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ABSTRACT: In this paper, seismic refraction data obtained along a single profile was used to construct a velocity
image and to build up a velocity model beneath it by applying different approaches. The simplest one is the
conventional refraction analysis or layer refraction which assumes an average constant velocity value for each layer.
The second approach is the diving-wave tomography or refraction tomography that has been applied for velocity
imaging along the same profile assuming a linear continuous increase of velocity with depth. The third algorithm is the
application of the diving-wave penetration correction and construction of a velocity image for the constant velocity soil
layer and the vertical velocity gradient bedrock. A comparison between the results of these three approaches has been
carried out to show the velocity concurrence of their images.

Velocity-depth model curves have also been established to reflect the linear increase of the velocity with depth. A rapid
velocity increase with depth within the shallower part of the vertical velocity gradient limestone bedrock followed by a
smaller velocity gradient at greater depths can be noticed. Finally, seismic parameters have been calculated for
estimation of the rock material quality of the vertical velocity gradient bedrock. It is concluded that an intensively or
completely weathered shallower part of the limestone bedrock exists which is confirmed by the drilling results.

INTRODUCTION

Three different techniques have been applied to
construct a seismic velocity image along a single profile
at King Abdulaziz City for Science and Technology
(KACST), Riyadh, KSA. Conventional refraction
analysis or layer refraction, diving-wave tomography,
also known as refraction tomography or turning-ray
tomography and diving-wave penetration correction
approaches have been applied for velocity imaging. This
study aims at the estimation of the near-surface geology
for civil engineering purposes. A comparison between
the velocity imaging constructed from these three
techniques was also done to find out the degree of
matching between them. Exploratory borings for
determination of the soil profile layer thicknesses and
lithological description were used supporting the
seismic data analysis.

EXPLORATORY BORINGS

The results of the exploratory borings (Soil &
Foundation Co. Ltd., 2007) along the interpreted profile
were used to support the seismic data analysis. The
estimated layer thicknesses and lithological description
in the study area are the following: (1) a first layer
composed of brown, dense, dry silty sand with gravel
with a thickness range of 1.5-4.8 m, (2) a second layer
composed mainly of completely weathered limestone
with an average thickness of 6.5 m, and (3) the third
layer is formed of moderately weathered limestone.

SEISMIC DATA ANALYSIS

There are three different approaches used in this
work aiming at a construction of a seismic velocity
image from each approach and finally making a
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comparison between them to indicate the velocity
concurrence between them.

(1) Conventional Refraction Analysis:

In the conventional refraction analysis the
shallower part of the geological section is described as
layers wherein velocities change very smoothly but very
sharply at the boundaries between the layers. In-line
spread layout was conducted along the interpreted
profile for generation of compressional seismic waves.
The total interpreted seismic profile length is 132 m
with 2 m geophone interval. Seven shot points were
located at the following distances: -9, 0, 32, 64, 100,
132 and 141 m constituting two end-on shots (0 and 132
m), two offset shots (-9 and 141 m) and three split-
spread shots (32, 64 and 100 m). A hydraulic weight
drop was used as a source of seismic energy vertically
hitting a steel striker plate. The generated seismic
energy was measured by a 14 Hz vertical geophone and
recorded by a multi-channel signal enhancement
Seismograph of Geometrics Inc. (Geode and Strata
Visor NZ Model). Some selected shot records
(seismograms) are shown in Fig. 1.

An advanced Seislmager Software Package
(Geometrics Inc., 2005) has been used for seismic data
processing sequence. Traveltime-distance curves are
established along the acquired profile (Fig. 2). First-
break picking and layer assignment were done for each
segment on the traveltime-distance curves, and finally,
the velocity-depth image along this profile has been
constructed showing average velocity values 687, 1383
and 4428 m/s for the first, second and third layers,
respectively as shown in Fig. 3 with average thicknesses
2.5 and 7.5 m for both of the first and second layers,
respectively.

(2) Diving-Wave Tomography:

Several literature  explained  diving-wave
tomography, also known as refraction traveltime
tomography or turning-ray tomography which uses first-
arrival traveltime as input data (e.g. Zhu and
McMechan, 1989; Zhu, et al. 1992; Stefani, 1995; Zhu,
et al. 1998; Osypov, 1999; Osypov, 2000; Osypov,
2001; Zhu, et al. 2001; Zhu, 2002; Speece, et al. 2003;
Kanli, 2008 & 2009; Kanli, et al 2008; Teimoornegad
and Poroohan, 2007 & 2008; Miller, et al. 2005).

Seismic tomography is usually formulated as an
inverse problem. It is a seismic imaging technique for
estimating the compressional wave velocity. Several
methods have been developed for this purpose, e.g.
refraction traveltime tomography, finite-frequency
traveltime tomography, reflection traveltime
tomography and waveform tomography. In refraction
traveltime tomography, the observed data are the first-
arrival traveltimes t and model parameters are the
slowness S. The forward problem can be formulated as t
= LS, where L is the forward operator which, in this
case, is the raypath matrix. The solution involves
minimization of the difference between the observed
traveltimes and those predicted (calculated) by ray

tracing through an initial model. Zhu (2002) explained
five steps for that iterative solution: (1) picking of first-
arrivals, (2) ray tracing through an initial estimate of the
velocity model, (3) segmenting raypaths into the portion
contained in each cell of the velocity model, (4)
computing the differences between the observed and
predicted traveltimes for each ray, and (5) iteratively
back projecting the time differences to produce
velocity-model updates. Velocity updates are performed
by a simultaneous iterative reconstruction technique
(SIRT).

In the present study, seismic tomography profile
was conducted along the same location of the
conventional profile. Geophone interval was also 2 m
and the shot points were moved along the profile and
shot at each geophone location, i.e. shot interval =
geophone interval = 2 m. The total number of shots was
77 shots, the total number of geophones was 75 and the
number of stacks was 3 for each shot. The traveltime-
distance curves along the interpreted profile produced
from each shot are shown in Fig. 4.

Seislmager Software Package was also used for
processing steps of the seismic tomography traveltime-
distance curves. The final result is a velocity image
along the interpreted profile (Fig. 5). The velocity image
shows the following features: deeper depth values till 40
m, color scale of the velocity image range from 380 m/s
to 5000 m/s, and a better image enhancement than
conventional refraction analysis. This tomography
velocity image or tomogram is very useful during the
construction of the high-rise or tall-buildings and
establishment of the modern seismic design building
codes.

(3) Diving-Wave Penetration Correction Algorithm:

In this paper, we have an ideal case study of
constant soil layer velocity of the first layer (about 600
m/s) overlying bedrock with a continuous velocity
increase with depth. Small velocity values around 1000
m/s are found at the top surface of this limestone
bedrock due to the effect of strong weathering processes
which decrease with depth. As the weathering and
fracturing processes gradually decrease with depth, the
seismic velocity increases gradually and continuously as
well. This medium can be considered as a vertical
velocity gradient medium and the velocity-depth
distribution V=V(z) can be expressed by linear,
parabolic, exponential or any other velocity function.
Seismic waves propagate in this medium according to
Snell's law along curved trajectories, returning back to
the ground surface. This kind of waves are called diving
waves and they can be demonstrated by the convergence
of their overtaking traveltime-distance curves. The
depth within this medium can be determined according
to Wiechert-Herglotz-Bateman equation (Slichter, 1932)
by using only single traveltime-distance curve.
However, in our study we used each pair of reversed
traveltime-distance curves for depth determination by an
equation modified for linear velocity function.
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Fig. (1): Examples of shot records for conventional refraction analysis.
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Fig. (2): Traveltime-distance curves along the studied profile.
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There have been many theoretical studies
disclosed that seismic wave velocities within layers are
not constant (see, Rubey, 1927; Terzaghi, 1940; Faust
1953; Gassman, 1951; Jankowsky, 1970, Gurvich,
1972; Greenhalgh, 1976; Greenhalgh et al., 1980;
Greenhalgh and King, 1981; Skopec, 1981 & 1989;
Skopec and El-Werr, 1996; EI-Werr and Skopec, 1996;
and EI-Werr, 1999a & 1999b).

All interpretational methods are designed only for
using head waves. However, in our case, the existence
of diving-wave is very remarkable from the
convergence of their overtaking traveltime-distance
curves (Fig. 6). For this reason, diving-wave traveltimes
should be transformed into traveltimes of head waves by
introducing a diving-wave penetration correction. If we
do not introduce this correction, the results will bear
errors in depth and velocity determinations at the
surface of the bedrock.
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Fig. (3): Velocity image constructed from conventional refraction analysis.
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Fig. (4): Traveltime-distance curves for diving-wave tomography.
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corrected times of head waves (dashed lines).
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The velocity image constructed from this approach
(Fig. 7) shows a constant soil layer velocity (600 m/s) of
silty sand with a thickness range of 1.6-4.5 m overlying
a completely weathered limestone with a gradual
increase of velocity with depth.

The velocity at the top surface of the bedrock is
about 1000 m/s for the completely weathered limestone
while it attains more than 5000 m/s for intact massive
limestone at depth of 25 m.
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Fig. (7): Velocity image constructed from diving-wave penetration correction approach.

(4) Velocity Models Construction:

New buildings are planned to be constructed in the
near-future of the study area. In addition to the
aforementioned velocity imaging, velocity models
represented by velocity at each depth will help to a great
extent during construction of these buildings. Three
velocity models are established along the studied
profile. The first velocity model (Fig. 8) is established
from the results of the conventional refraction analysis
which assumes almost constant average velocity values
687, 1383 and 4428 m/s for the first, second and third
layers, respectively, with thicknesses about 2.5 and 10
m for the first and second layers, respectively. The
second velocity model is established from the diving-
wave tomography (Fig. 8). The velocity model of the
diving-wave tomography shows small velocity value
(380 m/s) for the first silty sand layer, then an intensive
weathered limestone bedrock with a velocity at its
surface around 1000 m/s which increases rapidly with a
large vertical velocity gradient till it reaches 4250 m/s at
depth of about 17.5 m, and finally the velocity increases
slightly to 5000 m/s at depth about 40 m. The third
model is constructed from the data analysis of the
diving-wave penetration correction approach (Fig. 8). It
shows constant first layer velocity (600 m/s) overlying
completely weathered bedrock with lower velocity
(about 1000 m/s) at its top surface with rapid velocity
increase with depth of large gradient till it reaches about
4500 m/s at depth 17 m, followed by slight velocity
gradient within the intact massive limestone where the
velocity attains more than 5000 m/s at depth 25 m.
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Fig. ( 8): Velocity models constructed from the three
different approaches
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(5) Rock Quality Estimation from Seismic
Parameters

Seismic parameters in the form of velocity
increment (AV /AZ), weighted velocity gradient

(Vo =V .AV/AZ) and  velocity  gradient
K =(V(Z)—-V0))/Vo.Z have been calculated at x-

co-ordinate 30 m for the second and third approaches,

where V ~is the mean velocity of two V(Z) values with
difference AV at two successive depths within a depth

interval AZ , Vo is the velocity at the top surface of the
bedrock. These parameters are found to be more close to
each other from these two approaches and they are
equal to 236 S*, 573 x10™ mS™ and 0.077 m™ for the
velocity increment, weighted velocity gradient and
velocity gradient, respectively. These seismic parameter
values are large enough to document limestone bedrock
with good material quality which is suitable for building
as a foundation layer.

CONCLUSIONS

Conventional refraction analysis, diving-wave
tomography and diving-wave penetration correction
have been carried out along a single profile to construct
a velocity image of the constant soil layer velocity and
the vertical velocity gradient bedrock. A comparison
between the results of these three approaches has been
done to test them together with each other and to
indicate their reliability that was confirmed by
exploratory boreholes. A velocity concurrence between
the three obtained images has been noticed.

Also, velocity model curves have been established
to reflect the amount of the linear increase of the
velocity with depth. A rapid velocity increase with
depth within the shallower part of the vertical velocity
gradient limestone bedrock followed by a slight velocity
gradient at greater depths has also been observed. For
estimation of the rock material quality, seismic
parameters have been calculated for the vertical velocity
gradient bedrock. It was found out that seismic
parameters are large enough to document a bedrock
with good material quality in spite of its highly degree
of weathering.

It can be concluded that a good matching is found
between the results of the applied three approaches
particularly the second and third ones, which we
consider much better than the first approach. This kind
of diving-wave analysis for velocity imaging is very
useful and it is recommended for tall-buildings
construction and establishment of the modern seismic
design building codes.
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	b- Geoelectrical imaging (2-D) :
	The geoelectrical imaging (tomography) survey has been applied along three profiles 2-D N0.1, 2-D N0.2 and 2-D N0.3 at locations of VES. 9, VES.6 and VES.10 respectively, with a profile 460-m in length. The main objective of conducting such a techniqu...
	Fig. (1): Location map of the VES stations, Well, 2-D geoelectrical resistivity imaging and the geoelectrical cross sections in El-Salhyiah El-Gedidah
	INTERPRETATION AND RESULTS
	1- Groundwater Exploration:
	a- Interpretation of the Vertical Electrical Sounding Data:
	Figure (2) shows the resistivity sounding curves with different varieties: KQQH, QQQ, HK and AH types which have been carried out in the investigated site. From this figure, it is obvious that the apparent resistivity values at the surface and near th...
	The detailed quantitative interpretation of the field measurements was carried out by using a computer program “RESIST” written by Velpen (1989). It is an iterative and inverse modeling program for interpreting the resistivity curves in terms of a lay...
	The quantitative interpretation of the geoelectrical resistivity sounding data is discussed in terms of the geoelectrical parameters of the resulting geoelectrical zones i.e., resistivity and thickness. The resistivities are related to the lithology a...
	The vertical and horizontal extensions of the detected geoelectrical layers are illustrated as geoelectrical cross sections (A-A’) and (B-B`), figure (3) from north to south and (C-C`) and (D-D`) from west to east direction figure (4). The details of ...
	b- Interpretation of the imaging profiles :
	For the interpretation of the imaging data, use was made of the computer program RES2DINV, ver. 3.48a written by Loke (1998). Three imaging profiles were conducted at three sites. The first is close to VES N0.9, in a NE-SW direction, the second lies a...
	2- Groundwater Conditions:
	From the geoelectrical cross sections (Figures. 3, 4) and the geoelectrical imaging profiles (Figure. 5), it is obvious that groundwater occurrence in the investigated area could successfully recognize two main water-bearing layers; the upper one repr...
	The lower layer “B” is thick with much relatively higher resistivity values than the upper zone (more than 20 Ohm.m). The resistivity distribution within this layer reflects anomalous flow layers where the effect of recharging water has extended later...
	The groundwater potentiality of these layers in the area has been evaluated in view of the distribution of the electrical resistivity exhibited by the concerned layers. This has been achieved through isoresistivity maps for the water bearing layers in...
	may represent water occurrences, are localized at the southern part of the investigated area.
	The groundwater potentiality within the concerned layers increases by increasing the resistivity values due to increasing the density of the water saturation. On the other hand, the groundwater potentiality decreases by decreasing the resistivity valu...
	According to the resistivity distribution (Fig. 6), layer “A’ reflects degree of recharging water from drain canal that lies to the north of the investigated area and the infiltration water due to irrigation within the concerned layer increasing towar...
	Figure (9) shows the horizontal and vertical resistivity variations of the different layers and the impact of recharging resources on the water bearing layers in the investigated the area.
	SUMMARY AND CONCLUSIONS

	A geoelectrical study has been carried out with the purpose of detecting groundwater existence and delineating the relation between feeding resources and groundwater. Geoelectrical resistivity sounding and two-dimensional electrical imaging measuremen...
	The results of the geoelectrical resistivity sounding and geoelectrical imaging revealed that the subsurface succession in the area consists of three main layers without surface layer. The surface layer has a wide resistivity range which reflects a va...
	According to this study the following findings can be concluded:
	Generally, the resistivity values and the thickness of the water bearing layers are increasing toward the north direction in the study area and increasing the groundwater potentiality of water, and water quality.  The best site for production wells is...
	This study is an example which can be applied on large scale. Accordingly, reaching a decision for locating production wells needs carrying out further integrated geoelectrical studies to detect the sites with the best conditions, concerning thickness...
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