influenced by insufficient information or lower data
density, this modeling is still a vital approach to identify the
underground geological conditions, guide the initial evaluation,
and restrict the UUS design based on physical characteristics.
This 3D UGM, thus, will lower the future risk and uncertainty of
decision-making in the spatial planning of UUS in Guang’an city
(Zhang et al., 2020).
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