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ABSTRACT

Geotechnical parameters were used to determine subsurface rock quality for construction
purposes. We summarize the mathematical relationships used to calculate the geotechnical
parameters from P- and S-wave velocities and density values. These relationships are applied to
two field examples; the first is a regional seismic study in Egypt and the second is a 2-D seismic
profile recorded in Saudi Arabia. Results from both field examples are used to determine the
subsurface rock quality and locate zones that should be avoided during construction. We suggest
combining all geotechnical parameters into one map using a normalized-weighted relation,
which helps to locate the zones with high versus low rock quality for engineering purposes.

Introduction

An essential step for robust new development is to
understand the subsurface rock quality and structure.
These two important aspects of the subsurface are some-
times difficult to efficiently quantify. This is because find-
ing the geotechnical parameters of subsurface soil and
rock usually requires direct measurements. For example,
the cone penetrometer (CPT), which measures soil resis-
tance to penetration and undrained shear strength, could
lead to soil failure because it is an invasive experiment.
This approach is direct and provides high resolution;
however, it is expensive and has limited spatial significance.

Geophysical methods, such as the seismic method,
offer a cheaper alternative with wider horizontal distribu-
tion, but with less resolution. Seismic methods have
played an important role in the past few decades in solv‐
ing engineering problems. They have been used to deter-
mine the subsurface rock sequences and locate structural
features such as faults (Buddensiek et al., 2008; Hanafy,
2012). Whenever shear-waves (S-waves) are measured,
information about subsurface elastic properties can also
be determined (Abd El-Rahman, 1989, 1991; Khalil
and Hanafy, 2008). Although the seismic method is
considered an indirect technique, it is inexpensive and
provides the thickness and depth of subsurface layers.
Table 1 provides a general comparison between the geo-
technical and seismic approaches (Sobeira et al., 2010).

Seismic methods have been used to solve engineer-
ing problems and to find geotechnical parameters for
subsurface rock. One of the main applications in the
early 1970’s was directed at nuclear power plant siting.

The Code of Federal Regulations of the United States
Government (1974), known as the Weilas guidelines,
published by the International Atomic Energy Agency
(1972), are very specific regarding required investigations
for potential plant sites. In response to these require-
ments, geophysical investigations were used to determine
subsurface properties (layers, fluid saturation, and elastic
moduli), structural complications (faults, voids or karst
features), and the presence of underground water. In
most instances, such determinations were required for
only the first 100–200 m of the subsurface (Dobecki
and Romig, 1985). Other applications included dam site
investigations (Henriet et al., 1983; Dutta, 1984; Kim et
al., 2010), groundwater resource exploration (Frohlich,
1974; van Overmeeren, 1975, 1980, 1981; Vandenberghe,
1976; Worthington, 1976, 1977; Carmichael and Henry,
1977), industrial plant foundation design (Dinis da
Gama and Bernardo, 2002), fracture density and unifor-
mity (e.g., Bless and Ahrens, 1977; Sjogren et al., 1979;
Hamdi and Smith, 1981), dynamic processes monitoring,
which includes groundwater, petroleum, mining, and geo‐
thermal provinces either by repeat, active survey methods
or by continuous, passive survey monitoring (Dusseault
and Nyland, 1982; Bartel, 1982; Holzhausen et al.,
1985; Arai and Tokimatsu, 2004; Goertz et al., 2012),
clay mapping (Bazin and Pfaffhuber, 2013; Adamczyk
et al., 2013; Shan et al., 2014), void detection (Hanafy,
2010; Nolan et al., 2011), and certification (safety) of
existing structures such as dams (Bogoslovsky and
Ogilvy, 1973a; Davenport and Hadley, 1984; Kim et al.,
2010), mines (Fajk, 1983; Hanafy et al., 2009; Hanafy and
Schuster, 2011), and concrete shafts (Hearne et al., 1979).
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In this work, we are using the seismic refraction
method (both P- and S-waves) with the measured density
values to calculate the geotechnical parameters at two field
sites. The first is located in Egypt, where ten P- and S-wave
profiles were recorded and processed using the reciprocal
method.The second field example is in SaudiArabia,where
one P-wave and one S-wave profile were collected and pro-
cessed using first arrival traveltime tomography. In both
field examples, the density values were found from rock
samples extracted fromboreholes.A total of seven different
geotechnical parameters were calculated to study the qual-
ity of the subsurface rocks, and then these geotechnical
parameter values were used to generate one contour map
that summarizes all geotechnical results at the test sites.

Geotechnical Parameters

Geotechnical geophysics is defined by Sheriff (2002)
as “The use of shallow geophysical methods of investiga-
tion in civil and construction engineering for road and
building construction and evaluation, dam safety, and
solution of related problems.” In this definition, the
geotechnical parameters are calculated using shallow geo‐
physical methods to give a better understanding of the
engineering condition of the subsurface rocks in the study
area. In this work we used both P- and S-wave velocities,
as well as density values, to find seven different geotechni-
cal parameters, which allows classifying the area of study

into different zones depending on the quality of the sub-
surface soils and rocks. These parameters are concentra-
tion and material indices, density gradient, stress ratio,
N-value, bearing capacity, and reactionmodulus. The fol-
lowing sections list the equation(s) used to calculate each
of these geotechnical parameters.

Concentration Index (Ci)
Concentration index is an engineering parameter

that is material dependent and indicates the degree of
material concentration or competence for foundation
and other civil engineering purposes. The main factors
that control the concentration index are the elastic mod-
uli of the materials and the depth-pressure distribution.
Bowles (1982) formulated the concentration index in
terms of Poisson’s ratio (σ) as:

Ci ¼ 1þσ
σ

; ð1Þ

where σ is Poisson’s ratio and can be found as shown in
Table 2. Abd El-Rahman (1991) defines Ci in terms of
P- and S-wave velocities VP and VS as:

Ci ¼ 3− 4
v 2
S

v 2
P

� �� �
1−2

v 2
S

v 2
P

� �� �
: ð2Þ

Ranges of the concentration index are shown in
Table 3.

Table 1. Comparison between geotechnical and geophysical approaches to characterize the subsurface soils/rocks; after
Sobreira et al. (2010).

Geotechnical Seismic

Scope (spatial significance) Provides local information Provides areal information
Resolution High (centimeter scale) Medium to low, but better toward surface (meter scale)
Strain regimes involved High (rock failure) Low (elastic domain)
Acquisition cost Expensive Very low

Table 2. List of equations used to calculate elastic modulii. VP and VS are the P- and S-wave velocities, respectively.

Elastic modulus Equation used Reference

Poisson’s Ratio r ¼ 1
2 1− 1

VP

�
VS

� �2

−1

2
64

3
75 Adams (1951), Salem (1990)

Young’s Modulus E ¼ q
3V 2

P −4V 2
S

ðVP=VSÞ2−1 Adams (1951)

Lame’s Constants k ¼ rE
ð1þrÞð1�2rÞ King (1966), Toksoz et al. (1976)

Shear Modulus μ ¼ E
2ð1þrÞ King (1966), Toksoz et al. (1976)

Bulk Modulus j ¼ 3kþ2m
3 Telford et al. (1976)

/
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Material Index (Mi)
The material index defines the material quality for

foundation purposes. It is an indicator of the degree of
competence of a material and is based on the elastic mod-
uli (Abd El-Rahman, 1989). It is influenced by the mate-
rial composition, degree of consolidation, fracturing,
jointing, and presence or absence of fluid in pore spaces,
thus, affecting the wave velocity. The material index is
given by:

Mi ¼ 1− 4σ ¼ μ−λ
μþ λ

; ð3Þ

where m and λ represent the rigidity and Lame’s constant,
respectively. The values of m and λ can be found using the
equations shown in Table 2.

Density Gradient (Di)
The density gradient, defined by Adams (1951), can

be found either as a function of density (ρ) and bulk mod-
ulus (κ) or in terms of the compressional wave velocity
(VP) and Poisson’s ratio (σ) (Adel El-Rahman, 1991):

Di ¼ 3

v 2
P

−
1−σ
1þ σ

¼ ρ
κ
: ð4Þ

The bulk modulus can be found from equations
listed in Table 2. Higher values of the density gradient
can be obtained in soil when slight changes in pressure
decrease the porosity and increase the density. On the
other hand, smaller values of density gradient can be
expected in an indurated rock because of the lower poros-
ity, higher confining pressure and pore fluids, which act
against the applied load.

Stress Ratio (Si)
During excess pressure caused by a stress change, a

consolidation settlement occurs. By the end of the
consolidation process, the excess pressure is nearly zero
and the stress change will have gone from a total stress
to an effective stress state. In this stress state, the soil state
is defined as being an equilibrium steady-state condition
of zero lateral and vertical strains (Bowles, 1982). Bowles
(1982) gives the relation between the stress ratio and
Poisson’s ratio as:

Si ¼ σ
1−σ

: ð5Þ

N-value (N)
The standard penetration test or N-value is

applicable only for soils; it is not valid for rocks. It is
defined according to Imai et al. (1976) and Stumpel
et al. (1984) as the soil resistance to penetration by

normalized cylindrically pointed bars under a standard
load. The N-value is related to the shear wave velocity as:

N ¼ VS

76:55

� �2:24719

; ð6Þ

where higher N-values indicate greater soil resistance to
penetration, i.e., higher cohesion soil.

Bearing Capacity (Br)
The bearing capacity is defined as the maximum

load required to produce soil shear failure. It can be eval-
uated according to Parry’s formula (1977) by using the
standard penetration test or N-value as:

Br ¼ logð30NÞ: ð7Þ
Reaction Modulus (Rm)

The reaction modulus, also known as modulus of
subgrade reaction (Tribedi, 2013), gives the relationship
between soil pressure and deflection (Moayed, 2012),
and is measured as load intensity per unit of displacement
(Tribedi, 2013):

Rm ¼ VS

80:5

� �1=0:357

: ð8Þ

It is one of the most efficient parameters used for
structural analysis of foundation members. The popular
practical method for estimating the Rm is the plate load
test (PLT), which determines the ratio of load to displace-
ment of a circular plate with 15-cm to 75-cm diameter
(Terzaghi, 1955). The reaction modulus is dependent on
parameters such as soil type, size and shape of founda-
tion, depth and stress level.

The ranges of the engineering parameters and the
corresponding rock (soil in case of N-value, bearing
capacity, and reaction modulus) quality are summarized
in Table 3. This table is gathered from the results of
our field examples listed in this work as well as the
work of Birch (1966), Gassman (1973), Tatham (1982),
Sheriff and Geldart (1986), and Abd El-Rahman
(1989, 1991).

Field Examples

We applied the geotechnical parameters equations
given in this work on two field examples. The first is a
data set collected in Egypt, whereas the second is a data
set collected in Saudi Arabia.

Field Example 1: General Seismic Study
Dakhla is one of the few oases located at the

western desert of Egypt. It lies between latitude 25u 289
to 25u 449 North and longitude 28u 489 to 29u 219 East
(Fig.1). The Dakhla Oasis spans an area of about 410
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Figure 1. Locations of the seismic profiles at Dakhla Oasis, Western Desert, Egypt.

Table 3. The range of engineering parameters and the corresponding rock/soil type. Information in this table is gathered
from our results in this work and Birch (1966), Gassman (1973), Tatham (1982), Sheriff and Geldart (1986), and Abd El-
Rahman (1989, 1991).

Weak Fair Good

Very Soft Soft Fairly Compacted Moderately Compacted Compacted

Rock Concentration Index (Ci) 3.5–4.0 4.0–4.5 4.5–5.0 5.0–5.5 5.5–6.0
Material Index (Mi) ,–0.6 −0.6 – −0.2 −0.2–0.2 0.2–0.6 0.6–1.0
Stress Ratio (Si) 0.7–0.61 0.61–0.52 0.52–0.43 0.43–0.34 0.34–0.25

Soil N-value (N) 0–250 250–500 500–750 750–1,000 1,000–1,200
Bearing Capacity (Br) 2–2.6 2.6–3.2 3.2–3.8 3.8–4.4 4.4–5.0
Reaction Module (Rm) 0–1,200 1,200–2,400 2,400–3,600 3,600–4,800 4,800–6,000
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km2 and is located approximately 120 kilometers west of
Kharga Oasis. This oasis consists of 14 settlements and
has a population of about 70,000 inhabitants; most of
them are farmers. Dakhla is the farthest oasis from Cairo
and is considered one of Egypt’s most beautiful oases.

The Dakhla oasis occupies a structurally localized
depression below a 300 to 400 m escarpment bordering
the Libyan Plateau and the Western Desert of Egypt at
90–140 m above sea level. The scarp runs for 200 km
east-southeast to west-northwest along the northern
edge of the depression. The 300- to 400-m high scarp is
composed of a top layer of white chalky limestone fol-
lowed by a mid-section of “greenish and ash-grey leafy
clays” and has a base of brown and black beds containing
gypsum and scattered deposits of fossils. Between the
scarp and the cultivated areas from Qasr Dakhla in the
west to beyond Tineida in the east there is a dark-brown
layer that is mainly composed of fish, fish teeth, bones,
and vertebrate fossils and has a thickness of 2 to 3 m.
This fossiliferous bed is associated with phosphate and
used as fertilizer. Other minerals found in the area
include ocher, cobalt, nickel, salt, and barites. There are
also black and red clays, the latter containing iron oxide
(Brookes, 1989, 1993). Most of the mudbrick buildings in
the oasis are tinged with the red of iron oxide.

The northern escarpment is the major cliff in
Dakhla. The eastern part of the oasis is open to the
Kharga Oasis, the west is blocked by the massive dunes
of the great Sand Sea, and the south drops over a minor
escarpment and then runs free for hundreds of kilometers
past the Gilf Kebir and into Sudan.

The Nubian Sandstone Aquifer System, which is
the main aquifer in this area, is a closed, non-renewable
transboundary groundwater system of massive thickness
and high water storage capacity. It has been undergoing
arid to hyper-arid conditions and has had no significant
recharge for about 5,000 years. It has a wide extent
over Egypt, southeastern Libya, northeastern Chad,
and northwestern Sudan and lies between latitudes 14u
and 30uN and longitudes 19u and 34u E. The aquifer con-
sists mainly of four structural basins, the major among
them are the Kufra Basin and the Dakhla Basin. The
aquifer comprises an area of about 2.356106 km² and
has a maximum thickness of 4,500 m. The ground surface
of the aquifer reveals a general slope from SSE to NNW
and ranges roughly from about 3,000 m to −134 m above
mean sea level (amsl). The hydraulic head ranges from
570 m (amsl) west of the Darfur area in Sudan to −78
m in the north of the system, in the Qattara Depression
in Egypt. The modeled geometric volume is about
3.56106 km³ and the calculated groundwater volume is
about 212610³ km³. The exploitation of the aquifer
resources is increasing rapidly, forming large cones of

depression around the groundwater extracting fields. These
hydrogeological data are based on Said (1962, 1990).

The existence of ground water in this area makes it
a good candidate for future engineering development.
However, geophysical studies in the western desert of
Egypt are rare, thus information about the subsurface
rock quality is missing. We chose this area to conduct a
regional geophysical study and calculate the engineering
parameters, which is a first step for a more detailed study
in the future.

In this field example, we collected ten seismic pro-
files at Dakhla Oasis, Western Desert, Egypt (Fig. 1).
Each profile contains three shot locations at offsets of
X 5 0, 27.5, and 55 m, where 12 receivers with a receiver
interval of 5 m are used, except for the first and last recei-
vers where the shot-receiver offset was 1 m. At each recei-
ver location we used P- and S-wave receivers to collect
both the compressional (P) and the shear (S) signals. P-
and S-waves were generated using an 8-kg sledgehammer
hitting a small metallic plate. During the P-wave data
acquisition, the plate was placed horizontally. For the
S-wave collection, the plate was placed at a 45 degree
angle and hit on both sides. The two S-wave traces
were recorded at each receiver and one subtracted
from the other to eliminate the P-wave and enhance
the S-wave.

To process the recorded P- and S-wave data sets,
we followed the following four steps:

1. The first arrival traveltimes of the recorded data
(P- and S-waves) are picked.

2. The reciprocal method (Hawkins, 1961) is used to
interpret the picked traveltimes and generate the
initial velocity–depth model of each P- and S-profile.

3. The result is verified using the finite difference method
(Vidale, 1988, 1990; Qin et al., 1992) as described by
Hanafy (2005). Here, the velocity–depth model gener-
ated from the reciprocal method is used as the input
velocity model for the finite difference method and
the first arrival traveltimes are synthetically calculated
and compared to the observed times.

4. If the differences between the observed and calculated
traveltimes are larger than a pre-defined RMS error
value, then the velocity–depth model is manually
modified and step 3 is repeated until the differences
between the calculated and observed traveltimes are
within an accepted error margin, ¡ 5% in our case.

Following these four steps will produce the VP and
VS values at each profile location. In this study, we con-
sidered only the P- and S-wave velocities of the bedrock
(Fig. 2 and Table 4). The densities were measured in the
laboratory from rock samples taken from a borehole
near profile #10 (Fig. 2). Depth to the top of the bed
rock ranges between 6 and 9 m from ground surface
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(Table 4). The P-, S-wave velocities and density values
are then used to calculate the elastic moduli (Table 2),
and hence the geotechnical parameters listed in Eqs. (1)
to (8). Two different subsurface layers can be identified
in the seismic profiles: 1) a surface layer consisting of
dry sand-silt deposits with P-wave velocity ranging
between 380 m/s and 450 m/s, and S-wave velocity
ranging between 140 m/s and 210 m/s; and 2) a highly-
fractured sandstone layer partially saturated with water.
We consider this layer as the bedrock; the depth to the
top of this layer and the P- and S-wave velocities are
shown in Table 4.

The geotechnical parameter values are shown as
contour maps in Figs. 3 and 4. The contour maps of the
geotechnical parameters show that the northwestern cor-
ner of the study area is characterized by subsurface rocks
of lower quality than the rest of the study area. The
values of the minimum and maximum geotechnical

parameters in this field example lie within the moderate
to high rock quality designation (Table 3).

In this work, we show the results of seven different
geotechnical parameters (Figs. 3 and 4). It is understood
that the importance of each of these geotechnical para-
meters is not the same; some of them are more important
or more representative of the sediments’ quality than
others. Hence, we introduce a weighting factor (W) that
reflects the importance of each of these geotechnical
parameters. To summarize the geotechnical parameter
results into one contour map (called a contribution
map), we use Eq. (9) as described in the following
steps:

1. The values of each geotechnical parameter are nor-
malized to its maximum value.

2. Each geotechnical parameter is multiplied by its
weighting factor.

Figure 2. P-wave velocity (a), and S-wave velocity (b) contour maps of Dakhla Qasis study area.

Table 4. VP and VS values used to calculate the geotechnical parameters at the first field examples. Both VP and VS are
calculated using field seismic data, then interpreted using the reciprocal method and adjusted by the finite difference
method. The bottom row shows the depth to the top of the bedrock in meters.

Profile 1 2 3 4 5 6 7 8 9 10

VP (m/s) 1,500 1,440 1,385 1,450 1,460 1,684 1,630 1,390 1,410 1,600
VS (m/s) 857 783 668 725 778 921 887 690 720 784
Z (m) 7.2 8.8 8.0 7.2 6.8 8.2 6.5 6.3 7.3 7.5
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3. The weighted-normalized geotechnical parameters at
each grid point are stacked to get the contribution
map values.

4. The contribution map values are then normalized and
contoured (Fig. 5):

where Cm(x, y) is the contribution value of all geotechni-
cal parameters at point (x, y), Pi is a variable
that refers to the corresponding geotechnical parameter,
Wi is a weight depending on the geotechnical parameters,
and m is the total number of geotechnical parameters.
For example, in our case we have seven different geotech-
nical parameters (m5 7), and assume that the concentra-
tion index (Ci) is parameter # 1, …., reaction modulus is
parameter #7, then P1 5 Ci, …, P7 5 Rm.

Figure 3. The geotechnical parameters for field example #1: a) concentration index, b) material index, c) density
gradient, and d) stress ratio.

Cmðx; yÞ ¼ 1

m
∑
m

i¼1
Wi

Piðx; yÞ
maxjPij ;

ð9Þ
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An important point here is how to determine the
weighting factor for each geotechnical parameter. This
depends on the target of the study and what we want to
focus on as a final result. We suggest using three different
values for the weighting factor, 0.5, 1, or 2. A value of 0.5
is assigned to geotechnical parameters that are not essen-
tial in our study, 2 is assigned to the important geotechni-
cal parameters, while 1 is assigned to all other

geotechnical parameters. This point needs further study
and more examples.

Figure 5 shows the contribution contour map (Cm)
that summarizes all geotechnical parameters of the first
field example. The values of Cm reflect the quality of
the subsurface sediments. In this field example all Cm

values are greater than 0.5, which means a moderate to
good sediment quality. However, Fig. 5 shows higher

Figure 4. The geotechnical parameters for field example #1: a) N-value, b) bearing capacity, and c) reaction modulus.
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Cm values at the northwestern corner and central parts of
the study area, which indicates a better sediment quality
in these areas. A more detailed study could be required
at construction sites of more important facilities, such
as water and power stations.

Field Example 2: 2-D Profile
The first field example is considered a general study

of the area of interest, as it gives a general overview of the
subsurface rock quality. For a more detailed study, we
present field example #2. In this example, we present
the results of a 2-D profile collected in western Saudi
Arabia (Fig. 6). Here, we used 120 shot gathers at 5-m
shot intervals and 240 receivers/shot gathers at 2.5-m
receiver interval. We collected both P- and S-wave data
sets using P- and S-wave receivers and P- and S-wave
data acquisition as described in field example #1 (Fig.
7). This data set was collected to find the exact location
of the Qademah Fault (Fig. 6).

The two data sets are inverted using first arrival tra-
veltime tomography to generate the VP and VS traveltime
tomograms (Fig. 8). The P-wave velocity (Fig. 8(a))
shows a range of 500 to 3,000 m/s, while the S-wave velo-
city (Fig. 8(b)) shows a range of 150 to 2,000 m/s. Three
different subsurface layers can be identified in this exam-
ple: 1) the surface layer, which consists of loose sand, silt,
and gravel sediments, the thickness of this layer ranges
between 2 to 6 m; 2) the second layer is characterized

by fractured limestone partially saturated with saline
water and has a thickness of 20 to 30 m; and 3) the third
layer, which is the bed rock, is characterized by a com-
pact limestone at a depth of 50–60 m from the ground
surface. The fault location is not very clear on the travel-
time tomograms; however, the low velocity anomaly
located between X 5 100 m and X 5 200 m on the VP

section, and X5 100 m and X5 220 m on the VS section
could be an indication of the colluvial wedge associated
with the Qademah fault (Hanafy, 2012).

We extracted rock samples from a water well near
the area of study to determine the density values. The
VP, VS, and density values were then used to calculate
the geotechnical parameters (Figs. 9 and 10) using the
equations listed in Table 2 and Eqs. (1) to (8). The loca-
tion of the colluvial wedge associated with the Qademah
fault is evident on the concentration index and material
index plots (Figs 9(a)–(b)) as low values, and on both
density gradient and stress ratio plots (Figs. 9(c)–(d)) as
high values; it is located between X 5 150 and X 5 210
m. This shows that the geotechnical parameters have
the power to show local anomalies with higher resolution
than using only velocity models. On the other hand, the
pseudo N-value does not show the fault location; how-
ever, it shows a gradual increase with depth. Here, we
used the word “pseudo” since the N-value is used to char-
acterize soils and not consolidated rocks.

The contribution map of the second field example
is shown in Fig. 11. In this example, the contribution
values range between 0 and 1 for very low to very high
rock quality, respectively. From Fig. 11 we can locate
zones with low rock quality, which should be avoided
during construction. The low rock quality zones are
where the contribution values are less than 0.2; between
X 5 0 and X 5 150 m and depth Z 5 0 and Z 5 30 m,
and the fault zone (X 5 150 to X 5 210 m) up to a depth
of 60 to 70 m from the ground surface.

The low rock quality zones shown in Fig. 11 are
associated with the Qademah fault. This example clearly
shows the importance of the geotechnical parameters and
the contribution map, where, looking at the contribution-
value’s map summarizes all geotechnical parameters
result and guides us to the zones of high vs. low quality
subsurface rock.

Discussion

The relationship between geophysical measure-
ments (VP, VS and density) and geotechnical parameters
has been studied in this work using two field examples.
In the first field example we discussed how to find the
geotechnical parameters for a regional study, where dis-
tances between profiles are great and the number of shots
in each profile is limited. We processed each profile

Figure 5. A contour map showing the contribution values
calculated using Eq. (9). The northwestern and central
parts of the study area show a better rock quality.
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and generated the velocity‒depth section for both VP and
VS, then one VP and one VS value was selected to repre-
sent each layer of interest. For plotting purposes, the
selected velocity values were located at the center of the
profiles. All geotechnical parameters could then be calcu-
lated, providing the density value, and, hence, contour
maps were generated to show the lateral distribution of
each geotechnical parameter. We suggested a further
step, where all geotechnical parameters are blended
together to generate one representative contour map,
called the contribution map. The contribution values
are calculated using weighted-normalized geotechnical
values. The weight used here primarily depends on the
importance of each geotechnical parameter. In this study,
we used equal weights for simplicity.

In the second field example we discussed a more
detailed field test, where VP and VS tomograms are gen-
erated using first arrival travel times. Here, the variations
in the geotechnical parameters can be found in both

lateral and vertical directions, which give more details
about the quality of the subsurface rocks.

An important issue is selecting the weight value(s)
for each geotechnical parameter. This selection could
depend on the purpose of the study, i.e., the geotechnical
parameter that is more important to the purpose of the
study will have a higher weight value. The weight value
could also be a constant number that is multiplied by
the corresponding geotechnical parameters after normal-
ization or can be a vector that is multiplied by the geo-
technical parameter vector.

The calculations of the geotechnical parameters
mainly depend on the values of VP and VS, assuming
that the density is constant. The variations in the density
values in the near-surface applications are, in general,
limited and can be considered constant. Accepting this
assumption, we can generate the contribution values for
different VP and VS values (Fig. 12). This figure gives
an indication of the quality of the subsurface rock

Figure 6. Study area located in the western region of Saudi Arabia. b) Map showing the locations of the seismic profiles
(black double-arrow line) at field example #2, Qademah area, Saudi Arabia.
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knowing only VP and VS values without the need to cal-
culate all geotechnical parameters. Here, we found the
contribution values for VP ranges between 600 and
3,000 m/s, VS ranges between 200 and 1,800 m/s, and
the VP / VS ratio ranges between 1.4 and 3. As expected,
the contribution value is greater for higher VP and VS

values. Contribution value plots, such as Fig. 12, are an
expedient method for determining the subsurface rock
quality when only VP and VS data are available.

Conclusions

In this work, we summarized the elastic moduli and
geotechnical parameter relationships as derived from VP,
VS, and density values. In seismic field work, both VP and
VS can be calculated using refraction data, while the den-
sity is found from rock samples.

To show the importance of these parameters we
presented two field examples, the first is a regional seis-
mic study at Dakhla Oasis, Western Desert, Egypt. In
this example we collected ten P- and S-wave profiles,
and found density values from a borehole near profile
#10. The VP and VS were calculated using the reciprocal
method, then VP, VS, and density values were used to find
elastic moduli and produce geotechnical parameter

Figure 7. Two shot gather examples from field example
#2, Qademah data: a) P-wave shot gather #1 and b)
S-wave shot gather #1.

Figure 8. P-wave (a) and S-wave (b) velocity tomograms at field example #2, Qademah study area.
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Figure 9. The geotechnical parameters for field example #2: a) concentration index, b) material index, c) density
gradient, and d) stress ratio.
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contour maps. A contribution map was then generated,
which summarized the geotechnical parameters in one
map. The contribution map of field example #1 showed
values greater than 0.5, which indicates good subsurface
rock quality; no evidence of low rock quality can be
seen in the contour map sets of this field example.

The second field example is considered to be a
detailed subsurface study, where P- and S-wave data
were collected along one 2-D profile 600 m in length.
The first arrival traveltimes were picked, then inverted
to find both the VP and VS tomograms. The density

values were calculated from rock samples extracted
from a water borehole near the area of study. The aim
of this data set was to locate a normal fault called Qade-
mah. The exact location of the Qademah fault on both
the VP and VS tomograms was not clearly defined. How-
ever, the colluvial wedge associated with the Qademah
fault is evident on the geotechnical parameters maps.
The contribution map of the second field example exhib-
ited a range of 0 (low rock quality) to 1 (high rock qual-
ity), and the location of the colluvial wedge associated
with the fault is well defined in this map. Using the

Figure 10. The geotechnical parameters for field example #2: a) pseudo N-value, b) bearing capacity, and c) reaction
modulus.
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contribution map, we can easily determine the locations
of low rock quality that should be avoided, or given spe-
cial consideration, during any construction process.
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