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Abstract: Geotechnical investigation, in hilly areas, for high-rise projects, becomes a problematic
issue and costly process due to difficulties in mobilization and assembling the drilling equipment on
mountainous terrains. The objective of this study is to map soil properties of study areas, especially
at inaccessible sites, for reconnaissance. Digital soil maps for Tehsil Murree, Pakistan, have been
developed using the emerging Geographical Information System (GIS). The research work involved
the creation of an exhaustive database, by collecting and rectifying geotechnical data, followed by the
digitization of the acquired data through integration with GIS, in an attempt to visualize, analyze
and interpret the collected geotechnical information spatially. The soil data of 205 explanatory holes
were collected from the available geotechnical investigation (GI) reports. The collection depth of soil
samples, which were initially used for the design of deep and shallow foundations by different soil
consultancies in the Murree area, was approximately 50 ft. below ground level. Appropriate spatial
interpolation methods (i.e., the Kriging) were applied for the preparation of smooth surface maps
of soil standard penetration tester number values, soil type and plasticity index. The accuracy of
developed SPT N value and plasticity maps were then evaluated using the linear regression method,
in which the predicted values of soil characteristics from developed maps and actual values were
compared. SPT N value maps were developed up to a depth of 9.14 m below ground level and at
every 1.52 m interval. The depth of refusal was considered in the developed maps. Soil type and
plasticity maps were generated up to 15.24 m depth, again at every 1.52 m intervals, using color
contours, considering the maximum predicted foundation depth for high-rise projects. The study has
implications for academics and practitioners to map the soil properties for inaccessible sites using
GIS, as the resulting maps have high accuracy.

Keywords: Geographical Information System (GIS); spatial interpolation; SPT N; plasticity index;
soil maps

1. Introduction

The characterization of sub-surface conditions and properties is one of the most essen-
tial activities required for the successful planning, design, and construction of engineering
structures. Risks related to improper ground conditions commonly represent the greatest
concern in many infrastructure projects [1]. Most of these risks are directly, or indirectly,
affected by the quantity and quality of subsurface investigations [1,2]. Therefore, in order
to eliminate these risks, it is of great importance to increase the density of ground investi-
gation data and improve the site sub-surface characterization to reduce the probability of
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encountering unexpected soil conditions during the construction phase and the likelihood
of an excessive over-design which often leads to increased costs and delays. Sufficient
site investigations also increase the reliability of estimates of characteristic soil and rock
properties and geotechnical design parameters which, in turn, can reduce the likelihood
of performance failure and/or allow designers to achieve the target reliability for a lesser
cost [3]. The application of geotechnical data is not limited to structures and civil engineer-
ing projects. It is widely used in other disciplines, including infrastructure, environmental
and risk analysis [4].

In most cases, geotechnical data are displayed and managed using traditional and
ineffective methods, unlike geographic and geomorphologic data that are available in
spatial data infrastructures (SDIs). As a result, geotechnical data are not readily available
on a decent spatial resolution for many developed areas.

Subsurface soil data exploration can be done by geophysical methods, such as Ground-
penetrating radar (GPR) and SPT. However, geotechnical investigation, especially in hilly
areas for high-rise projects, becomes a problematic issue and costly process, due to the
difficulties in mobilization and assembling the drilling equipment on mountainous terrains.
For this purpose, soil mapping can be done with readily available geotechnical data using
GIS for inaccessible sites, such as the top of a hill or the bottom of a valley. However, the
data explored by these conventional techniques are often unorganized, heterogeneous,
and not properly archived. Geographic Information System (GIS) technology can be used
as an efficient tool to store, organize, analyze and display this type of data in the form
of digital layers and maps [5]. In geotechnical practice, GIS can be used in at least four
ways: data integration, data visualization and analysis, planning and summarizing site
activities, and data presentation [5]. GIS provides promising tools for integrating multiple
data types, such as raster format data (e.g., photos and scanned maps), vector format data
(e.g., Shapefiles or computer-aided drafting (CAD) files) and it may consist of open-access
information, such as soil surveys, topographic maps and borehole log data [6]. In addition,
the exploration of subsurface soil is often an expensive task and geotechnical engineers deal
with uncertainty by interpolating data from limited sources [7]. The problems associated
with this poor data management have been recognized by many engineering agencies
and organizations, and have prompted researchers to explore recent advancements in
information technology, such as Web GIS platforms, in order to utilize them for exchanging
geotechnical data. These data have to be collected, validated and stored within a unified
spatial database to establish stratigraphy and pertinent properties of the soil at a specific
site [8].

GIS is well-known for its capacity to integrate the capabilities of spatial analysis,
database management and graphic visualization. The detailed geotechnical investigations
can be pared down to only sensitive projects with access to preliminary data. By paring
down the most suitable options, based on examples of existing surrounding structures,
early soil type judgments can help plan risk mitigation strategies and improve design
capabilities. These geotechnical soil type maps can be used to guide future infrastructure
development. Examples of applications of GIS in the geotechnical field can be soil survey
planning to soil management in addition to hydrologic response unit generation. Orhan
and Tosun developed maps for Turkey to check the feasibility of foundations in residential
areas, However, at site-specific scale, where local geological features alter, they may be
less useful. [9]. Local authorities in South Africa, Palestine, Turkey and Thailand have all
developed geotechnical mapping and they continue to update and improve their databases,
but all these studies are restricted to shallow depth [10-13]. As another example, geotech-
nical characteristics were assessed using spatial modeling of geotechnical parameters by
developing 3D models for the development of the Lavrion Technological [14]. A study was
conducted to develop interpolated soil maps for Najaf, Iraq, using Kriging and Ordinary
Kriging. The study is limited to soil USCS classification of Najaf, Iraq. [15]. ArcGIS was
also used to map the organic composition of the soil in Najaf city [16]. For Baghdad, a
GIS-based database of soil parameters has been created [17]. Another study was conducted
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for Wasit city, to map shear strength, consolidation parameters, and groundwater level to
aid in the preliminary design phase, but this study is also limited to a depth of 10 m [18].

Since soil properties are highly variable spatially [19], and in order to provide an
accurate estimate of characteristic values, continuous variability should be considered. The
traditional method of soil analysis and interpretation is laborious, and time-consuming,
hence, becoming expensive [20].

Geostatistical techniques (Kriging) are widely recognized as an important spatial
interpolation technique in land resource inventories [21,22]. Several research studies have
been conducted focusing on different interpolation methods of soil characteristics [23-26].
For example, the study done by (Srivastava et al. 2019) revealed that, for soil moisture
data, kriging with external drift (KED) is performing better than ordinary kriging (OK),
inverse distance weighting (IDW) and Spline methods, in terms of model accuracy and
performance using cross-validation techniques. However, the performance of spatial
interpolation techniques depends on several parameters, such as sample size, sampling
design, sample spatial distribution, data (density and variation), surface type, data quality,
input data uncertainty, and poor choice or implementation techniques. Thus, it is difficult
to assign spatial interpolation methods as the “best practices” based on a given dataset
without a prior investigation of their accuracy [27]. In our study, the KED interpolation
method was adopted in order to develop continuous geotechnical spatial maps for the
studied area. Kriging was the interpolation technique used, in which a linear combination
of observations from close sampled sites were used to produce predictions at unsampled
sites of Tehsil Murree, Pakistan. Kriging addresses several of the limitations of standard
interpolation techniques used in GIS.

The aim of this study was to fill a gap by providing GIS soil characterization spatial
maps for the area of Tehsil Murree in Pakistan. In fact, for a hilly area such as Tehsil Murree,
it was not easy to collect the soil samples from the top of the mountain and difficult to
set up the soil sampling equipment. To address this, spatial interpolation of the available
geotechnical data was used to develop continuous soil maps. The created maps were used
to show the variation in soil type, SPT N values, and Plasticity index.

The contribution of this study is to add to the geotechnical database of the country
by making soil maps of one of Teshil Muree, which is the most developed tourist site of
Pakistan. Geotechnical mapping of inaccessible sites is done using GIS so that these maps
can be used in reconnaissance survey and table study for projected development in the
future.

2. Materials and Methods
2.1. Study Area

The Tehsil Murree is one of the renowned hill stations of the Rawalpindi district with
coordinates of 33.9078 N and 73.3915 E at an elevation of about 7500 feet. The Digital
Elevation Model (DEM) of the study area was used to determine the elevation required
at any given location. Figure 1a shows the DEM of the study region, whereas Figure 1b
shows the study area’s location.
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Figure 1. (a) Digital elevation model of the study area (b) Map showing the location of the study area
in Pakistan.

The neighboring districts of the study area are Haripur and Abbottabad. Both of these
districts are located in Khyber Pakhtunkhwa, on the northern and western sides, and the
Jhelum River on the eastern side. Kotli Satian, on the other hand, is found on the southern
side of Murree. The soil formation of Muree Tehsil is characterized by lower Miocene
sandstone and claystone. The sandstone is often reddish grey to purple-grey in color,
thick-bedded, fine to medium-grained, micaceous, cross-bedded, and calcareous [24]. The
location of the study area was in the sub-Himalayan mountainous region. According to the
Ministry of Housing and Works of Pakistan, Murree was classified to be in earthquake zone
3, which falls in the class of moderate hazard. The hill slopes in the Murree area are rather
steep, ranging from 17° to 30°. As the slope gets steeper, the shear force increases, which
may result in landslides. One of the main reasons that may cause landslides in Muree Tehsil
is rapid development, such as the construction of road networks and immature geology
with disturbed slopes [25]. Therefore, land sliding is a common occurrence, especially with
steep slopes, such as along highways, streams and disturbed slopes.

2.2. Methodology

Geotechnical reports of 112 sampling sites for deep and shallow foundation designs
from four soil investigation firms in the Muree Tehsil area were collected. The available
data were used to develop soil maps for the study area covering a maximum depth of
15.24 m below ground level. The methodology adopted consisted of six steps as shown in
Figure 2.



ISPRS Int. ]. Geo-Inf. 2022, 11, 368

50f 15

v v
f
. SPTN Plasticity
I CI.
Soil Class | Values Index Value
L
v
Assigning
Numerics
to Soil
Class
“ i > '

Establisment Geographic Coordinates of Each
borehole

4

Software Frienly Data Conversion

SN TEESSS—

{ Point to Surface Mapping 1
Figure 2. Flowchart of methodology.

From collected geotechnical data soil classification, borehole coordinates, plasticity
index and SPT N values were extracted at 1.52 m intervals and up to the level of 15.24 m
below ground level. The classification of the soil type was performed, based on the USCS
soil classification system [28]. Plasticity Index of soil samples collected from a borehole was
determined by Atterberg’s limit test [29].

The extracted soil classification data was used to develop soil type maps by assigning

an ascending wise numeric value to each soil class according to their gradation size, as
listed in Table 1.

Table 1. Soil sample classes and assigned values to be used in the GIS environment.

Soil Class Symbol Assigned Values Soil Class Symbol Assigned Values
Heavy Clay MH 1 Silty Clayey Gravel GC-GM 9
Clay CL 2 Silty Gravel GM 10
Silty Clay CL-ML 3 Well Graded Gravel GW 11
Silt ML 4 Poorly Graded Silty Gravel GP-GM 12
Clayey Sand SC 5 Well Graded Silty Gravel GW-GM 13
Clayey Silty Sand SC-SM 6 Shale 14
Silty Sand SM 7 Sandstone 15

Clayey Gravel GC 8

Regarding soil investigation reports in which borehole coordinates were not given,
the coordinates of these boreholes were established by Google Earth by identifying the site
on which the soil investigation was held. The extracted data, such as soil classification, SPT
N value and plasticity index, were transformed into MS excel to make the data compatible
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with the ArcGIS format. The goal was to develop 1.52 m. interval soil maps using the
retrieved data for Tehsil Murree. For this purpose, ArcGIS 10.3 was used to develop contin-
uous interpolated maps. Ordinary Kriging interpolation technique was used to develop
the continuous maps for soil classification, SPT N and plasticity index data. Kriging is
a multiphase procedure that comprises interpretive statistical data analysis, variogram
modeling, surface creation, and (optionally) variance surface exploration. Kriging creates
an approximated surface from a scattering of z-valued points. Kriging is based on the as-
sumption that the direction or distance between sample points implies a spatial correlation
that may be utilized to explain surface variation using Equation (1).

N
Z(x.) =Y Aiz(x) 1

i=1

Kriging interpolation can reliably be used for interpolation of geotechnical databases
into continuous maps [30]. The validation of developed soil maps was done at 52 points
using 8 boreholes in which generated values of maps were compared with the actual value
of soil investigation reports that were not used in initial map making. The regression
method, using MATLAB, was used for determining the accuracy of SPT N maps.

3. Results

The geotechnical data collection points and location of the study area are shown in
Figure 3.

N
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Figure 3. Sampling sites map and validation sites map (locations of the boreholes).

In this study, interpolated maps of SPT N values were elaborated for Tehsil Murree at
an interval of 1.52 m to a depth up to 9.14 m below ground level. Since the study area was
hilly, there was mostly refusal after 9.14 m depth. The SPT N was represented by the color
range in the legends and the red color represents the refusal. Figure 4 shows the SPT N
value maps. It can be noticed that with an increase in depth, N values increased throughout
the region. Refusal in the southern region was evident throughout the depth. At shallow
depth, the N value was low because of the presence of peat and clayey soil and at a greater
depth the N value increased because of the presence of Murree formation, which consists
of consolidated sandstone and foothills of Margalla lie [26].

The accuracy of interpolated N value maps was determined by 52 points obtained
from field investigations which were compared with predicted SPT N values at the same
point in the study area. These additional 52 points were not used in the generation of SPT
N value maps. Figure 5 depicts a statistical comparison of created and measured cell values.
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Regression analysis was done in which the R? coefficient of determination was calculated.
The acquired results by regression analysis demonstrated that the kriging approach maps
the geotechnical parameters, and that these values were comparable to the original data.
The coefficient of determination (R?) was 0.8233. The coefficient of correlation being greater
than 0.8 indicated a strong correlation between the two variables [31].

5

(c) (d)

Figure 4. Cont.
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Figure 4. SPT N maps at (a) 1.52 m depth, (b) 3.05 m depth, (c) 4.57 m depth, (d) 6.10 m depth,
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Figure 5. Validation of generated soil maps.

The plasticity Index is the range of moisture content in which soil remains in a plastic
state while in transition from a semi-solid state to a liquid state. The plasticity index
indicates the degree of plasticity of the soil. Thematic maps were used to show the variation
of plasticity index up to 50 ft. depth of soil strata at different locations of Tehsil Murree.
Interpolated maps of the plasticity index were developed at the interval of 5 ft. The
variation in plasticity index is represented by the color range in legends, as shown in
Figure 5. Interpolated maps show that the majority of the areas of Murree represent
medium-range plastic soils, due to the presence of clay and silty clay.

For the preparation of soil type maps, soil in the bore sites was classified using the
Unified soil classification system. The soil types were digitized according to the gradation
size listed in Table 1. At the shallow depths, a higher density and detailed maps were
available because there was a large amount of data available at shallow depths. Also,
most of the residential buildings’ bore logs were limited to a shallow depth which was
almost 6.1-9.14 m depth. At shallow depth, the types of soil found were mainly MH, CL,
CL-ML, ML, SC, SC-SM, SM, GC, GC-GM, GM, GW-GM, Shale and Sandstone. However,
the dominant soil types were mostly CL, CL-ML, ML, and GC and, in some areas, MH,
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SC, SC-SM, shale, and sandstone were also found. As the depth increased the variation
in soil types decreased. The major reason for this was that as the depth increased mostly
uniform soil was found and the other reason was that a lesser amount of data was available
at greater depth. The data acquired at greater depth were for large-scale projects, such as
high-rise buildings.

The soils found at greater depths of the study area were usually clayey gravels, shale,
and sandstone. However, clay and silty clay were also found in some specific areas. The
following maps were developed by using the Kriging interpolation technique at intervals
of 1.52 m up to 15.24 m depth, showing the identified soil types.

The generated soil maps could be used for feasibility studies at the preliminary
investigation level, and rough cost estimation, especially at the inaccessible site. The
accuracy of generated soil maps was checked by validating the SPT N value maps. The
technique was used to assess the validity of the created maps for the predicted data by
collecting samples from ten field survey sites and comparing the actual test outcomes in
relation to the developed maps. Figure 5 depicts a statistical comparison of generated
and measured cell values. The acquired results indicated that the maps developed by
the Kriging technique were able to predict the geotechnical parameters accurately and
that these values were comparable to the original data. Using generated maps, the cost
of ground investigations for the development projects could be reduced. This research
aimed to create soil maps, especially for inaccessible sites, and ready-to-use maps that bring
useful ground information for geotechnical engineering projects. It is recommended to
prepare similar maps for additional geotechnical properties, such as uniaxial compressive
strength, effective cohesion and the angle of internal friction using the accurate interpolation
techniques.

4. Discussions

In this study, the significance of GIS in geotechnical engineering was shown, specifi-
cally in the field of soil mapping. SPT N value has a direct relation with allowable bearing
capacity. So, the higher the SPT N value, the higher will be the bearing capacity. The
generated SPT N maps depicted the lower SPT N value in the northeastern area which
indicated lower bearing capacity in that area than the remaining part of the study area.
Similarly, in soil type maps the presence of clay gravels, gravels, shale and sandstone
indicated harder strata, as there was the refusal of SPT. Figure 6 shows the generated maps
of P.I which are linked with soil type maps of Figure 7. The plasticity index was mostly
determined by the quantity of clay present. It signified the soil’s fineness and ability to
change form without changing volume. A high PI implied that the soil contained too much
clay or colloids. So, for the areas where fine soil was present, the observed value of P.I
was higher and vice versa. When the PL was more than, or equal to, the LL, it had no
value. So, for the areas where fine soil was present, the observed value of PI was higher
and vice versa. GIS software was used to analyze the study work, demonstrating the
potential of GIS software in the geotechnical engineering area. The primary goal of this
study was to ascertain the scope of GIS and its adaptability to map the soil properties
at inaccessible sites. The produced maps to estimate the soil characteristics were easy to
understand as they were built upon basic statistical principles. The end-user community
of these maps could be engineers, employers and even researchers who are interested in
exploring the economic and deliberate value of GIS, due to the benefits of this rapidly
growing technology. Further to the economic aspects, the other fundamental advantages
of GIS to produce such geotechnical maps can be generalized as (1) easy to visualize the
spatial information by GIS output maps with clear legends and different groups of coloring
and patterns (2) GIS can be applied to site selection, zoning, planning, and conservation
measures (3) any other available data, like geophysical parameters on the subsurface con-
ditions, can be incorporated with spatial data to validate the prediction and increase the
precision of maps (4) it is possible to update/modify and refine datasets, data models, and
the relation between attributes to produce better future maps if needed. For example, this



ISPRS Int. ]. Geo-Inf. 2022, 11, 368 10 of 15

study did not include data about the southeastern part of the Tehsil Murree, as there is no
development in this area. However, the maps could be updated in the future when more
sampling data becomes available. In the current research effort, we only used the ordinary
Kriging interpolation method. Future research could compare the accuracy of different
Kriging methods in the ArcGIS software platform.
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Figure 6. Plasticity maps at (a) 1.52 m depth, (b) 3.05 m depth, (c) 4.57 m depth, (d) 6.10 m depth,
(e) 7.62 m depth and (f) 9.14 m depth, (g) 10.67 m depth, (h) 12.19 m depth and (i) 13.72 m depth, (j)
15.24 m depth.

Although the use of GIS-based methods for the prediction of geotechnical parameters
can generally be beneficial, there are disadvantages that might increase the risk of over-
or under-estimation of the strength parameters of the soil. Accuracy and precision, as the
main challenging points, are the functions of the scale at which a map (paper or digital)
is created. Inaccuracies may result from mistakes of many sorts, for example, regression
models cannot work properly if the input data has errors (that is poor quality data). If
the data preprocessing is not performed well to remove missing values or redundant
data, outliers or imbalanced data distribution, the validity of the regression model suffers.
Regression models are susceptible to collinear and nonlinearity problems and as the number
of variables increases, the reliability of the regression models decreases. To assure the
workability and prediction power of the regression models, several checks should be
required. Some diagnostic tests and techniques make it possible to examine the data and
evaluate the model assumptions and investigate whether or not there are observations with
a large, undue influence on the analysis. Testing the assumptions of linear regression was
not included in this research. However, it would be beneficial to test the four principal
assumptions of linear regression, which would justify the use of linear regression models
for purposes of prediction of geotechnical parameters in future research: (i) linearity and
additivity of the relationship between dependent and independent variables, (ii) statistical
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independence of the errors, (iii) homoscedasticity (constant variance) of the errors and (iv)
normality of the error distribution).
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Figure 7. Plasticity maps at (a) 1.52 m depth, (b) 3.05 m depth, (c) 4.57 m depth, (d) 6.10 m depth,
(e) 7.62 m depth and (f) 9.14 m depth, (g) 10.68 m depth, (h) 12.19 m depth and (i) 13.72 m depth, (j)
15.24 depth.

Empirical Bayesian Kriging (EBK) is an alternative method that could be used to
achieve a straightforward and robust method of data interpolation and prediction. EBK
automatically configures the construction process of Kriging to help reduce the uncertain-
ties. The method allows modeling of the relationship between geotechnical properties and
co-variables and to capture the nonstationary aspects of these parameters. The biggest
advantage is that EBK takes into consideration the semi-variogram error. This leads to the
best spatial distribution performance among the most common interpolation techniques. It
is recommended to run an EBK analysis and compare the results with the estimated spatial
distribution of SPTs over the study area. It is also very important for the end-users to know
the uncertainty of the modeled spatial distribution of geotechnical maps in order to deter-
mine the reliability of maps that might be used in different applications. An uncertainty
map is inherently produced in the spatial distribution generated by EBK.

5. Conclusions

Based on the previous use of GIS in geotechnical engineering, this paper proposed a
promising method to predict soil properties for inaccessible sites using GIS. The resulted
interpolated soil maps showed that geotechnical properties of soil, such as SPT N values,
plasticity index, and soil types, could be mapped accurately using GIS. This would save a
considerable amount of money spent on initial ground investigation steps.
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The SPT N values, plasticity index and soil types were mapped using the Kriging
interpolation technique with ArcGIS 10.3. The software was sourced from University of
Tartu, Estonia. The SPT N value-interpolated maps for Tehsil showed that the N values
were directly related to the depth. As the depth increased the larger were the N values
observed. Usually, at the greater depths, the bedrock was found to consist of shale and
sandstone. Similarly, interpolated plasticity index maps showed the range of plasticity
index of subsurface soil, which represented medium range plastic soils with a degree of
plasticity at shallow depth. The map of interpolated soil types exhibited the variation of
soil strata for depths up to 15.24 m below ground level.

Using these maps, soil characteristics for inaccessible sites could be estimated. The
developed soil maps are important for preliminary design and hazard identification, such
as landslides, especially at the preliminary investigation level. The SPT N value maps and
plasticity index maps play an important role in the determination of the bearing capacity of
foundations. The SPT N values can also be used to evaluate soil strength and designers can
use these maps for the selection of suitable types of foundation and depths of excavation.
These developed soil maps represent the continuous and smooth surface of geotechnical
parameter values using the Kriging technique, which reduces the probability of negligence
of geotechnical hazards.
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