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Abstract: Because of the strategic importance of the Abydos archaeological site in Egypt as a source of
wealth for Egyptian tourism, this study was concerned with carrying out geophysical measurements
to detect subsurface succession and measure variations in the geotechnical engineering features
of the soils/rocks in order to protect this significant area. The findings will assist geologists and
seismologists in collaborating with archaeologists for future site development, revitalization, and
investment. The primary objectives of this work were to determine the subsurface lithology, evaluate
the engineering geotechnical properties of soils/rocks, identify the layer thicknesses, and identify the
site class by calculating Vs

30. To achieve these goals, seventeen (17) seismic refraction tomography
(SRT) P- and S-wave measurements were executed in front of the Osirion location. SeisImager
Software was used for the processing and interpretation of the outcomes. The results were the
travel time–distance curves, which were used for building the 2D seismic models that exhibited the
velocity and the depth of the layered models. These models were validated by our previous works
using electric resistivity tomography and borehole data. The results indicated that this site consisted
of three geoseismic subsurface layers. The first layer was the surface that was made up of wadi
deposits, which were a mixture of gravel, sand, and silt and were characterized by incompetent to
slightly competent materials. The second layer corresponded to the sand and muddy sand deposits
of competent rock that was of fair to moderate quality. The third layer (clay deposits) had a higher
velocity and was more compact and may be employed as a bedrock layer. The elastic moduli, Vs

30,
petrophysical, and geotechnical properties of the three geoseismic layers were appraised as essential
parameters. Integration of petrophysical and geotechnical parameters and elastic moduli revealed
that the third layer was composed of competent clays, which were characterized by low values of
porosity, void ratio, Poisson ratio, and stress ratio. It also had a high rigidity, Young’s and bulk moduli,
concentration and material indexes, N-value, ultimate bearing capacities, and high density values,
and vice versa for the first layer. The standard NEHRP site class was B (rocks). These parameters are
ordinarily used as key indications and serve as significant inputs for any future work.

Keywords: seismic refraction tomography; archaeological site; site evaluation; elastic moduli; Vs
30;

NEHRP site class

1. Introduction

The Abydos archaeological site serves as the most prestigious burial place for kings
and top court officials in ancient Egypt due to its strategic location, great tourism value,
and importance. This study investigated the engineering importance of this site from a
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strategic standpoint, as it is an archaeological site with explored archaeological features
and unexplored archaeological ones where new facilities are likely to be established.

The main objectives of this work were (1) to determine the subsurface lithology of the
subsurface succession, (2) to determine the geotechnical properties of the rocks/soils and
their degree of competence for the stability of buildings in this site, and (3) to determine
the petrophysical characteristics of the rocks/soils in this important archaeological site.

Geophysical approaches as near-surface investigations are used in a wide range of
fields, including archaeology [1], geotechnical engineering [2,3], and civil engineering [4,5].
One of the vital approaches for complicated structures and geologic sequences investigation
near the surface is seismic refraction tomography. This technique has a wide variety of
applications in the field of engineering [6]. According to the National Earthquake Hazard
Reduction Program’s criteria, the main shallow subsurface feature for the determination
of seismic site classes is called Vs

30 [7]. The relevance of Vs
30 is attributed to the site

amplification sensitivity by the shear wave velocity at the near surface and ground motion
intensity [8,9].

The ancient site of Abydos is situated in Sohag Governorate, about 13 km west
of El-Balyana city (Figure 1), between latitudes 26◦10′ N and 26◦15′ N, and longitudes
31◦53′ E and 31◦57′ E. The study area is situated west of the Osirion site behind the Abydos
temple. The studied site was flat, and thus, no topographic corrections for acquiring data
were needed.

Figure 1. Location map for the Abydos site, with (a) a map of Egypt and (b) a more comprehensive
map of the Abydos temple that depicts the Osirion site and nearby boreholes.
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2. Historical Background

The Abydos site is considered one of the most touristy places in ancient Egypt. Nu-
merous historic temples, the royal necropolis, and Umm El-Qa’ab, where the first pharaohs
were buried, were all located in the ancient land of Abydos. The oldest dynasties selected it
as a burial site, while subsequent rulers, such as Ramses II and Seti I, constructed temples
and shrines [1]. Abydos Temple was built on two successive sections, one of which was
supported by Holocene Nile deposits and the other by older Nile deposits that were created
from the Nile terrace. The Osirion, which was built 15 m below the surface of the ground
below the Temple of Seti I, was where the Pharaonic death rite took place. Abydos reached
the height of its splendor during the reigns of these two monarchs. For both religious and
political reasons, Seti I built a temple there for himself and his father Ramses I [1]. It is
expected that new activities, such as constructions or explorations, may be undertaken at
this site.

3. Geological Setting

The study area is a part of the Nile Valley, which was geologically studied by other
authors [10–12]. Geologically, the whole of the Abydos site is associated with a large stretch
of Quaternary to Pliocene deposits that uncomfortably overlay the Esna Shale, which is
Early Tertiary in age [12]. Figure 2 shows the geology of Sohag province, including the study
area. Various rock units that are distinguished in the Abydos site are composed mainly of
sedimentary deposits and are arranged in the following order from older to younger: (i)
Pliocene clays, (ii) Qena sands, (iii) Kom Ombo gravels, (iv) Ghawanim Formation, and (v)
Dandara Formation, which range from the Pliocene to recent [13]. The main formation that
contains groundwater in the study area is known as the Qena Sands Formation. It is scarcer
in the west direction, where it cuts a Lower Eocene limestone plateau. Some of these sands
were eroded by the River Nile and its valley to the east, and as a result, the current Nile and
its plain are filled with silts. Results from three wells nearby Abydos Temple (well numbers
1, 2, and 3) indicate that part of the Qena sands is sometimes 15 m thick [14]. According
to Said [15], the basal deposits above the Lower Eocene limestone are distinguished by a
variety of clay deposits with scattered silt intercalation. These clays are compared with
Paleonile deposits.

Said [15] categorized the investigated site into three main components from a geo-
morphological perspective: the structural limestone plateau, the Nile terraces, and the
Nile floodplain. The limestone plateau is characterized by high relief that often reaches
200–375 m and borders the Nile Valley from both directions. It is divided by several NE–SW
and ENE–WSW trending crosswise dry wadis, some of which are currently filled with sands
and gravels. A general slope toward the Nile Valley is attained through these wadis [16].
The Nile Terraces are situated between the agricultural plains and the limestone plateau’s
margins on both sides of the Nile Valley. It has a surface made of sands and gravels. Most
of these desert fringes are represented by a sequence of subsequent terraces at intermediate
altitudes (70–140 m) above the main sea level. These terraces are remnants of the previous
alluvial plains [17]. The fertilized shale, silt, and mud utilized for agriculture make up the
Nile flood plain, which includes the farmed area on both sides of the River Nile. With an
elevation ranging from 55 to 65 m above the sea level in the Sohag district, the floodplain is
virtually flat or gradually slopes down northward. In comparison to the eastern side of the
Nile Valley, the cultivated areas are much wider on the western side.

The Nile Valley was structurally bordered by the limestone plateau, which also created
high relief structures with heights of 200–375 m. It is divided by several crossing dry wadis
that trend NE–SW and ENE–WSW, some of which are currently filled with sands and
gravels. These wadis eventually slope downward toward the Nile Valley. Most of these
wadis have undergone several cycles of activity, separated by active (arid) ones, and are
structurally restricted [16].
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Figure 2. (A) A geological map of the Sohag district, including the investigated area, emphasizing
the major surface geologic units and a cross-section through the study site passing by the Osirion
location [14]. (B) From the three drilled wells (1, 2, and 3) that were situated in the research site, the
stratigraphic sequence west of the Abydos area was determined [18].
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4. Material and Methods
4.1. Shallow Seismic Refraction Method

The shallow seismic refraction technique was used to investigate unknown subsurface
areas in detail. This technique is based on Snell’s law, which regulates how waves that
are propagating over layers of differing seismic wave velocities are refracted. Once those
waves’ arrival times are measured at the surface, they can be inverted to determine the
characteristics of the rock they traveled through [19–21]. Rock velocities, depths, and
thicknesses are the main outputs of this technique. The seismic refraction tomography
approach for site investigation is more powerful when it is compared with traditional
electrical resistivity tomography [22]. Seismic waves produced by man-made sources, such
as sledgehammers, travel across a medium in the seismic refraction method and are bent at
interfaces where the density (acoustic impedance) or the seismic velocity varies. Waves
returning to the surface after traversing various depths in the subsurface are recorded by
different geophones arranged in a straight line. The seismic velocity in the subsurface and
the depth of the interfaces are determined by measuring the amount of time that passes
between the break and the recording of a seismic signal. Simple assumptions about the
velocity structure are made in conventional analyses of seismic refraction data sets; however,
these assumptions are at variance with the lateral discontinuities, observed heterogeneity,
and gradients [23].

P-wave refraction demonstrated its effectiveness in determining the depth to the
bedrock within the framework of site assessment research [24–26]. However, horizontal
shear (SH) wave refraction is employed to investigate subsurface layers only to certain
depths and in the right circumstances [27]. Combining P- and S-wave refraction techniques
improves our knowledge of subsurface geology or provides supplemental data. Because
changes in saturation, elastic moduli, or porosity impact P- and S-waves differently, they
are crucial for differentiating various lithological compositions [28,29]. In order to provide
subsurface volumetric imaging of lithologic and geotechnical variables, P- and S-wave
seismic refraction tomography is a powerful tool. Recent studies demonstrated that seismic
refraction tomography, which uses both P- and S-waves, is used to systematically evaluate
Vs

30 and geotechnical variables that are more sensitive to variations in the subsurface soil
characteristics [30,31]. Additionally, Vs

30 is used to establish the NEHRP site class of a
location [32].

4.2. Data Acquisition

P- and S-wave refraction data were collected along 17 acquisition lines in front of the
Osirion site, forming a consistent grid, where 9 lines were oriented NW–SE and 8 lines
were oriented perpendicular to them (Figure 3). The total length of each line was 200 m,
and each was composed of two overlapped spreads. The length of each spread was 115 m,
with an overlapping distance of 30 m. The total number of geophones in each line was 41
geophones, with an interval of 5 m. To acquire the P-wave and S-wave data, 14 Hz vertical
and horizontal geophones were used, respectively. Five shots were employed for each
spread at distances of −2.5, 27.5, 57.5, 87.5, and 117.5 m. A sledgehammer with a mass
of 15 kg was used as a seismic source. For the P-wave refraction, the sledgehammer was
struck vertically on a steel plate, while it was struck horizontally on a wooden truck for the
S-wave refraction data [33]. For both acquisitions, the shots were stacked 3 to 5 times. The
shots were recorded on a 24-channel Geomtrics® GEODE, with a 0.25 ms sampling interval
and a recording length of 200 ms. No acquisition filters were applied.
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Figure 3. The configuration of the seismic refraction lines for P- and S-waves in the current investigation.

4.3. Data Processing

The obtained seismic refraction data were processed and interpreted using the
SeisImager/2D® software (Plotrefa v.3.0.0.6, 2014, and Pickwin v.5.1.1.2, 2014) offered by
Geometrics. Shot records provided the geometry, including the shots and the geophone
positions and altitudes, for all the acquired seismic data [34]. After visual verification with
Pickwin, the first arrival times were manually selected for both the P- and S-wave shot
records. Figure 4 illustrates the first-break picking for the P- and S-waves on Pickwin’s line
no. 1.

Plotrefa software was used to produce the travel time–distance curves by plotting the
first arrival times for all the shots along every surveyed line versus the source-to-geophone
distances. In Plotrefa, these curves were displayed, examined, and some of them were
modified for more precise data explanation. The research site suffered lateral velocity
variation because of the lateral lithologic, fluid content, and geotechnical variations in
the subsurface. Therefore, the interpretation of this work employed seismic refraction
tomographic inversion. A refraction seismic survey’s ultimate goal is to derive seismic
velocity–depth sections that detail the depths and thicknesses of each layer and their
respective velocities. The initial model was created using data from prior studies, including
previous geological and geophysical data, field outcrops and exposures, accessible borehole
data, and modeling outcomes from previous works of the same authors of electric resistivity
tomography and borehole data in the researched area [35].

The inversion for both P- and S-wave data was carried out using the same software
(Plotrefa), which employs nonlinear travel time tomography [36,37], consisting of ray
tracing for forward modeling and a simultaneous iterative reconstruction technique (SIRT)
for inversion. The default inversion parameters for this software are 10 iterations, 3 nodes,
and a smoothing weight of 0.5. There are no limitations on the number of layers or their
thicknesses in the Plotrefa package’s inversion method. As a result, these parameters are
not constant in the models. The initial model was created mostly using the ERT section
from the prior investigation of the same study region [35]. The minimum and maximum
velocities used in the initial models were calculated using another software package that
inverted the data based on the homogeneous function method [38]. The authors utilized an
initial model with 15 layers (the program’s default setting). The used velocities were those
that gave the lowest RMSE.
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Figure 4. Cont.
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Figure 4. Cont.
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Figure 4. Examples of the obtained picked refraction seismic data for profile 1, which involved two
segments. In segment 1, there was (A) a P-wave shooting forward at a distance of −2.5 m, (B) a
P-wave shooting at the mid-point between geophones 6 and 7 at a distance of 27.5 m, (C) a P-wave
shooting at the mid-point of the profile at a distance of 57.5 m, (D) a P-wave shooting at the mid-point
between geophones 18 and 19 at a distance of 87.5 m, and (E) a P-wave shooting at a distance of
117.5 m. In segment 2, there was (F) a P-wave shooting forward at a distance of 82.5 m, (G) a P-wave
shooting at a distance of 112.5 m, (H) a P-wave shooting at a distance of 142.5 m, (I) a P-wave shooting
at a distance of 172.5 m, and (J) a P-wave shooting at a distance of 202.5 m.

A velocity model without small-scale aberrations was produced by iteratively mod-
ifying the resulting model to decrease the RMS error between the estimated and actual
travel times. The raytracing application from Plotrefa was used to evaluate the mod-
els. An important consideration when assessing a seismic refraction interpretation is the
model–data compatibility. This is done by comparing the differences between the synthetic
data produced by models and the first arrival data in the field [39]. Using this raytracing,
the theoretical travel times were computed and presented along with the observed data and
the RMS error. The RMS error between the calculated and observed values was less than
4 ms, indicating the best fit between the observed and estimated travel times, as shown in
Figure 5.

Figure 5. The observed and calculated travel time–distance curves of the seismic refraction profile 1
(A) for the P-wave and (B) for the S-wave.
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5. Results and Discussion

Figures 6–9 display the final depth–velocity models produced from the seismic re-
fraction tomography for the seventeen lines. These models demonstrated that the studied
site was constituted primarily of three geoseismic subsurface layers based on the seismic
inversion and the calibration with the pre-implemented geo-electric resistivity studies
in this site [35]. Figure 10 illustrates an example of a two-dimensional ERT profile that
included a well location.

Figure 6. Example of the seismic refraction profile 1: (A) travel time–distance curve derived
from the P-wave profile; (B) 2D depth–velocity model derived from P-wave profile; (C) travel
time–distance curve derived from the S-wave profile; and (D) 2D depth–velocity model derived from
the S-wave profile.

These findings were consistent with the results of nearby boreholes scattered near
the study site. A careful examination of both the P- and S-wave velocities 2D seismic
models revealed that the maximum derived depth was 50 m. The range of the P- and
S-wave velocities for the derived shallow subsurface geoseismic layers were 356.38 m/s to
2821.81 m/s and 225.83 m/s to 1896.28 m/s, respectively.

The Vp and Vs values of the first geoseismic surface layer changed from 356.38 to
618.2 m/s and 225.83 to 496.24 m/s, respectively. It was composed of wadi deposits, which
were made up of gravel, sand, and silt, and its thickness varied between 1.5 and 4.8 m. The
Vp and Vs values of the second geoseismic layer varied from 1064.44 to 1303.6 m/s and
833.24 to 1119.74 m/s, respectively. Its lithology showed intercalated sand and muddy
sand deposits. The thicknesses of this layer ranged from 14.7 to 35 m. The Vp and Vs values
of the third geoseismic layer varied from 1955 m/s to 2821.81 m/s and 1155 to 1896.28 m/s,
respectively. Its lithological nature was clay deposits, with its thickness undefined. All
17 velocity–depth models are shown in Figures 6–9. The results of the 17 surveyed profiles
are summarized in Table 1. A careful investigation of the previous models indicated that
there was no fracturing or faulting in front of the Osirion site according to the interpretation
of the seismic wave velocities and the final geoseismic models.
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Figure 7. The 2D depth–velocity models for the P-wave and associated S-wave profiles along the
NW–SE direction were produced.
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Figure 8. The 2D depth–velocity models for the P-wave and associated S-wave profiles along the
NW–SE and SW–NE directions were produced.
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Figure 9. The 2D depth–velocity models for the P-wave and associated S-wave profiles along the
NW–SE and SW–NE directions were produced.
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Figure 10. The 2D electrical resistivity model of profile 1. This model emphasized the distinctive
geoelectric zones that were identified using the borehole and resistivity data that were available and
it also showed the depth of the groundwater level.

Table 1. Vp and Vs values for the first, second, and third layers, as well as the depth to the top of the
second and third layers, for each of the 17 seismic refraction profiles.

Profile No. First Layer Second Layer Third Layer Depth to the Top of

Vp (m/s) Vs (m/s) Vp (m/s) Vs (m/s) Vp (m/s) Vs (m/s) Second Layer Third Layer

1 506.46 447.85 1152.5 904.48 2250.78 1513.74 −3.6 −18.7

2 402.06 331 1123.83 916.82 2246.82 1481.54 −1.5 −19.5

3 570.33 496.24 1203.48 907.59 2012.68 1553.1 −4.8 −18.9

4 381.65 225.83 1152.84 833.24 1982.06 1452.03 −1.5 −14.7

5 356.38 270.9 1177.01 893.6 2350.18 1433.16 −1.8 −18.1

6 575.04 426.93 1225.98 920.31 2219.22 1260 −3.1 −19.7

7 618.2 496.15 1234.22 970.75 2242.66 1706.72 −4.8 −23.0

8 534.63 382.5 1214.56 911.85 2401.43 1356.7 −2.3 −19.2

9 609.61 488.14 1303.6 1093.96 2821.81 1571.72 −3.6 −32.7

10 460.68 289.05 1117.34 999.51 2181.71 1660.25 −2.0 −25.1

11 496.88 336.92 1232.47 1119.74 2355.25 1676.03 −1.6 −35.0

12 387.86 242.09 1113.91 968.43 2094.58 1680.86 −1.6 −22.9

13 431.65 332.46 1125.18 1000.62 2277.07 1632.53 −2.5 −25.2

14 435.59 241.65 1113.46 1080.89 2529.66 1896.28 −2.6 −31.6

15 445.53 244.25 1196.34 941.42 2280.94 1512.41 −2.6 −21.1

16 480.23 393.58 1134.02 972.68 2239.45 1554.84 −2.4 −23.2

17 491.09 287 1064.44 892.09 1955 1155 −2.0 −18.0

Min 356.38 225.83 1064.44 833.24 1955 1155

Max 618.2 496.24 1303.6 1119.74 2821.81 1896.28
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Using the Voxler® 4 program, a 3D velocity distribution was built up from the 2D
models that were obtained by inverting the shallow refraction data in the investigated
site [40]. The comparison and correlation of all the computed models highly depended on
this data presentation. The P-wave and S-wave velocities along the seventeen measurement
profiles are shown in the three-dimensional fence diagram (Figure 11). This figure reveals
the former three interpreted geoseismic strata, which were distinguished identically based
on the vertical and horizontal velocity distributions. Figure 12 displays the contour maps of
the seismic P- and S-wave velocity variations along the study site for the three layers. These
figures show the horizontal velocity changes due to lithological changes. They revealed
that the lithology was not identical everywhere due to changes in the physical properties
of soils/rocks throughout the layers. Figure 13 shows a shading color relief map of the
depths to the top of the second and third layers from the seismic data. The thickness of
the first layer increased to the east and west central sides of the site, decreased to the north
and south, and reached a minimum value in the southeastern and northwestern parts of
the site. The thickness of the second layer increased in the north and south directions and
decreased in the east and west directions.

Figure 11. (A) Three-dimensional fence diagrams depicting the velocity variations for the P-wave
and (B) S-wave along the surveyed profiles. The three interpreted geoseismic layers are shown in this
figure. They were all differentiated using the vertical and horizontal velocity distributions.
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Figure 12. Zonation maps showing the spatial variation of seismic P- and S-wave velocities for three
layers along the study site, as shown in the (a) Vp of the first layer, (b) Vp of the second layer, (c) Vp

of the third layer, (d) Vs of the first layer, (e) Vs of the second layer, and (f) Vs of the third layer.
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Figure 13. The depths to the top of the second (a) and third (b) layers are depicted on a shaded color
relief map using the seismic results.

6. Calculation of the Elastic, Geotechnical, Vs
30, and Petrophysical Properties

It is necessary to describe the soil characterizations in detail utilizing several geo-
physical tools for the soil/rock foundation of the investigated site [33]. Vp and Vs values
were utilized to estimate the elastic moduli, petrophysical properties, and geotechnical
parameters of the soils/rocks of the investigated site. The calculated petrophysical pa-
rameters were the void ratio and porosity. The elastic moduli were Poisson’s ratio, the
rigidity modulus, Young’s modulus, and the bulk modulus. The engineering geotechnical
parameters were the materials index, concentration index, stress ratio, N-value, settlement,
ultimate bearing capacity, and Vs

30. Table 2 summarizes all the preceding parameters,
equations, and references. Table 3 contains the results of all these parameter estimations
based on the Vp and Vs values.

Table 2. Explanations for the main petrophysical, elastic, and geotechnical variables that were utilized
in this study.

Type Parameter The Formula Employed References

Pe
tr

op
hy

si
ca

l
pa

ra
m

et
er

s

Porosity (Φ) Φ = −0.175 ln (Vp) + 1.56 [41]

Void ratio (e) e = Φ/(1 − Φ) [42,43]

El
as

ti
c

m
od

ul
ia

nd
de

ns
it

y

Rock density (ρ)
ρ = aV0.25

p .
Vp in m/s, a = 0.31 when the density is given in g/cm3.

[44]

Poisson’s ratio (σ) σ =
(Vp/Vs)

2−2
2(Vp/Vs)

2−2
[45]

Rigidity modulus (µ) µ = ρV2
s [46]

Young’s modulus (E) E = ρV2
s
(3V2

p−4V2
s )

(V2
p−V2

s )
[47]

Bulk modulus (K) K = ρ(V2
p − 3

4 V2
s ) [48]
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Table 2. Cont.

Type Parameter The Formula Employed References

G
eo

te
ch

ni
ca

lp
ar

am
et

er
s

Concentration index (Ci) Ci =

[
3− 4

(
V2

s
V2

p

)]
/
[

1− 2
(

V2
s

V2
p

)]
[49]

Stress Ratio (Si) Si = 1− 2
(

V2
s

V2
p

)
= (Ci − 2)−1 [49]

Material Index (Mi) Mi = (1− 4σ) where σ is Poisson’s ratio [50]

Liquefaction potentiality (N-value) Vs = 89.9 ∗ N0.341 [51,52]

Ultimate bearing capacity (qult)

qult
∼= γVs(0.1) = ρVs(kN/m2)

qult = 1/100ρVs(kg/m2)
where γ is the ground’s unit weight, ρ is the density of the
rocks, and Vs is the velocity of the shear waves.

[53]

Settlement (δ)

δZ =
qult
E Z

Z2 = 3
4π

qult
0.333

where: qult for the load at unit area is the stress value
depending on the depth z, δz is the settlement value for
the soil column with the depth z.

[54]

V
s30 Vs

30

Vs30 = 30
∑N

i=1 (
di

Vsi
)

where Vi and hi indicate the thickness (m) and the Vs of
the ith layer present in the top 30 m, respectively.

[55]

6.1. Petrophysical Parameters

The following is a brief description of the petrophysical results:
The porosity values ranged between 0.44 and 0.53 for the first layer, between 0.31 and

0.34 for the second one, and between 0.18 and 0.23 for the third one. The porosity values
of the first layer were relatively high, which was attributed to incompetent and variable
soil/rock associated with wadi deposits. The second layer’s porosity was distinguished
by an intermediate porosity that reflected the sand and muddy sand layers. The clay
deposits were revealed by the porosity of the third layer, which was composed of low-
porosity materials.

The void ratios were between 0.77 and 1.14 for the first layer, between 0.44 and 0.52
for the second layer, and between 0.20 and 0.31 for the third layer. The third layer was
characterized by a layer with a decreased void ratio that revealed competent materials.

6.2. Elastic Moduli

Table 3 summarizes the calculated elastic moduli, the petrophysical properties, and
geotechnical parameters of the soils/rocks of the investigated site using Vp and Vs values
for all 17 seismic profiles. The following is a summary of the elastic moduli findings:

The densities for the first, second, and third layers ranged from 1.35 to 1.55 g/cm3,
1.77 to 1.86 g/cm3, and 2.06 to 2.26 g/cm3, respectively. According to Gardner et al. [44],
seismic wave velocities and density are directly related. Accordingly, the density increased
with increasing seismic wave velocity, which increased the degree of soil/rock competence.
The density results showed that the density gradually increased from the first to the third
layer, indicating that the third layer had high density values due to the highly competent
materials and greater burial depth.

Poisson’s ratio values of this site ranged from −1.29 to 0.29, −7.67 to −0.05, and −0.4
to 0.28 for the first, second, and third layers, respectively. Lowly competent rocks possessed
a higher Poisson’s ratio and vice versa. The Poisson ratio findings demonstrated that the
first layer was made up of less competent materials, whilst the second and third levels
comprised fairly to moderately competent materials.
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Table 3. The various petrophysical, elastic, Vs
30, and geotechnical variables in the investigated region.

P. Layer

Petrophysical Elastic Moduli and Density Geotechnical Parameters
Vs

30

Φ e
ρ

σ
µ E K

Ci Si Mi N-Value
Qult δ

(g/cm3) (dyn/cm2) (dyn/cm2) (dyn/cm2) (kg/cm2) (cm) (m/s)

1

1 0.47 0.89 1.47 −1.29 2.95 × 109 1.73 × 109 1.60 × 108 0.23 −0.56 6.17

>50

3.32 −4.59 × 10−3

1044.8
2 0.33 0.48 1.81 −0.30 1.48 × 1010 2.06 × 1010 4.29 × 109 −2.31 −0.23 2.21 26.11 2.37 × 10−2

3 0.21 0.26 2.14 0.09 4.89 × 1010 1.06 × 1011 4.29 × 1010 12.48 0.10 0.65 118.17 9.42 × 10−2

2

1 0.51 1.04 1.39 −0.55 1.52 × 109 1.36 × 109 2.16 × 108 −0.81 −0.36 3.21 45.7 1.37 9.87 × 10−4

1162.8
2 0.33 0.49 1.79 −0.49 1.51 × 1010 1.52 × 1010 2.55 × 109 −1.02 −0.33 2.98

>50

27.17 3.47 × 10−2

3 0.21 0.27 2.13 0.12 4.68 × 1010 1.05 × 1011 4.52 × 1010 9.67 0.13 0.54 110.95 8.45 × 10−2

3

1 0.45 0.82 1.51 −1.06 3.73 × 109 4.34 × 108 4.63 × 107 0.05 −0.51 5.23 4.49 −3.34 × 10−2

983.7
2 0.32 0.47 1.83 −0.16 1.50 × 1010 2.53 × 1010 6.39 × 109 −5.28 −0.14 1.64 26.37 1.97 × 10−2

3 0.23 0.30 2.08 −0.24 5.01 × 1010 7.65 × 1010 1.73 × 1010 −3.24 −0.19 1.94 127.41 1.52 × 10−1

4

1 0.52 1.08 1.37 0.23 6.99 × 108 1.72 × 109 1.06 × 109 5.34 0.30 0.08 14.9 0.45 8.32 × 10−5

1235.4
2 0.33 0.48 1.81 −0.05 1.25 × 1010 2.39 × 1010 7.28 × 109 −20.32 −0.04 1.19

>50
20.53 1.26 × 10−2

3 0.23 0.30 2.07 −0.08 4.36 × 1010 8.03 × 1010 2.31 × 1010 −11.63 −0.07 1.32 104.60 9.77 × 10−2

5

1 0.53 1.14 1.35 −0.18 9.88 × 108 1.61 × 109 3.92 × 108 −4.43 −0.16 1.74 25.4 0.76 2.58 × 10−4

1115.3
2 0.32 0.48 1.82 −0.18 1.45 × 1010 2.38 × 1010 5.82 × 109 −4.54 −0.15 1.72

>50

25.20 1.92 × 10−2

3 0.20 0.25 2.16 0.20 4.43 × 1010 1.07 × 1011 6.00 × 1010 5.90 0.26 0.18 100.66 6.81 × 10−2

6

1 0.45 0.81 1.52 −0.11 2.77 × 109 4.90 × 109 1.33 × 109 −7.76 −0.10 1.46 2.89 1.22 × 10−3

1046.5
2 0.32 0.46 1.83 −0.15 1.55 × 1010 2.66 × 1010 6.85 × 109 −5.87 −0.13 1.58 27.47 2.04 × 10−2

3 0.21 0.27 2.13 0.26 3.38 × 1010 8.53 × 1010 5.97 × 1010 4.81 0.36 −0.05 69.01 4.01 × 10−2

7

1 0.44 0.77 1.55 −0.40 3.81 × 109 4.53 × 109 8.33 × 108 −1.47 −0.29 2.62 4.49 3.19 × 10−3

899.1
2 0.31 0.46 1.84 −0.31 1.73 × 1010 2.39 × 1010 4.90 × 109 −2.21 −0.24 2.24 32.12 3.10 × 10−2

3 0.21 0.27 2.13 −0.19 6.21 × 1010 1.01 × 1011 2.44 × 1010 −4.32 −0.16 1.75 85.71 5.21 × 10−2

8

1 0.46 0.85 1.49 −0.02 2.18 × 109 4.26 × 109 1.35 × 109 −40.14 −0.02 1.10 2.09 7.39 × 10−4

1108.3
2 0.32 0.46 1.83 −0.15 1.52 × 1010 2.60 × 1010 6.70 × 109 −5.86 −0.13 1.58 26.74 1.97 × 10−2

3 0.20 0.25 2.17 0.27 3.99 × 1010 1.01 × 1011 7.18 × 1010 4.77 0.36 −0.06 168.00 2.01 × 10−1
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Table 3. Cont.

P. Layer

Petrophysical Elastic Moduli and Density Geotechnical Parameters
Vs

30

Φ e
ρ

σ
µ E K

Ci Si Mi N-Value
Qult δ

(g/cm3) (dyn/cm2) (dyn/cm2) (dyn/cm2) (kg/cm2) (cm) (m/s)

9

1 0.44 0.78 1.54 −0.39 3.67 × 109 4.45 × 109 8.30 × 108 −1.54 −0.28 2.57 4.28 2.95 × 10−3

805.0
2 0.31 0.44 1.86 −0.69 2.23 × 1010 1.38 × 1010 1.93 × 109 −0.45 −0.41 3.76 45.60 1.08 × 10−1

3 0.17 0.20 2.26 0.28 5.58 × 1010 1.42 × 1011 1.05 × 1011 4.63 0.38 −0.10 131.94 8.77 × 10−2

10

1 0.49 0.95 1.44 0.18 1.20 × 109 2.82 × 109 1.45 × 109 6.70 0.21 0.30 30.7 0.92 2.16 × 10−4

936.6
2 0.33 0.50 1.79 −1.50 1.79 × 1010 1.80 × 1010 1.50 × 109 0.33 −0.60 7.01

>50
34.99 −4.88 × 10−2

3 0.22 0.27 2.12 −0.19 5.84 × 1010 9.48 × 1010 2.30 × 1010 −4.32 −0.16 1.75 154.93 1.82 × 10−1

11

1 0.47 0.90 1.46 0.07 1.66 × 109 3.57 × 109 1.40 × 109 14.43 0.08 0.70 48.2 1.44 4.18 × 10−4

833.2
2 0.32 0.46 1.84 −1.86 2.30 × 1010 3.98 × 1010 2.80 × 109 0.46 −0.65 8.46

>50
48.82 −4.30 × 10−2

3 0.20 0.25 2.16 −0.01 6.07 × 1010 1.20 × 1011 3.89 × 1010 −76.18 −0.01 1.05 159.29 1.52 × 10−1

12

1 0.52 1.07 1.38 0.18 8.06 × 108 1.90 × 109 9.94 × 108 6.53 0.22 0.28 18.3 0.55 1.13 × 10−4

991.6
2 0.33 0.50 1.79 −1.05 1.68 × 1010 1.61 × 109 1.73 × 108 0.05 −0.51 5.19

>50
31.90 −4.53 × 10−1

3 0.22 0.29 2.10 −0.40 5.93 × 1010 7.06 × 1010 1.30 × 1010 −1.47 −0.29 2.62 160.64 2.62 × 10−1

13

1 0.50 0.99 1.41 −0.23 1.56 × 109 2.41 × 109 5.50 × 108 −3.36 −0.19 1.92 46.3 1.39 5.74 × 10−4

917.3
2 0.33 0.49 1.80 −1.39 1.80 × 1010 1.40 × 1010 1.24 × 109 0.28 −0.58 6.56

>50
35.11 −6.29 × 10−2

3 0.21 0.26 2.14 −0.03 5.71 × 1010 1.11 × 1011 3.49 × 1010 −33.69 −0.03 1.12 147.47 1.41 × 10−1

14

1 0.50 0.99 1.42 0.28 8.27 × 108 2.11 × 109 1.58 × 109 4.60 0.38 −0.11 18.2 0.54 1.01 × 10−4

760.1
2 0.33 0.50 1.79 −7.67 2.09 × 1010 2.79 × 1011 5.69 × 109 0.87 −0.88 31.69

>50
44.02 −4.98 × 10−3

3 0.19 0.23 2.20 −0.14 7.91 × 1010 1.36 × 1011 3.52 × 1010 −6.07 −0.12 1.57 228.78 2.77 × 10−1

15

1 0.49 0.97 1.42 0.29 8.50 × 108 2.18 × 109 1.69 × 109 4.51 0.40 −0.14 18.7 0.56 1.04 × 10−4

907.5
2 0.32 0.47 1.82 −0.31 1.62 × 1010 2.22 × 1010 4.54 × 109 −2.19 −0.24 2.25

>50

29.36 2.79 × 10−2

3 0.21 0.26 2.14 0.11 4.90 × 1010 1.09 × 1011 4.61 × 1010 10.29 0.12 0.57 117.87 9.18 × 10−2

16

1 0.48 0.92 1.45 −0.52 2.25 × 109 2.14 × 109 3.49 × 108 −0.91 −0.34 3.09 2.28 1.73 × 10−3
1001.7

2 0.33 0.49 1.80 −0.89 1.70 × 1010 3.68 × 109 4.41 × 108 −0.12 −0.47 4.57 32.31 2.03 × 10−1

3 0.21 0.27 2.13 0.03 5.16 × 1010 1.07 × 1011 3.82 × 1010 29.85 0.04 0.86 127.83 1.10 × 10−1

17

1 0.48 0.91 1.46 0.24 1.20 × 109 2.98 × 109 1.91 × 109 5.16 0.32 0.04 30.1 0.90 1.96 × 10−4

1105.1
2 0.34 0.52 1.77 −0.68 1.41 × 1010 9.02 × 109 1.27 × 109 −0.47 −0.40 3.72

>50
25.07 5.00 × 10−2

3 0.23 0.31 2.06 0.23 2.75 × 1010 6.78 × 1010 4.21 × 1010 5.31 0.30 0.07 53.47 3.03 × 10−2
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The rigidity moduli for the first, second, and third layers ranged from 6.99 × 108 to
3.81 × 109, 1.25 × 1010 to 2.30 × 1010, and 2.75 × 1010 to 7.91 × 1010 dyn/cm2, respectively.
It was concluded that the third layer was compacted clay based on the considerably large
rigidity modulus values.

The Young’s moduli of the first, second, and third layers ranged from 4.34 × 108 to
4.90 × 109, 1.61 × 109 to 2.79 × 1011, and 6.78 × 1010 to 1.42 × 1011 dyn/cm2, respectively.
The third layer was distinguished by comparatively high values. The high Young’s modulus
values indicated that the material was inelastic or stiff.

The bulk moduli (k) of the first, second, and third layers were, respectively, 4.63 × 107

to 1.91 × 109, 1.73 × 108 to 7.28 × 109, and 1.30 × 1010 to 1.05 × 1011 dyn/cm2. The third
layer was distinguished by comparatively high values. Low bulk modulus substances are
compressible and vice versa.

6.3. Geotechnical Parameters

The following is a compilation of the geotechnical parameter results for the desig-
nated layers:

The concentration indexes for the first, second, and third layers ranged from −40.14 to
14.43, −20.32 to 0.87, and −76.18 to 29.85, respectively. Abd El-Rahman [50] asserted that
concentration index values are greater in the more competent (third layer) materials and
lower in the soft ones (first layer).

The stress indexes for the first, second, and third layers ranged from −0.56 to 0.4,
−0.88 to −0.04, and −0.29 to 0.38, respectively. It will be greater for loose, cohesionless
soils (first layer), hence a higher stress ratio indicates that the rock is less compact [50].

The material indexes for the first, second, and third layers were −0.14 to 6.17, 1.19
to 31.69, and −0.1 to 2.62, respectively. The material index values for foundation appli-
cations are classified into four major groups [56,57]. The first, second, and third layers
were related to the materials in category I of incompetent to slightly competent materials,
category II of fairly to moderately competent, and category IV of very highly competent
materials, respectively.

The standard penetration test (SPT) results, or the N-values, for the first layer were
14.9 in some profiles and >50 in other profiles, whereas the N-values were >50 for the
second and third layers. According to [56,57], the higher the N-value, the harder it is for the
rock to be pierced, and thus, the greater the degree of competence. In contrast to the second
and third layers, which were characterized by dense to extremely dense materials, the
first layer had low N-values due to the abundance of weathered materials and decreasing
compaction of these particles.

The ultimate bearing capacities (qult) for the first, second, and third layers ranged
from 0.45 to 4.49, 20.53 to 48.82, and 53.47 to 228.78 kg/cm2, respectively. The third layer
had the highest values, reflecting competent materials, while the uppermost layer had the
lowest values of competent soils.

The settlement (δ) values for the first, second, and third layers ranged from−3.34 × 10−2

to 3.19 × 10−3, −4.53 × 10−1 to 2.03 × 10−1, and 3.03 × 10−2 to 2.77 × 10−1 cm, re-
spectively. When soil shear stresses exceed the soil’s shear strength, it is regarded as a
foundation failure.

6.4. Vs
30 of Soil and Rocks

For near-surface geologic units, Vs
30 (average Vs for the highest 30 m) was determined

using NEHRP’s guidelines [7]. The suggested location was categorized as site class B (rocks)
for all locations of the surveyed profiles (760 m/s ≤ Vs

30 < 1500 m/s). As crucial inputs for
building design, these factors were primarily utilized.

Finally, the integration of petrophysical and geotechnical parameters and the elastic
moduli revealed that the third layer was composed of competent clays, which were charac-
terized by low values of the porosity, the void ratio, Poisson’s ratio, and the stress ratio. It
also had a high rigidity, Young’s and bulk moduli, high concentration and material indexes,
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N-value, ultimate bearing capacities, and density values, and vice versa for the first layer.
When construction activities begin, the information about the degree of competence for the
identified layers derived from the geotechnical parameters should be taken into account.

7. Conclusions

To investigate the features of various shallow subsurface layers, seismic refraction
tomography for P- and S-wave measurements was used. The main important strategic
objectives of this research were to calculate the geotechnical properties, elastic moduli,
degree of competence, and petrophysical characteristics of the soils/rocks in this significant
archaeological site in addition to inferring the subsurface lithology. Seventeen shallow
seismic refraction profiles were implemented at the studied site. The main results of this
work revealed the following:

1. Three geoseismic layers were deduced according to the vertical and the horizontal
variation in the velocities for both P- and S-waves. The lithologies of these three
layers from the top to the base were (i) wadi deposits, which were made up of a
mixture of gravel, sand, and silt that were distinguished by incompetent to slightly
competent materials, a relatively high porosity ratio, and a larger portion of voids;
(ii) sand and muddy sand deposits of reasonably to moderately competent rock
quality, intermediate porosity, and greater competence than the top layer; and (iii)
clay deposits of competent materials, lower void ratio, and porosity materials.

2. The thicknesses of the two successive near-surface layers varied between 1.5 and 4.8 m
for the first layer and 14.7 to 35 m for the second one.

3. The site was categorized as a “B” site class according to NEHRP classification.
4. According to the interpretation of seismic wave velocities and the final geoseismic

models, there was no fracturing or faulting in front of the Osirion site.

This study recommends that all the deduced factors primarily serve as important
inputs for all future facilities and have an impact on the seismic risk estimation, structural
design, and ranking of the site competency for development and investment purposes at
the site.
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Abbreviations

SRT Seismic refraction tomography
Φ Porosity
e Void ratio
ρ Density
σ Poisson’s ratio
µ Rigidity or Shear modulus
E Young’s modulus
K Bulk modulus
Ci Concentration index
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Si Stress ratio
Mi Material index
N-value Liquefaction Potentiality
SPT Standard penetration test
qult Ultimate Bearing Capacity
δ Settlement
Vs

30 Averaging Vs for the highest 30 m
NEHRP National Earthquake Hazards Reduction Program
1D One dimension
2D Two dimension
3D Three dimension
T-D curve Time Distance curve
Hz Hertz
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