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Abstract

 

 The main objective of this study is to explore the application of 3D subsurface modelling as an advanced data 
visualization technique in geotechnical engineering prior to the designing and planning of civil engineering 
infrastructure. A detailed three-dimensional subsurface model of New City Phase-II, Wah 
Cantt, is created using a large dataset of bore logs, encompassing coordinates, depth measurements, 
elevation data, and lithology types of the study area. The combination of Geographic Information System 
(GIS) and Computer-Aided Design (CAD) technology has simplified the creation of this comprehensive 
three- dimensional model, resulting in a considerable advancement in the representation of complicated 
subsurface formations. The subsurface model highlighted the spatial distribution and lithological features 
of subsurface layers, indicating the presence of silty clay with varied stiffness at different depths. The 
validation using field data suggested a substantial spatial correlation, demonstrating the model's reliability. 
This study emphasizes the importance of 3D subsurface modelling in improving geotechnical site 
characterization, foundation design, hazard risk assessment, and effective land use planning. Future 
research will employ advanced imaging technologies, and data integration approaches to increase model 
accuracy and feasibility in a variety of geotechnical contexts. 

Keywords: 3D subsurface modelling, borehole logs, geographic information systems, geotechnical 
investigations, data visualization, foundation design

1.  Introduction       
    
    Traditionally, the geotechnical analysis, 
designing, and planning for subsurface 
engineering projects such as buildings, 
foundations, roads, and tunnels relied on 
manual design techniques. These methods, 
however crucial, were time-consuming and 
labor-intensive. Over the last few decades, the 
advancement of Geographic Information 
System (GIS) and Computer-Aided Design 
(CAD) technologies have revolutionized this 
f i e l d .  T h e s e  i n n o v a t i o n s  p r o v i d e 
comprehensive 3D capabilities, considerably 
enhancing the visual representation and 
interpretation of subsurface data. Thereby, 
improving the efficiency and accuracy of 
creating three-dimensional (3D) solid models 
that identify the lithology and pertinent soil 
properties at a specific site using a variety of 
geotechnical data and modelling tools. 

 Throughout the last three decades, several 
researchers have presented a variety of 
modelling theories and techniques to construct 
three-dimensional solid models of subsurface 
using diverse kinds of geological and 
geotechnical data (borehole data, geological 
maps, geotechnical survey records, cross- 
sections, structural information, etc.). 
Countless attempts at 3D modelling of 
geotechnical and geological characteristics 
have been performed to date (De Rienzo et al., 
2008; Royse et al., 2009; Tame et al., 2013; 
Touch et al., 2014). Geologists are nowadays 
capable of building 3D spatial models from 
subsurface layers in the urban sector to predict 
soil properties and reduce the risks and 
ambiguity associated with urban planning. 
These capabilities are made possible by more 
sophisticated computational tools, modern 
geoda t abase s ,  and  advancemen t s  i n 
computational speed and performance, 
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acquisition, and digitalization of geological 
data (Kessler et al., 2009; De Beer et al., 2012a, 
b; Abuzar et al., 2018).

 In the case of geological and geotechnical 
engineering, a detailed understanding and 
accurate mapping of the subsurface geology is 
crucial for designing underground engineering 
structures such as foundations for buildings, 
roads, and tunnels. Geotechnical engineers 
construct and attribute 3D geological 
subsurface models in two stages: by creating a 
3D geological framework model and then 
attributing this model with appropriate 
geotechnical characteristics (Kessler et al., 
2009). Various methodologies, such as 
"geotechnical baseline methods" (Staveren and 
Knoeff, 2004), probability studies, and Monte 
Carlo simulations (Eivind and Holden, 1994; 
Viseur and Shtuka, 1997) are being utilized to 
estimate the potential errors that might arise in 
the design of an engineering structure due to the 
lack of information concerning the parameters 
of the subsurface.

 Several ways for producing 3D solid 
models generated from an array of geotechnical 
data types have been developed and deployed 
within a GIS framework (Lemon and Jones, 
2003; Kaufmann and Martin, 2009; Ming et al., 
2010; Zhu et al., 2012; Ghiglieri et al., 2016). 
Boreholes are the most used data source in 
subsurface modelling because they are simple, 
intuitive, accurate, and detailed for practical 
users. Several modelling approaches have been 
suggested and used, including the development 
of discrete stratigraphic layers utilizing 
surfaces interpolated from borehole data 
control points and the simultaneous blending of 
these units into an individual solid model 
(Gallerini and De Donatis, 2009; Akiska et al., 
2013). 

 Ut i l iz ing  such vague subsurface 
information, however, gives rise to great 
difficulty. The data is often complex to access, 
abundant, heterogeneous and has inherent 
uncertainties. These methods, as discussed 
earlier, offer their advantages and limitations 
based on the use of interpolation techniques and 
the capacity to represent missing and 
discontinuous surfaces in three dimensions. 
However, reliable reconstruction of complex 

3D subsurface structures from discrete 
geotechnical data tends to be a real challenge. 
This paper investigates subsurface mapping 
techniques to develop a three-dimensional (3D) 
subsurface model, aiming to enhance the 
preliminary design process, improve hazard 
iden t i f i ca t ion ,  and  p lann ing  o f  so i l 
investigations for shallow foundations.

2.  Study Area

 The study area is located in New City 
Phase-II, Wah Cantt, near Taxila, northwest of 
Islamabad (Punjab, Pakistan). It lies between 
33.74ºN latitudes and 72.72ºE longitudes, and 
its elevation is roughly 452m (1483 ft). The area 
extends about 4.43 km2 and is easily accessible 
via the M1 motorway near the Brahma Jhang 
Bahtar Interchange (Figure 1). The region is 
located in the MBT foothills, where Quaternary 
deposits overlie the Murree Formation of the 
lower Miocene (Sheikh et al., 2008). All the 
boreholes are drilled in quaternary deposits for 
the shallow foundation.

3.  Materials and Methods

 Three core steps are usually found in any 
3D modelling workflow, as shown in Figure 2. 
These steps involve data compilation and 
structuring, the 3D modelling process and 
uncertainty or accuracy assessment depending 
upon the type of data used (Turner, 2003; 
Kauffman and Martin, 2008; Caumon et al., 
2009). This stage can be completed using any 
database and modelling software capable of 3D 
visualization. The detailed methodology 
adopted in this study is as follows:

3.1.  Data Compilation/Preparation Stage

 A total of 58 boreholes drilled up to 7.62m 
(25ft) depth in the project area were finalized as 
the primary data source, covering an area of 
approximately 4.43 km2 (Figure 3). The 
groundwater table (GWT) was not encountered 
in any boreholes down to the maximum depth 
explored. The raw data of borehole logs in .xls 
(Excel sheet) format consisted of several 
columns providing comprehensive information 
about depth, sample number, description of soil 
strata, SPT blows, and SPT-N values.
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Fig. 1. Location of Study Area (Google Earth, August 2022)
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Fig. 2. 3D Modelling workflow of the study area (modified from Turner, 2006; Kauffman 
and Martin, 2008; Caumon et al., 2009)
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Fig. 3. Data Points and sitemap of the study area (Google Earth, August 2022)

 A 3D modelling process requires an 
e f f e c t i v e  i n t e r p o l a t i o n  m e t h o d  a n d 
visualization software. The selection criteria 
for software determination must depend on the 
software's capabilities and available resources. 
RockWare's RockWorks16, a versatile 3D 
geomodelling software, was used in this study. 
The RockWorks software package is a 
sophisticated tool for managing, analyzing, and 
visualizing geological data. 

 In order to make lithological data 
compatible with RockWorks, it was necessary 
to transform the data into a template specified in 
RockWork's manual. The lithological data was 
then manually entered into the Excel sheets. 
Each lithology type was assigned a G-value, a 
unique number that the program substitutes for 
the material type while making a model. A total 
of 3 sheets were prepared in a single Excel file 
naming location, lithology, and lithology type. 
The location sheet included information related 
to Borehole Name, Easting, Northing, 

Elevation and Total Depth values of all the 
boreholes. The lithology sheet stored depth 
from top to bottom and lithologic unit names. 
The lithology type sheet was, however, 
optional, but it saved time from doing some 
basic settings (pattern, size, background, 
foreground value, etc) manually again and 
again (Appendix-A, -B, -C).

3.2.  Project Set Up

 Before modelling, a project setup was 
needed to define the modelling parameters. The 
coordinates system was set to be UTM Zone 43, 
WGS-1984 (NAD-83), and the vertical units 
were set to meters. After importing the prepared 
Excel file, the software interpolated all the data 
in the RockWorks geodatabase. Here, the 
model dimension in terms of 3D space and 
resolution had to be defined. For this purpose, 
all the borehole data was scanned to define 
model dimensions automatically based on the 
provided data. The X and Y resolution or node
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spacing was set to 15 meters, and the Z 
resolution to 0.075 meters. This resolution 
might seem relatively low given the size of the 
cells; however, the area being modelled was 
relatively vast. The smaller the cell size, the 
larger the processing time will be. So, for this 
study, a Z resolution of 0.075m produces 
reasonable results while allowing for the quick 
reprocessing of surfaces. Every surface in this 
model used this node structure and extent as its 
spatial boundary.

3.3.  3D Modelling Stage

 Once all the lithologic data was validated 
and completed, 3D modelling began. In 
RockWorks, numerous algorithms are available 
for interpolation depending on the data type 
under consideration. RockWorks offers two 
algorithms for lithologic solid modelling. The 
most common algorithm is Horizontal 
Lithoblending Solid Modelling, in which solid 
lithology models such as profiles, sections, 
fences, surface and plan maps, and models are 
created for display. The solid model voxel 
nodes are assigned by scanning horizontally 
from each borehole in search circles with 
progressively increasing diameters. 

 Another algorithm for the solid modelling 
method, Closest Point, sets a voxel node's value 
equal to that of the closest data point, 
independent of the node's proximity to the point 
or the values of its other neighbors. When 
creating models with non-gradational values, 
this method is helpful. This approach generates 
a solid model with sudden node changes, which 
can be applied to complicated non-stratiform 
geology, such as multiple intrusions, karst, 
impact craters, etc., for lithology modelling 
(Manual, 2013). Within the scope of this 
research, the "Horizontal Lithoblending" was 
chosen as the best interpolation algorithm to 
fulfill the prerequisites of 3D subsurface 
modelling (Figure 4).

4.  Results and Discussions

 The classification test results based on the 
Unified Soil Classification System (USCS) 
revealed that the top soil strata mainly 
comprised very stiff to hard silty clay (CL-ML 
group) and were encountered throughout the 

drilling depth. However, the subsoil profiles 
developed based on borehole logs showed 
slight variation between these lithologic layers, 
such as color, texture, presence of trace 
grassroots, concretions, etc., at varying depths. 
Based on these variations, the layers were 
termed Silty Clay-1, Silty Clay-2, and Silty 
C l a y - 3 ,  r e s p e c t i v e l y.  T h e  d e t a i l e d 
interpretation of 3D subsurface models of the 
study area is as follows:

4.1.  Layer Distribution

 The 3D subsurface model constructed 
from the borehole data revealed a distinct 
stratification of silty clay layers in the study 
area. The analysis indicated that the thickness 
of Silty Clay-1 ranges from 0m to 4.57m across 
the study area. Silty Clay-2 varies in thickness 
between 0.91m and 6.70m, while Silty Clay-3 
exhibits a thickness ranging from 0.91m to 
5.18m (Figure 6).

4.2.  Lithological Changes

 Each silty clay layer exhibited variations 
in lithology, with SC-1 showing the least 
amount of lithological diversity, primarily 
consisting of fine-grained silts. SC-2 displayed 
more variability with occasional interbedding 
of coarser materials, indicating a more dynamic 
depositional environment. SC-3 showed the 
most complexity in lithology, with significant 
grain size and mineral composition variations. 
These gradual lithological changes within each 
layer suggested a continuous and relatively 
stable depositional process over time.

4.3.  Spatial Variation

 Spatially, the distribution of these layers 
varied across the study area. SC-1 is more 
prevalent in the northern and central regions, 
reflecting recent sedimentation processes. SC-
2 had a wider distribution, covering most of the 
study area with higher concentrations in the 
southern region. SC-3 was more uniformly 
distributed, but its presence was notably more 
substantial in the deeper, central parts of the 
study area. This spatial variation indicated the 
h i s t o r i ca l  geo log i ca l  p roces se s  and 
sedimentary environments that have influenced 
the deposition and formation of these layers
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(Figure 6).

4.4.  Correlation between Layers

 The s tudy  revea led  a  cons is ten t 
correlation between SC-1 and SC-2, with SC-1 
usually overlaying SC-2. This relationship 
suggests a transitional deposition process from 
one layer to the other. The presence of SC-3 
beneath SC-2 in most locations indicated a 
recurring soil sequence (Figure 4). 

4.5.  Geotechnical Implications

 The composition and arrangement of 
these silty clay layers have significant 
geotechnical implications. SC-1, being the 
uppermost layer, will most directly impact 
surface-level construction projects, particularly 
regarding soil stability and drainage. SC-2's 
intermediate depth and variable lithology could 
affect the soil's shear strength and compaction 
properties, which are critical factors in 
foundation design and slope stability analyses. 

With its complex lithology, the deepest layer, 
SC-3, could influence deeper geotechnical 
structures or foundations, especially in load-
bearing capacity and long-term settlement.

4.6.  Geostatistical Analysis

 The kriging variogram is  a vital 
geostatistical method used for spatial 
interpolation and prediction (Ali et al., 2019). 
By plotting semivariance versus lag distance, 
the variogram displays the geographic 
distribution of the data, offering insights into 
spatial correlation and pattern. It is crucial for 
understanding the spatial continuity of the 
studied phenomena and making exact spatial 
predictions using kriging, an interpolation 
approach that determines values at unsampled 
locations using the variogram model. In this 
study, the Surfer software was used for 
developing kriging variograms and contour 
plots for all three layers, demonstrating the 
variation in layer thickness (Figs. 5, 6).
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Fig. 4. 3D Subsurface Model of study area created using Horizontal Lithoblending algorithm 
a)Vertical Exaggeration:15x b) Vertical Exaggeration:25x
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Fig. 5. Illustration of the kriging variograms for all three layers, SC-1, SC-2 and SC-3
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Fig. 6. A contour plot illustrating the thickness (meters) and distribution of the 
a) SC-1 layer, b) SC-2 layer & c) SC-3 layer 
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4.7.  Validation of Model

 The validity and accuracy of the 3D 
subsurface model were assessed by comparing 
the thickness of three subsurface layers at 12 
d i ffe ren t  po in t s ,  de r ived  f rom f i e ld 
observations, with the predicted thickness 
values at the corresponding coordinates. Upon 
plotting a graph of observed versus predicted 
values, the coefficient of determination (R²) 
was calculated to evaluate the model's 
reliability. The analysis revealed a moderate to 
high level of reliability in the subsurface model 
(Figure 7). The coefficient of determination, R² 
(a number between 0 and 1), is a statistical 
metric quantifying the goodness of fit of a 
regression model that measures how well the 
model predicts the outcome. Specifically, it 
indicates the proportion of variance in the 
dependent variable (observed thickness of 
subsurface layers) that is explained by the 
independent variable (predicted values from 
the model). The analysis of all three subsurface 
layers revealed the following R² values:

 I.  The R² value for SC-1 was roughly 
0.9134, meaning that nearly 91.34% of the 
variance in the measured thickness can be 
explained by the model. It implies a high degree 
of accuracy, with the model accurately 

estimating the thickness of the underlying 
layers.

 II.  The R² value of SC-2 was roughly 
0.848, suggesting that around 84.8% of the 
variation in the observed data is accounted for 
by the model 's  predict ions.  Although 
significantly lower than SC-1, this value still 
demonstrates good predictive capability.

 III.  The R² value of SC-3 was roughly 
0.7304, which is lower than the preceding two 
values. It implies that the model explains 
around 73.04% of the variation in the observed 
data. While this figure shows a modest degree 
of accuracy, the model nevertheless produces 
relatively accurate estimates for the thickness 
of underlying layers.

 However, it is necessary to comprehend 
certain limitations, such as potential data gaps 
or variability in data quality across multiple 
boreholes. While these components mentioned 
above impose some degree of uncertainty, the 
entire model accurately reflects the available 
data and appropriately depicts subsurface 
conditions. Future research might boost the 
model's accuracy by integrating new data 
points and applying sophisticated geostatistical 
techniques for enhanced spatial interpolation.

Fig. 7. Coefficient of determination (R²) of observed versus predicted thickness (m) values 
of all three subsurface layers: SC-1, SC-2 and SC-3
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5.  Conclusion 

 This study used borehole data and 
geomodelling techniques to create a 3D 
subsurface model of the New City Phase-II 
region in Wah Cantt, Pakistan. The model 
identified three silty clay strata (SC-1, SC-2, 
and SC-3) of varying thicknesses and spatial 
distributions within the 4.43 km² research 
region. The key insights from the 3D modelling 
are: 

 I.  The variation of SC-1's layer thickness 
ranged from 0m to 4.57m, SC-2 from 0.91m to 
6.70m, and SC-3 from 0.91m to 5.18m. 

 II.  SC-1 was predominant in the northern 
and central areas, whereas SC-2 had a broader 
distribution with a higher prevalence in the 
south. Simultaneously, SC-3 was more evenly 
distributed but dominant in the deeper, central 
regions of the study area. 

 III.  The coefficient of determination (R²) 
values of all three layers demonstrated 
moderate to high model reliability with 0.9134 
for SC-1, 0.848 for SC-2, and 0.7304 for SC-3. 

 The study's findings suggest that 3D 
subsurface models may considerably improve 
the selection and designing of appropriate 
subsurface foundation systems, geotechnical 
risk assessment, and informed decision-making 
processes  in  urban development  and 
infrastructure projects. However, several areas 
still require further research to address current 
challenges. Future research in 3D subsurface 
modelling should focus on integrating 
improved imaging technologies, implementing 
hybrid modelling strategies, enhancing data 
v i s u a l i z a t i o n  t e c h n i q u e s ,  r e d u c i n g 
uncertainties, and undertaking various field 
validation testing. 
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