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Abstract

1. Introduction

Earthen materials have commonly wide variations in 
their geological and geotechnical properties which can lead 
to severe geotechnical problems and hazards and even cause 
catastrophic events. Therefore, accurate assessment of the 
uncertainty of engineering behavior is an important phase of 
all civil engineering projects particularly for those projects 
which involve significant interactions with subsurface 
earthen materials (Parsons et al., 2002). In recent years, 
many human-made geohazards, such as ground subsidence, 
engineering slope instability and foundation settlements, 
have been witnessed with more regularity in growing urban 
areas due to the lack of adequate and accurate subsurface 
geological and geotechnical studies, resulting in threats to 
human lives and properties (Tang and Xu, 2009; Dong et al., 
2015; Aqeel et al., 2019; Abd El Al et al., 2019, 2020).

In general, the in-situ geotechnical behavior of subsurface 
soils is complex and heavily dependent on the nexus of factors 
related to the complicated nature and exacerbated by human 
practices (Breysses et al., 2005; Massoud, 2016). Therefore, 
engineering geologists and civil engineers have been facing 
a challenge on how to clarify and accurately depict and 

visualize the underground surface conditions considering, at 
the same time, the horizontal and vertical distributions, and 
variations of geotechnical parameters. 

Although producing traditional geological and 
geotechnical maps (2D models) has been intensely used to 
visualize ground conditions in fields of geoengineering, 
geology, and civil engineering (Kanu et al., 2013; Ayodele and 
Ajigo, 2020; Khallouf et al., 2020: Tobore et al., 2023), one of 
the biggest limitations is that these 2D models are restrictive 
in their ability to depict the subsurface across a range of 
depths and to chart the variations in geotechnical properties 
underground (Ding et al., 2015). In contrast, creating three-
dimensional (3D) models with a thickness corresponding to 
different depths of interest can be integrated with various 
geotechnical, geological, hydrogeological, and geometrical 
parameters. As a result, representation, visualization, 
analysis, and interpretation of the underground conditions 
can be accurately conducted (Ford et al., 2008; Royse et al., 
2009; Thierry et al., 2009; Dong et al., 2015). 

Furthermore, the 3D geotechnical model is distinguished 
by including both a boundary model, which delineates 
the boundary between the different defined subsurface 

Keywords: Geotechnical Investigation, Subsurface Soil, Spatial Variation, 2D geotechnical Models, 3D geotechnical Models, Najran

1Dept. of Geology, College of Science, Taibah University, P.O. Box 30002, Madinah, Zip Code: 41477
2Dept. of Earth and Environmental Sciences, Faculty of Science, Sana’a University, Yemen

3Faith Technologies Inc., Huntsville, AL, USA
4Geology and Geophysics Dept., King Saud University, Riyadh, Saudi Arabia

5Geology Dept. Al Azhar University (Assiut Branch), Assiut, Egypt
6Dept. of Civil Engineering, Najran University, Najran, Saudi Arabia

7Dept. of Geology and Applied Geophysics, University of Al-Jabel Al-Gharibi, Libya

2D and 3D Geotechnical models of the top 10-meter depth of the study area were created to reflect the investigated 
geotechnical spatial variation behavior of subsurface soil. The geotechnical investigation included advancing boreholes down 
to 10 m at 50 stations reflecting the resistance of soil (N-value) and collecting 250 soil samples at different depths to identify 
soil geotechnical properties.  For foundation construction purposes, 15 random test pits were also excavated down to 3 m 
depth to mainly measure soil compaction parameters.

Soil particles of sand (61 – 99%) silt (0 – 26%), and gravel (0 – 23%), with no clay particles, were identified in the area; thus, 
the soils were classified into SP, SP-SM, and SM. These soils also have shown a wide range of water content (2.90 – 20.10%), 
N-value (13 – 85), relative density (medium to very dense), maximum dry density (2.0- 2.2 g/cm3), and an internal friction 
angle of 25° to 28°. 
The produced geotechnical models have made correlation and linking spatial variations of geotechnical properties with each 
other, and even within each property, an easy and significant task. Therefore, producing such geotechnical models was a 
powerful and useful technique to interpret and predict the geotechnical behavior of subsurface soil. 
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2. The study area

3. Data and methodology

Najran Region is situated in the southwestern part of 
Saudi Arabia; bordered to the east by the Empty Quarter 
Desert, the Asir region to the west, both Riyadh and the 
Eastern Provinces to the north, and the Republic of Yemen to 
the south. Najran region, which has an area of about 149,511 
km2, is considered one of the fastest-growing southern 
regions in Saudi Arabia.  Its population has increased nearly 
2 times from 300,994 in 1992 to 595,705 in 2018 (Saudi 
General Authority for Statistics, 2018). The Geomorphology 
of Najran Province can be classified into three major 
geomorphological units:  i) high-mountain areas in the 
west, ii) floodplain areas with alluvial deposits along Wadi 
Najran, and (iii) eastward dominating dunes along the Empty 
Quarter as shown in Fig. 1b. 

The study area is located within the dunes unit to the east 
of Najran City occupying a major part of Khobash district. 
It lies between 17°31’16.00” and 17°31’47.926” North and 

In this research, the geotechnical investigation involved 
the following three main stages: i) geotechnical field 
investigation; ii) geotechnical laboratory testing; and iii) 
Geotechnical data modeling and visualization

geotechnical units, and a property model, which depicts 
the spatial distribution and variation of the geotechnical 
properties within those defined units (Hack et al., 2006).

Briefly, creating a 3D Model of the distribution of the 
geotechnical properties of the subsurface is increasingly 
becoming crucial in the decision-making process for 
commercial development and urban planning and 
management. It is not only a cost-effective method for 
characterizing the earths subsurface in geoengineering and 
civil engineering design practices but also it is an effective 
way to save effort and time in the analysis of data. Moreover, 
producing such subsurface geotechnical modeling is crucial 
for environmental risk assessment especially in rapidly 
growing cities (Mends and Lorandi, 2008; Kolat et al., 2006, 
2012; Donghee et al., 2012; Abd El Aal and Rouaiguia, 2020).

All aforementioned studies pointed out the main 
objective of creating these 3D subsurface geotechnical 
models, which is usually to analyze and visualize the 
investigated geotechnical parameters of the area of interest 
concerning its vertical extension and thus to effectively 
assess its geotechnical performance. 

Accordingly, most potential critical zones can be 
accurately depicted and identified. Hence, such information 
could result in the optimization of the proper design process 
of a construction as well as it could actively assist in reducing 
the construction risks.

In this research, geotechnical investigation and analysis, 
and producing of geotechnical spatial variations models (2D 
and 3D models) of the shallow subsurface soil of Khobash 
district, Najran Province, were conducted. Briefly, the main 
objectives of this research are to address the geotechnical 
properties of the study area concerning its vertical extension 
(depths), to correlate and link horizontal and vertical spatial 
variations of the investigated geotechnical properties with 
each other and even within each property, and thus to predict 
its geotechnical behavior as well as to predict any potential 
geotechnical problem that might affect any current and/or 
future construction and urban development in the area.

44°29’10.62” and 44°31’08.686”East (Fig. 1c). The study area 
has an area of about 1.5 km2 with a length of about 2000 m 
and a width of approximately 750 m as shown in Fig. 1c. 

In terms of geology, the rocks in Najran Region belong 
to the Precambrian and consist of igneous rocks, as well as 
some stratified rocks of the Cambrian–Ordovician Wajeed 
sandstone, and occasional Tertiary bedrock (Shanti, 1993; 
Vincent, 2008; Stern and Johnson, 2010) as shown in Fig. 
1b. Alluvial deposits along Wadi Najran as well as dunes are 
considered Quaternary deposits (Shanti, 1993).

(c) Study area boundary and soil sampling locations.

Figure 1. Study area location, geomorphology, geology (a and b), 
and soil sampling locations (c).

(a) Najran region location.  (b) 30 m resolution STRM digital 
elevation model of Najran region.

Based on a reconnaissance field visit, it was found that 
the ground surface of the study area is almost flat covered 
by dry sand particles and its southern boundary is adjacent 
to a strategic Najran-Sharourah highway linking Saudi 
Arabia and Yemen (Figs. 1 and 2). Therefore, preliminary 
geotechnical investigation for such an area is crucial for 
urban planning and commercial development plans.

The study area has an area of about 1.5 km2 estimated 
using ArcGIS technology. 50 random sampling locations 
were selected to cover this area to conduct a shallow borehole 
drilling process up to 10 m of depths investigating its 
geotechnical properties.  These boreholes, denoted hereafter 
as BH (Fig. 1), were prepared according to the American 
Society for Testing and Materials ASTM D4428 standards 
(ASTM, 1995) and drilled using a rotary mobile borehole 
drilling machine (ACKER mobile rig) with a hole diameter 
of 50.8 mm as shown in Fig. 2.

3.1 Geotechnical field investigation
3.1.1 Reconnaissance field visit 

3.1.2 Subsurface soil sampling 
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Figure 2. General view of the study area condition showing the used 
drilling rig machine for the SPT test and soil sampling

Figure 3. 3D- perspective view of the BH locations (ST locations) 
starting from the ground surface to 10 m depth with data points at 
1, 3, 5, 8, and 10 m of depths using Voxler software. TPs represent 
the location of test pits. The vertical extension was exaggerated by 

one hundred times.

Figure 4. 2D map showing the spatial distribution of the 15 test pits 
(TP) across the study area

Figure 5. Excavation process of test pits in the study area

At each BH, boring was advanced to the desired intervals 
of depths, which were 1, 3, 5, 8, and 10 m sequentially as 
illustrated in the created 3D model (Fig. 3). The point 
of selecting those intervals of depths is to reflect the 
geotechnical properties and, thus, the ground conditions of the 
investigated depths for further foundation and construction 
purposes at different levels of depth. Subsequently, disturbed 
soil samples were collected at each interval of depth at each 
borehole with a total of 250 BH soil samples.  

To measure soil compaction parameters (maximum dry 
density and corresponding optimum moisture content of 
soil) and for foundation investigation purposes as well, open 
test pits with a width of about 1.2 m and a length of roughly 
2 m were excavated to 3 m of depth using Backhoe Loader 
Machine at 15 different locations over the study area (Figs. 3 
and 4, 5). 15 disturbed soil samples were collected from these 
test pits, denoted hereafter as TP soil samples.

As a result, 265 soil samples were collected during 
the fieldwork (both 250 BH soil samples and 15 TP soil 
samples). All the collected samples were kept in plastic bags, 
and then transferred to the geotechnical lab of Al-Jazzar 
Consulting Engineers Company, Najran City, to measure 
their geotechnical index properties.

Standard Penetration Test (SPT) is an important 
geotechnical method used to reflect the consistency and 
resistance of subsurface soils. During the BH drilling 
process, SPT was conducted according to ASTM D 1586. At 
each borehole (BH), the boring was, first, advanced to the 
desired depth level (1, 3, 5, 8, and 10 m) sequentially. Then, 
the split-spoon sampler attached to the drill rod was placed 
at the top of each testing point. The SPT-hammer, then, was 
dropped driving the sampler into the soil layer until reaching 
15 cm of depth. This procedure was repeated two more times 
until 45 cm of total penetration was achieved. The total 
number of blows required to penetrate the last 30 cm depth 
is accounted as the “N-value”, which is used to determine 
the relative density of coarse soils (Dr) and/or the strength 
of stiff cohesive soils based on the type of soil encountered 
(Table 1).  All the results of the SPT (N-Value) are listed in 
Table 2.

3.1.3 Standard penetration test (SPT)

Table 1. N-Value of SPT and its corresponding relative density of coarse 
soils (Modified after Rogers, 2006)

N-Value D% Description Symbol

Less than 4 Less than 15 Very loose VL

4 – 10 15 – 60 Loose L

11 – 30 61 – 75 Medium MD

31 – 50 76 – 90 Dense D

0ver 50 Over 90 Very Dense VD
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During the drilling of the shallow boreholes process as 
well as the excavation of the test pits, groundwater was not 
encountered in the study area.

Soil types and maximum dry density (ρdry) and the 
corresponding optimum moisture content (OMC) were 
determined for all the 15 TP soil samples as listed in Table 3.

250 subsurface soil samples were collected from all 50 
BH locations at five different successive depth levels (1, 3, 5, 
8, and 10 m). All those collected samples were subjected to 
the following lab tests:

All the 15 collected TP soil samples were subjected to the 
following lab tests:

Although the SPT was conducted for all the soils at 
the intervals of desired depths, a direct shear box test 
was also conducted according to ASTM D3080 for those 
soil samples collected at a depth of 3 m but at only twelve 
selected borehole locations as shown in Fig. 6. The purpose 
of conducting this test was to measure the strength of the soil 
of the investigated area and thus to create more accurate and 
reliable measurements about the subsurface conditions of the 
area.  All the geotechnical lab results of the BH soil samples 
are listed in Tables 2 and 3.

- Natural water content test according to ASTM D 2216.
- Soil grain size analysis according to the ASTM D422.
- Soil classification using the Unified Soil Classification 

System (USCS) and according to ASTM D2487. For 
those coarse soils containing significant portions 
of fine particles, fine soil particles were identified 
according to both ASTM D4318 (Atterberg Limits 
test). The Atterberg limits test is commonly used as 
an integral part of several engineering classification 
systems such as USCS to characterize fine-grained 
fractions of soils.

- Modified Proctor Compaction test according to ASTM 
D 1557.

- Soil grain size analysis according to the ASTM D422 
- Soil classification using the Unified Soil Classification 

System (USCS) and according to ASTM D2487 and 
ASTM D4318. 

- Modified Proctor Compaction test according to ASTM 
D 1557.

All the geotechnical tests of the collected subsurface soil 
samples were performed according to the American Society 
for Testing and Materials (ASTM, 1995). As aforementioned, 
two types of disturbed subsurface soil samples were collected 
in this research: 250 BH soil samples and 15 TP soil samples 
(in  a total of 265 soil samples).

Three-dimensional models of the obtained results of 
natural water content, soil types, SPT results (N-Value), 
relative density (Dr), maximum dry density (ρdry), optimum 
moisture content (OMC), and shear strength were created 
using the Voxler v.3 software package (http://www.
goldensoftware.com/products/Voxler).

In general, the first step in the 3D modeling process is 
data preparation. In this research, each set of geotechnical 
data was arranged in a format compatible with input to the 
software – including the 3D coordinates and corresponding 
geotechnical properties of each data point. Next, the Gridding 
function was used to convert the input data into a lattice node 
interpolated file based on the defined gridding parameters. 
Finally, the VolRender function was used to generate the 3D 
models by choosing the appropriate color scales that best 
highlight the spatial variation in geotechnical properties 
across the study area. Similarly, the Oblique-Image tool 
was used to generate 2D models of the study area, where 
applicable - which were 2D slices of the created 3D models 
at the desired various levels of depths (1, 3, 5, 8, and 10 m 
consecutively) as will be illustrated later in the next sections.

Based on the grain size analysis results of the 265 
collected subsurface soils, only three main types of soil 
grain size were identified in the investigated area: sand (61 
– 99%), silt (0 – 26%), and gravel (0 – 23%) with an average 
of 87.24%, 7.81%, and 4.70%, respectively. The absence of 
clay particles was a strong indicator of the low plasticity, 
or even non-plasticity, character that those soils may have. 
These results reflected a significant range of variation in soil 

3.1.4 Groundwater investigation

3.2.1 Laboratory testing of BH soil samples 

3.2.2 TP soil samples

3.2 Geotechnical lab testing

3.3 Geotechnical data modeling and visualization 

4.1 Soil Grain Size Analysis and Soil Types

Figure 6. 2D map showing the location of the 12 BH stations 
selected to measure the shear strength of soils

Table 3. Soil types and their compaction parameter values at the excavated 
test pits at 3 m depth in the study area

St. No. Soil Type ρdry (g/cm3) OMC %

TP1 SP 2.15 7.20

TP2 SP 2.15 7.00

TP3 SP-SM 2.12 7.30

TP4 SP 2.14 7.50

TP5 SP 2.09 8.60

TP6 SP 2.01 8.70

TP7 SP 2.19 8.20

TP8 SP 2.14 7.70

TP9 SP 2.16 7.60

TP10 SP 2.17 7.50

TP11 SP 2.15 7.70

TP12 SP-SM 2.01 9.70

TP13 SP 2.12 7.40

TP14 SP 2.10 7.10

TP15 SP 2.18 8.20

Min. 2.01 7.00

Max. 2.19 9.70

Ave 2.13 7.83

4. Results and discussion 



particle sizes which certainly affects the soil engineering 
behavior vertically and horizontally across the study area.

In terms of soil classification, it is found that only sandy 
soil covers the whole investigated area. Precisely, three 
different soil types have been identified: poorly graded sand 
(SP), poorly graded sand with silt (SP-SM), and silty sand 
(SM) as listed in Tables 2 and 3. As noticed, this soil is poorly 
graded (well sorted) which is generally characterized by 
higher porosity compared to well-graded sand soil. 

The other observation is that SP soil occupies the major 
portion of the first three-meter depths of investigation with a 
percent of occurrence ranging between 46% and 86.67% and, 
then, this occurrence decreases gradually with increasing 
depth of investigation (Table 4). This spatial variation was 
portrayed through the created geotechnical models (Fig. 7). 
These created 2D and 3D geotechnical models showed that 
SP soil particles are concentrated mainly in the western and 
the middle parts of the study area.

Moreover, it can be noted that SP-SM and SM soil 
types occur a little more at the depth of 3 m compared to 
the first investigated meter of depths (Table 4; Fig.7). This 
occurrence of silty sand was more significantly observed at 
the depths below 3 m where SP-SM soil occupies the major 
parts covering 40% and up to 66% of those investigated 
depth (Table 4, Fig.7).  

Furthermore, as shown in Fig. 7, the 2D geotechnical 
models of soil types depicted the horizontal spatial 
distributions of the SM soil where a significant occurrence 
of it (38%) can be shown at the depth of 8 m (Table 4).

According to the created geotechnical models (Fig. 7) 
as well as the results listed in Table 4, it can, briefly, be 
concluded that the SP soil is the dominant soil type that 
occurs within the first three meters of depth. Then, SP-SM 
soil type is the one that significantly occurred within the rest 
of the investigated depth (below 3 m) but with the presence 
of a considerable amount of SM soil (38%) particularly at the 
depth of 8 m of investigation (Fig.7, Table 4).
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Table 4. Frequency and percent of identified soil types of the investigated depths of the study area.

Investigated Depth level

No. of 
Samples 

Soil 
Type

1 m 3 m 5 m 8 m 10 m

Freq. % Freq. % Freq. % Freq. % Freq. %

BH
 

sa
m

pl
es

250

SP 28 56 23 46 15 30 11 22 6 12

SP-SM 16 32 21 42 25 50 20 40 33 66

SM 6 12 6 12 10 20 19 38 11 22

TP
 

sa
m

pl
es

15

SP

-

13 86.67

-SP-SM 2 13.33

SM 0 0

BH
 +

 T
P 

sa
m

pl
es

 a
t 3

 
m

 o
f d

ep
th

 

65

SP

-

36 55.38

-SP-SM 23 35.38

SM 6 9.24

Figure 7. 2D slices (above) and 3D model (below) of the spatial 
distribution of soil types in the investigated area.



As the depth of investigation increases, the density of 
soils increases which can be due to the overburden of the 
above layers of soils as well as because of increasing fine 
soil (silt) particles in those soils occurring below 3 m of depth 
(Figs. 7 and 9). 

In general, (N-value), the vertical extension of the study 
area can be divided into three main zones based on the 
measured relative densities as follows (Table 5, Fig. 9):

i- MD-Soil Zone: This zone of density was observed 
within the first three meters of the investigated depths where 
N- N-values were between 13 and 46 while the corresponding 
relative density was medium dense to dense soil (MD – D). 
Within the depth of 1 m, it can be observed that 44 (88%) out 
of 50 soil samples have medium-dense relative density (MD). 
Additionally, 36 soil samples (72%) were characterized as 
MD as well at the depth of 3 m (Table 5, Fig 9). Therefore, 
the majority of soils that occur within the first three meters 
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Table 5. Estimated frequency and percent of each relative density type (Dr) of the 250 BH soil samples.

Figure 8. 3D Model (above) and 2D slices (below) of the spatial 
distribution of water content in the investigated area

Because natural water content (w) has a profound effect 
on soil engineering behavior, all the 250 BH soil samples 
were examined to determine their natural water content.

 The current geotechnical investigation showed that 
the water content values of the soils in the study area were 
between 2.9 and 20.1% with an average of 12.26% and 
a range of 17.2%. In general, such a wide range in water 
content values of the soils should be taken into consideration 
for any urban planning and construction that may take place 
in the area.  

Based on the results listed in Table 2, the range of water 
content (w) values was almost constant for those samples 
collected at depths 1m (w = 5% – 18.3%), 3m (w = 4.9% – 
18.2%), and 8 m (w = 5.4% – 18.3%) with a range value of 
about 13%. The highest range of water content recorded in 
the area was at a depth of 5 m (w = 2.9% to 18.2% with a 
range of 15.3%) and a depth of 10 m (w = 4.71% to 20.10% 
with a range of 15.39%). The significant vertical variation 
of water content values especially at depths below 3 m can 
be referred to the presence of a considerable portion of 
silt particles where SP-SM and then SM soil types are the 
dominant types below 3 m of depth (Tables 2 and 4; Figs. 8 
and 7). Based on the created geotechnical models (Fig. 8), the 
most common range of water content measured within the 
investigated depths was between 9% and 16% with a range 
of 7.

(D-soil), and very dense soil (VD-soil). It is found that, 
within the first three meters of depths, all the soils showed a 
relative density level of medium (MD) to dense (D). In other 
words, SPT results revealed that there was no very dense soil 
(VD) encountered within the first three meters of depths of 
investigation. In contrast, very dense soil was encountered 
below 3 m of depths, particularly at depths of 8 m and 10 m 
where no medium-dense soil was encountered at all (Table 
5; Fig. 9).

SPT results (N-value) are mainly used to estimate 
consistency, strength, and, in some cases, soil compressibility.  
In general, the SPT results (N-value) of the investigated 
area ranged between 13 and 85 representing a range of soil 
relative density (Dr) of medium to very dense soils as listed 
in Tables 1 and 2. 

N-value was correlated to relative density and then 
summarized as listed in Table 5. According to the measured 
relative density, three types of soils have been identified in 
the study area: medium-dense soil (MD-soil), dense soil 

4.3 Natural water content

4.4 Standard penetration test (N-value and relative density of soil)

Dr 
Type

Investigated Depth

1 m deep 3 m deep 5 m deep 8 m deep 10 m deep

Freq. % Freq. % Freq. % Freq. % Freq. %

Dr

MD 44 88 36 72 8 16 - - - -

D 6 12 14 28 31 62 22 44 14 28

VD - - - - 11 22 28 56 36 72

Dr. Zone MD- Soil Level D- Soil Level VD- Soil Level
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of investigated depths are medium dense where the SP soil is 
the dominant soil type (Table 4; Figs. 7 and 9).

widest range of relative density (medium dense to very dense 
soil) where all the three identified soil types (SP, SP-SM, and 
SM) have significantly occurred within this level of depths 
(Table 4; Figs. 7, 9)

iii- VD-Soil Zone: This zone of density was encountered 
in the last two levels of depths of investigation (8m and 10m 
depths) where the observed N-values of soils fell between 
31 and 85 with a relative density of dense (D) to very dense 
(VD). However, very dense soils represent 56% and 72% of 
the soils at 8 m and 10 m of depth, respectively. Accordingly, 
this zone is characterized by its high relative density (very 
dense soil) (Table 5, Fig.9). It should be noted that there is no 
medium-dense soil was detected at this level of depth (Table 
5).

As aforementioned SP-SM soil and then SM soil were the 
most encountered soil types below the depth of 3m, and thus 
the increasing density within the other investigated levels of 
depths (5, 8, and 10 m) can be related to the increasing of fine 
particles (silt grain fraction) at those depths (Table 4; Fig. 7).

ii- D-Soil Zone: This zone of density was observed at 
only 5 m of depth where the soils had a range of N-value of 
25 to 72 with a relative density ranging from medium (MD) 
to very dense (VD). Although, 8 soil samples were identified 
as medium dense (MD) and 11 samples measured as very 
dense (VD), the majority of soil samples (31 samples) with 
a percent of 62% were measured as dense soil (D) at only 
this level of depth (Fig. 8, Table 5). The other remarkable 
observation is that this zone is the only zone that has the 

Figure 9. 2D Model (above) and 3D slices (below) of the spatial 
distribution of relative density (Dr) in the investigated area.

As aforementioned 12 subsurface soil samples were 
collected from different 12 BH locations at only a depth of 
3m to measure soil shear strength utilizing direct shear test 
(Fig. 6). 

The results indicated that the shear strength of the 
soils mainly resulted from their internal friction angle (ϕ) 
since their cohesion values are all less than 1 kg/cm2. All 
the examined soil samples have very low cohesion strength 
values not exceeding 0.24 kg/cm2 (Table 6, Fig. 10). Friction 
angle (ϕ) values of these soils ranged between 23° and 32° 
with an average of 26.5°. 

According to the created horizontal spatial variation 
map (2D model) of the measured internal friction angles as 
depicted in Fig. 11, it can be noticed that most parts of the soil 
had a friction angle that varies between 25° and 28° where 
SP soil is the dominant type of soils occupying the major 
part of the investigated study area but at the depth of 3 m as 
illustrated in Fig. 7 as well.

4.5 Shear strength of soil

Table 6. Soil shear strength measurements conducted for soils at 3 m of depth.

BH No.
(St. No.) Soil type Friction angle

(ϕ in degrees)
Cohesion 
(kg/cm2)

BH No.
(St. No.) Soil type Friction angle

(ϕ in degrees)
Cohesion

(c, kg/cm2)

1 SP 29 0.06 28 SP-SM 24 0.14

6 SP-SM 23 0.15 36 SP 28 0.17

8 SP 26 0.09 41 SP 28 0.20

9 SP-SM 26 0.23 44 SP-SM 26 0.21

10 SP-SM 25 0.18 47 SP 24 0.24

22 SP 27 0.14 50 SM 32 0.05
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Figure 10. Shear strength curves of the 12 BH soil samples collected at 3 m depth.
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Figure 10. (continued) Shear strength curves of the 12 BH soil samples collected at 3 m depth.



5. Conclusions
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According to the grain size analysis results of the 265 
collected subsurface soils at different depths (1, 3, 5, 8, 
and 10 m), only sand, silt, and gravel particles have been 
identified with the absence of clay particles. As a result, the 
soils were classified into: SP, SP-SM, and SM soils.

Based on the created geotechnical models, SP soil was the 
dominant soil type that occurs within the first three meters 
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of depth where most soils are medium dense (MD zone). It 
was also found that within this depth of investigation, most 
soils have friction angles that vary between 25° and 28°; and 
SP soil and SP-SM soils are those types of soils on which 
maximum dry density can be achieved but within a range of 
OMC of 7.0 – 9.7%.  

At depths below 3 m, SP-SM soil type has significantly 
occurred but with a considerable amount of SM soil 
particularly at 8 m of depth. Furthermore, it was observed 
most soil samples at 5 m of depth have dense density (D 
zone) while the majority of soil samples below 5 m of depth 
reflected very dense density (VD zone). Moreover, the 
produced geotechnical models depicted significant vertical 
variation of water content at depths below 3 m where SP-SM 
and, then, SM soil types are the dominant types.

In sum, the created 2D and 3D geotechnical models 
were effective and valuable in the visualization of spatial 
variations in the geological properties of the subsurface soil 
of the study area. Using such models has made correlating 
and interpreting geotechnical properties with each other, 
and even within each property itself, an easy and effective 
task to track spatial variations in any direction; therefore, the 
geotechnical behavior of subsurface soil can be predicated in 
a time manner geoengineering purposes.
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Figure 12. 2D spatial distributions of maximum dry density (above) 
and corresponding OMC percents (below) at the depth of 3 m of the 

investigated area. 

The results of the modified proctor compaction test, 
which was conducted on the collected 15 TP soil samples, 
showed that the maximum dry density (ρdry) ranged between 
2.01 and 2.19 g/cm3 with an average of  2.12 g/cm3 while their 
corresponding range of optimum moisture content (OMC) 
was  7.0 - 9.7% with an average of 7.83% (Table 3). 

As shown in Fig. 12, the produced 2D geotechnical 
models of soil compaction parameters, it can be concluded 
that the best range of OMC to obtain the possible highest 
range of maximum dry density (2.10 to 2.20 g/cm3) is 7.0 to 
8.0 % of moisture content. Furthermore, when checking the 
horizontal distribution of soil types at this depth as shown 
in Fig.7, it can be concluded that SP soil and then SP-SM 
soil are those soils on which maximum dry density can be 
achieved (Figs 7 and 12).

4.6 Soil compaction parameters (Maximum dry density and  OMC)
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