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SUMMARY

A geophysical engineering study was conducted for the AL-Sayidah
Rugayya Hospital building project in the city of Hilla using the seismic
refraction method and the Multi-channel analysis method for surface
waves MASW to determine the average velocity of shear waves and their
relationship to the layer thickness, foundation depth, bearing capacity and
calculating the engineering parameters of the soil in the horizontal
seismic refractive survey method. Where this geophysical survey was
conducted using the ABEM Terraloc MK6 device, using geophones to
receive seismic waves, as well as using an iron hammer weighing 10 kg
to estimate seismic waves. This survey was carried out along two profiles
in the seismic refraction survey to obtain the velocity of the compressive
and shear waves, as the length of one track is 72m (front, reverse and
central) and the dynamic elasticity parameters were calculated such as
the Poison's ratio v, the Young modulus E , the Bulk modulus B, Shear
modulus p, Lame's constant A and a number of geometric parameters such
as the Material index I, Concentration index |I., Lateral pressure
coefficient K,, Effective internal friction angle ®° as well as the
Allowable bearing capacity Qg after obtaining values for the velocities of
the compressive V, and shear Vs waves in these two tracks. Using the
Reflex 2D Quick program, it is found that the first profile consists of two
layers, and the second profile consists of two layers as well, as the
average of velocity of the compressive waves in the first profile of the
first and second layers is 277.768 and 460.001 m/sec, respectively, and
the average velocity of the shear waves for the same profile and for the
same first and second layers is 152.423 and 252.734 m/sec, respectively.
The thickness of the first layer in the first track is 8 m. As for the second

profile, the average of the compressive velocity of this profile and of the



first and second layers is 276.55 and 465.021 m/s, respectively, while the
average of the shear velocities of these two layers and for the same
profile are 152.149 and 250.735 m/sec, respectively. The thickness of the
first layer in the second profile is 8.066 m. As for the MASW (Multi-
channel analysis method), the survey was carried out in this way along
only one profile and its length is 72 m to calculate the average shearing
velocity and its relationship to the depth of the foundation, the thickness
of the layer and the bearing capacity. Using the Reflex 2D Quick
program, it is found that this track consists of two layers as well, where
the value of the average for the velocity of the shear wave in the first
layer is 171.6 m/sec and its thickness is 8.244 m, while the average for
the shear velocity of the second layer is 272.22 m/sec. In this method,
Seislmager/SW program is used to obtain photographic sections showing
dispersion curves (between frequency and phase velocity) as well as to
draw a one-dimensional cross section of shear velocities. The contour
maps are drawn to show the distribution of shear velocity, bearing
capacity, foundation depth, and layer thickness, noting the compatibility
between each of them. A statistical relationship is made using SPSS
program between the refractive survey and MASW method, and the
correlation is high between them. Through the engineering and
geophysical results, it is found that the second layer in all the profiles is

the proposed layer for the construction of the engineering structure.
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CHAPTER ONE INTRODUCTION

CHAPTER ONE
INTRODUCTION

(1-1) Introduction:

The shallow investigation geophysical applications have a wide spread in
engineering and geotechnical studies, as well as the tremendous technical
development and information that we are witnessing today in the field of
geophysical measurements, including the seismic method, has increased of
its superiority, success and confidence its results. This development
represented in the invention of measuring devices seismicity with high
accuracy and speed in addition to the development acquisition methods,
processing methods and interpretation methods which in turn reduced cost
and time and increased the accuracy of the possible results, (Al-Heety,
2014).

The history of the use of the refractive seismic survey method in the
applied field dates back to 1910, when (L.Mintrop) pointed out to use this
method to calculate depths and determine subsurface layers types and
developed this method (Mintrop), It became a patent registered in Germany
in 1991, the first seismic exploration company is established. It is the
seismic survey method Refractive is the only method available at the time
that showed great effectiveness in determining salt domes (Sharma, 1986).
In the early fifties this method is used in the initial investigations as a tool
reconnaissance to detect underground water basins determine its extent and
determine the level of groundwater (Haeni,1986). It has been noticed that
this method is became more and more important in engineering applications
(in situ investigations) for reasons such as: accuracy of results at shallow
depths especially in determining the depth of the weathering layer low
velocity seismic, determination of vertical and horizontal changes in the

lithology and detecting geological structures, and the possibility of

1



CHAPTER ONE INTRODUCTION

controlling the depth of exploration. This is one of the most important
features of the refractivity method, as the depth of exploration can be
roughly determined by controlling the distance between the energy seismic
source and seismic wave receiver which is called (geophone), depth of
exploration between (1/5-1/3) from the distance between the power source
and the receiver (Redpath,1973).

Seismic methods, especially the refraction seismic method, have been used
to solve many problems related to civil engineering, engineering and
environmental geology works.

Seismic methods are divided into two types: invasive and non-invasive.
The first type requires borehole like (Cross-hole, Down hole, P-S
suspension and logging), As for the second type, it is carried out on the
surface like (Seismic Refraction and Reflection, Spectral Analysis of
Surface Waves (SASW), Multi-channel Analysis of Surface Waves
(MASW)) which enables us to calculate the velocities of the shear seismic
waves (Vs), it in turn serves the engineering evaluation process for different
sites (Socco et al., 2010).

Seismic wave techniques can be used to determine very useful parameters
for engineering purposes, such as elastic modulus, shear modulus and
Poisson’s ratio. As such, geophysical techniques, like the seismic surface
wave technique, offer a non-destructive way of performing geotechnical

properties measurements (Clayton et al., 1995).
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(1-2) Location of the study area:

The study area lies in Babylon Governorate, Hilla city, Al-Iskan
neighborhood within latitudes 32° 27’ 44.85"” North and longitudes 44° 25
06.85"” East with an area of 4900 m?. This location is selected to study is
Al-Sayidah Rugayya Hospital Building project Fig.(1-1).

44°25706.85" E

32°27

S 44.85"
‘.. e , \ 5 2
Anbas 1 oot ) N

AL MUy ot

= A W Bl
< W< Y

- - - —

| Legend: @) BH1 @ BH2 @ BH3 @BH4 |

Fig (1-1): Location map of the study area satellite image of the study
site.
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(1-3) Aims of the study:

1- Studying the relationship between the values of the shear waves
velocity with the bearing capacity of the soil and the depth of the
foundation.

2- Calculation of Geotechnical parameters of the soil.

3- Drawing contour maps showing the distribution of the velocity of
shear waves, bearing capacity, foundation depth and layer thickness,
and observing the extent of compatibility between each of them in the
study area.

4- Finding a statistical relationship (equation) in the study area that

shows the comparison between the results of refraction survey
method and the MASW method.

(1-4) Stratigraphy and Tectonic Setting:

The study area lies within the Mesopotamian basin as shown in Fig.(1-2)
according to the tectonic zones of Irag, where is covered by the Quaternary
fluvial sediments of the Tigris and Euphrates rivers and tertiary deposit
(Jassim and Goff, 2006). This area, which occupies central and southern
Irag, is a flat terrain in general with a gentle slope from northwest to

southeast towards the Arabian Gulf.
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Fig (1-2): Tectonic map of Iraq (Buday and Jassim (1984)) .

The study area generally covers recent sediments from the Quaternary in
the Pleistocene and Halocene, and these deposits are derived from the
sediments of the Tigris and Euphrates rivers and their tributaries, it consists
of a succession of well-permeable silty sand and clay layers of varying
thickness, and the vertical and lateral directions change abruptly and within

very short ranges, which is a distinctive feature of these sediments.

The old alluvial deposits were formed during the Pleistocene, which was
characterized by a rainy and semi-rainy climate in the Middle East, more
humid than the climate of the present time. Therefore, the sediments and
the stratigraphic sequence depended on climate changes that led to a re-
cycle of erosion and sedimentation in high areas and then sedimentation in
the wide plains, and then the sediments of this period include gravel, sand,
silt and clay, which are flood deposits (Budy, 1980) Fig.(1-3)
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Fig.(1-3): A modified geological map of the study area (Geosurv, 2020)

Structural features are absent on the surface. It contains several subsurface
structures including faults, folds, and dioptric structures that are entirely
concealed beneath the Quaternary cover. Surface folds are almost absent in
the Mesopotamia Plain. The Quaternary sediments are uplifted along with
the structure with about (10 - 15) m relief in comparison with the
surrounding. Consequently, local drainage divide lines are developed along
the crests of these structures (Fouad, 2010). Subsurface folds are rather

common structures within the Mesopotamia Plain. They are hidden beneath
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the Quaternary cover, usually with NW _ SE trend in the central and
eastern parts, following the general trend of the Zagros Fold Thrust Belt,
but deviate largely in the extreme southern part where the folds are N- S

trending.

The Quaternary sediments exhibit an exceptional development in the
Mesopotamia Plain. They consist of gravels, sands, silts, and clays that are
mainly related to the cyclic fluvial sediments of the Tigris and Euphrates
Rivers, with their tributaries and distributaries. These sediments form
extensive, flood plains with a complex network of natural levees and
channels, and terraces. The Quaternary sediments of the Mesopotamia
Plain exhibit progressive thickening from northwest to southeast (Jassim
and Goff, 2006).

(1-4-1) Hydrogeology:

Available hydrogeological information of the Babylon city shows the
existence of gravel, sand, silt deposits and clay content within ground water
that found at different levels of the earth surface (Mashkori and Al-Naimi,
1993). The water quality vary from one site to another; however, this water
is characterized by its content of high salts, total dissolved solids range
from (2600 to 22224) mg/l with sulphatic and chloridic water types.

In recharge regions, water movement is generally from up to down while
in discharge regions, water movement is upwards within springs zone to the
west of Euphrates river at the extreme northeastern part of the southern
desert, and laterally towards Mesopotamia plain (Al-Jiburi and Al-Basrawi,
2008). The direction of groundwater movement is affected by several
factors, including geological, structural and topographic nature, which
change the groundwater movement. Also, the quantities of percolated water
depend mainly on lithology, permeability and amounts of rainfall and
surface runoff, (Al-Jiburi and Al-Basrawi, 2008).
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(1-5) Previous Studies:
(1-5-1) Local Studies:

Khurshid (1986) studied the behavior of refracted longitudinal and
transverse waves in sedimentary rocks under cavities at the site of an
engineering facility south of Baghdad to identify areas of weakness and
gaps in the foundations, due to the dissolution of gypsum soil at high
groundwater levels, and velocities were found for longitudinal and
transverse waves, depth of layers and he measured the elasticity coefficients

using (Vp), (Vs) and the density values measured in the laboratory.

Al-Rubaie (1995) Studied seismic refraction at the site of a hydroelectric
station in Jabal (Makhoul/2) in Baiji District, as part of soil investigations,
and it identified three layers in the study area and conducted a test of
statistical relationships of field and laboratory information between the

values of seismic velocities with different elasticity coefficients.

Al-Mawla (1996) conducted a geotechnical study of the rock units of the
Al-Azim Dam project in the district of Al-Azim, north of Baghdad, several
techniques were used to determine the thickness of layers and determine
areas weaknesses, as the refractive seismic method gave the velocities of
longitudinal and shear waves of the four layers of the study site and use

them in calculating their geotechnical properties.

Isaac (1998) conducted a study for determining the shallow geological
structures and the depth of the water level using the seismic-refractive

method, four sedimentary layers in the research area were distinguished.

Al-Khafaji (2004) used seismic methods to investigate and assess the
geotechnical weakness soil for the foundations of Al-Hussein Water Project

Karbala. The results show that water seepage from broken pipes and their
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infiltration through the soil play the great role in washing the soil and
changing the water table level from one point to others. The differential
washing of soil causes differential settlement beneath the buildings which

appears as cracks in the walls.

AlShujairy (2008) use geotechnical and geophysical methods (refractive
survey and ultrasound to study two selected sites in Baghdad and measure
the velocities of seismic waves to calculate the coefficients of dynamic

elasticity.

Al-Shimaree, et al., (2012) used geophysical methods such as seismic
refraction, electrical survey with the assistance of the engineering
information at both gas power Hilla-2 and Karbala-2 plants which located
within Babylon and Karbala Governorates/Central Irag. They are able to
obtain the elastic modulus such as Poisson ratio, Young modulus, Shear
modulus and Bulk modulus. As well as, they obtained on standard
penetration test and bearing capacity values which performed and
calculated for the studied soils. They gave five subsurface layers in these
two plants, depths, thicknesses and resistivities of these layers were
identified. They indicated that the subsurface layers which belonging to
Karbala-2 has resistivity values higher than Hilla-2. This is due to the dry

soil and high gypsum content.

AL-Awsi, et al., (2014) use seismic refraction survey in Tikrit University,
Irag for geotechnical evaluation of the soil based on P and S waves velocity
and calculate the Poisson's ratio(v’), Material index (l,,) then plotted contour
maps for different layers. These maps are divided into two zones, zone A
represents the area which has good geotechnical properties, and zone B
represents the area which has weak geotechnical properties such as loose
unconsolidated sediments or weak zones. The first and third layers are

fairly competent to intermediate competent layers because they have good

9
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geotechnical properties by comparing with second and fourth layers which

have poor geotechnical properties which represent incompetent layers.

There is a limited number of studies in which technology was used Multi-
channels Analysis of Surface Waves (MASW):

Shakir (2012) conduct investigations for the proposed location for the
metro in Najaf using geophysical methods and Multi-channels Analysis of
Surface Waves (MASW) in addition to drilling exploratory wells and on-
site tests for the proposed site to determine the quality of the subsurface

layers and their geotechnical properties.

Al-Heety (2014) uses Multi-channels Analysis of Surface Waves
(MASW) for the site of educational hospital in the Mosul University to
delineate the thickness and types of the different subsurface layers and to
evaluate some soil and rock engineering parameters.The seismic velocity
and the dynamic and engineering parameters showed that the third layer is
composed of very competent rock. Hence, this layer is the suggested layer
for foundation purpose. Multi Analyses Surface Waves technique were
conducted to obtain the S wave velocities. The field data are processed and
interpreted by using the SeisImager™/2D software to obtain the velocities
of Vp and Vs, as well as deducing the Vs from the phase velocity of
Rayleigh surface wave by using MASW method. Then 2D seismic imaging

sections and two 1D sections of shear waves were drawn.
(1-5-2) Regional and International Studies:

Abdel-Rahman, et al., (1994) used both (Vp) and (Vs) to calculate the
Poisone ratio, the material index and the concentration index, and (Vs), was
used to calculate the maximum load capacity in the new city in Minya
Governorate - Republic of Egypt.

10
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Long et and Donohue (2007) used the MASW technique to calculate the
velocity of shear waves (Vs) in calculating some engineering parameters at

8 research sites in Norway.

Anbazhagan and Sitharam (2008) conducted a study to estimate the
dynamic properties of subsurface soil layers (Young modulus and shear
modulus) in Bangor state in India by using longitudinal and shear seismic
velocities calculated by (MASW) method.

Khalil and Hanafy (2008) applied the seismic-refractive method to
calculate the dynamic and geometric parameters based on the values of

longitudinal and shear waves in Wadi Houran in the Sinai desert in Egypt.

Rao, et al., (2009) conducted a study on finding geometric coefficients in
Faridabad and Ghaziabad in the capital, New Delhi- India, using
longitudinal wave velocities (Vp) and the shear (Vs calculated from Multi-
channel analysis technology for surface waves (MASW) and by dividing

the region into several regions according to those transactions.

Wongpornchai, et al., (2009) conducted 2D and 3D seismic-refraction
survey of the (Mai-Hia) landfill in Muynheg province in Thailand and

select three layers and they calculated the velocity and depth for them.

George, et al., (2010) calculated the elastic properties of the subsurface
and deep layers and thickened in parts of Akamba region in southeastern

Nigeria using the seismic-refraction method.

(1-6) Office Work:
Seismic Refraction Survey and MASW Technique

1- The arrival times of the seismic waves (P,S) are picked by data with
distance in the Reflex 2D Quick program.
2- The relationship between distance and time to find out the (P,S)

velocity and depth were drawn using Excel software and the

11
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interpretation of this relationship showed there are two layers in the
study area.

The elasticity coefficients (Dynamic Yuong Modulus (E), Dynamic
Shear Modulus (u), Poisson ratio (v)), Dynamic Bulk Modulus (K)
and Dynamic Lame constant (X)) as well as the engineering
properties (Material Index (l,), Concentration Index (I.), Coefficient
of lateral earth pressure at rest (K,), Effective angle of internal
friction (@°) and Allowable Bearing Capacity (Qa)) of the soil were
calculated.

For MASW method Shear velocity and layer thickness are calculated
by Reflex 2D Quick. Then the bearing capacity was extracted
according to the depth of the foundation which is (1,2,3) m.

12
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CHAPTER TWO

THEORETICAL BACKGROUND
(2-1) Introduction:

One outstanding seismic method used for estimating ground stiffness or
elastic state of the soil is the Multi-channel Surface Wave (MASW)
method, which was initially discovered in Japan more than half a century
ago. Initially it was called the micro-tremor survey method (Remi). The
Kansas Geological Survey in the late 1990s developed electrical
equipment for the (Remi) and used it for multi-channel analysis of
surface waves, MASW (Park et al., 1999). MASW operates by initially
measuring the seismic surface waves obtained from various types of
seismic sources. The transmission velocities of these surface waves are
then analyses to deduce shear wave velocity variations below the
surveyed area, which are related to its geotechnical features.

MASW, which is presented by (Park et al. 1999), allows one to
efficiently identify, isolate and filter noise from dispersed and reflected
waves during data analysis just by using several receivers and with only
one shot. It therefore becomes possible for the best fit line to be drawn

on the phase angle plot. There are three main steps for the complete
procedure of the MASW.

The initial step is obtaining the multi-channel field records. This is
followed by the extraction of the dispersion curves and finally inverting
these dispersion curves to achieve a one- or two dimensional shear wave
velocity and depth profile as shown in Fig. (2.1).

When Stress, a force act on an area of body applied, the body will deform
and this is the strain. A stress normal to the area is called a compressive
stress and causes a shortening of the body, or a tensile stress which causes

elongation, while a stress applied parallel to the area is called a shear

13
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stress. For elastic behavior, the strain in a body is proportional to the

applied stress. This linear relationship is called Hooke’s law (Hasan,
2011).

computer

W % S-Velocity (Vs)-m/s

- % 1 (1) m‘ ,
Seismic \
b multlchannel record o m mm
source R . o 5 1oy
Channels
34500
) **’**4
AR Surface Recewers
PRZ77T waves T (Geophones) T

i}

One Record 1D S-velocity (Vs) profile

Fig.(2-1): Inverting the dispersion curves to obtain1D shear wave

velocity depth profiles (after Park et al., 2007 & 1999).

(2-2) Elastic Parameters:

1- Young’s modulus (E):

It is the relation between stress and longitudinal strain, Fig. (2-2).

Longitudinal stress F/A (2 1)
Longitudinal strain AL/L. "~

Where F is the force, A is the area, L is length and AL is the change in the
length.

2- Shear modulus (p):

It is given by the ratio of shear stress (t) divided by the shear strain
(tan6), (Barton, 2007) thus:

14
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u=t/tan0® ............. (2-2)
Where 0 is the shearing strain, Fig. (2-2).
3- Lame's constant (A):

It is similar to the rigidity, (shear) modulus that is scale of hardness or
force for homogeneous substance, so the elastic modulus is equal for all
directions (Hasan, 2011).

A= E/A+ @20 . (2-3)

4- Bulk modulus (K):

If a body of volume V is subjected to an uniform compressive stress in
all direction, its volume will decrease by an amount of AV. The bulk
modulus K, also called the incompressibility, is the ratio of (hydrostatic)
pressure (p) to the corresponding proportional change in volume,
(Gerkens, 1987). Fig. (2-2). K equation is:

K —r ... 2-4
AV/V ( )
P
(a) ! (b)
----------------------- - -~
T
F <+ — F . -t P
______________________ P vemaqw
- I+ Al —
longitudinal stress F/A _ volume stress P
longitudinal strain A/ volume strain Aviv
(c) e (- ! >
Lo F<i i—>F
W insmm—— e A —.
shear stress t longitudinal stress F/A
K= Shear strain tan 0 A longitudinal strain A/l
(no lateral strain)

Fig. (2-2) The elastic module: (a)Young's modulus E. (b) Bulk modulus
K. (¢) Shear modulus p. (d) axial modulus W. After (kearey et al., 2002).
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5- Poison's ratio (v):

When a body is elongated by a tensile stress at the same time, it will be
shortened in the direction perpendicular to that of the stress, vice versa.
The ratio of the strain perpendicular to either type of deformation force to
that in the direction of the force itself is called Poison's ratio and is

designated as v

AW/ W Transverse strain
L — e T (2-5)
A L /L Longitudinal strain

Where W is the width, AW is the change in the width, Fig. (2-2).

6- Axial modulus (P):

It defines as the ratio of longitudinal stress to longitudinal strain in the
case when there is no lateral strain; that is, when the material is

constrained to deform uniaxially, (kearey, et al, 2002). Fig.(2-2).

F/IA

(2-3) The relationship between Bulk modulus (K) and Shear
modulus (p):

The relationship between (K) and (w) is linear, where with increase (K),
(w) will increase, depending on the ratio between velocities of (P) wave to
velocity of (S) wave (Hasan, 2011).
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Where R is the ratio between Vp to Vs.

Vo =R*V............. (2-8)

K+4/3u _ u )

/—p R \ﬁ ............ (2-9)
Kafsu gz & (2-10)

p p
Kt—pn=R®p.....c....... (2-11)
K= (RP=2) 1 oo, (2-12)

K=Flooorreenn.. (2-13)
Where Fis (R?- ) ............ (2-14)

Depending on this relationship between (K) and (i), many curves can be

drawn, from which the graph of relation is divided into zones can be

drawn, each zone represents the degree of competence of soil and rock.

(2-4) The relationship between Lame's constant (A) and Shear

modulus (p):

The relationship between (A) and (w) is linear, where with increase of

(A), (wwill increase. Depending on the ratio between velocities of P

wave to velocity of S wave (Hasan, 2011).
ve _
Vs
Where r is the ratio between V, to Vs.
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Vo=r* V... (2-16)
A+2p 0 )
= \ﬁ ............. (2-17)
At2p o u )
ST e (2-18)
AM2u=r2p . (2-19)
A=(r"-2)u .ooooennnnn (2-20)
S o SRR (2-21)
Where Dis (1r?-2) coecovunn.... (2-22)

(2-5) Seismic waves:

Following a seismic disturbance, several types of waves propagate
within the earth and along its surface. The waves generated can be
divided into two main categories: body waves and surface waves (Evrett,
2013).

(2-5-1) Body waves:

Body waves are transmitted through the interior of the earth, the
medium of the wave, and consist of compressional waves (P-waves/
primary waves) and shear waves (S-waves/secondary waves).The particle
motion associated with compressional waves is parallel to the motion of
the wave itself causing stretching and compressing of elementary volume

particles i.e. change in size (Evrett, 2013), as shown in Fig.(2-3).
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Fig. (2-3): Elastic deformation and ground particle motions associated
with the passage of body waves. P-Wave.

(www.geo.mtu.edu./UPSeis/waves.html)

The particle motion of shear waves is perpendicular to the direction of
wave propagation and has therefore both a vertical and a horizontal
component. The transverse particle motion causes shear deformation of
volume elements within the medium, i.e. change in shape, (Aki &
Richards, 2002; Evrett, 2013) as shown in Fig. (2-4).

Fig. (2-4): Elastic deformation and ground particle motions associated
with the passage of body waves. S-Wave.

(www.geo.mtu.edu./UPSeis/waves.html)

The velocity of P and S waves related with the elastic constants and the
density as follows:
19
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_ [At2u K+4/3u )
Vp—\/ . —\/ PRRITEERETES (2-23)
Vs = % ............. (2-24)

Where p is the density, u is the Shear modulus, K is Bulk modulus and A
Is Lame’s constant. The velocities of compressional waves P in different
materials illustrated in Table (2-1).

Table (2-1): Shows the velocities of compressional waves in different

materials (Kearey et al,. 2002 ).

P wave Velocity (Km/s) Material
0.2-1.0 Sand dry& Alluvium
0.25-1.0 Weathered layer
1.5-2.0 Sand (saturated)
1.0-2.5 Clay
1.5-2.5 Glacial till (water —saturated)
2.4-5.0 Slate & shale
2.0-6.0 Sandstone
2.0-2.5 Tertiary sandstone
2.0-6.0 Limestone
2.0-2.5 Cretaceous chalk
5.0-5.5 Carboniferous limestone
2.5-6.5 Dolomite
4.5-5.0 Salt
4.5-6.5 Anhydrite
2.0-3.5 Gypsum
1.4-1.5 Water
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(2-5-2) Surface waves:

Surface waves travel along the interface between two different media,
I.e. near the surface of the earth and are the results of interfering P-waves
and /or S-waves (Xia et al., 2002). There are two main types of surface
waves; Rayleigh waves and Love waves (Evrett, 2013). The particle
motion of Rayleigh waves is in a vertical direction and reminds of rolling
ocean waves (Evrett, 2013; Xia et al., 1999), as shown in Fig.(2-5).

= X recy;
o e on
e P
s Py i o)
o e e o e
o '.-qudv-:-.av
iy Wk g o o A e A
e ] i L o P
e e e e s I e
.45- T i S
. 4'.._..."4-4-

.b

Fig. (2-5): Elastic deformations and ground particle motions associated
with the passage of the surface wave. (Rayleigh wave).

(www.geo.mtu.edu./UPSeis/waves.html)

The particle motion associated with Love waves is horizontal and
transverse to the direction of wave propagation (Evrett, 2013), as shown
in Fig. (2-6). Love waves are only generated where there is a soft (low
velocity) layer overlying a stiffer layer whereas Rayleigh waves always

exist in the presence of a free surface (Foti, 2000).
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Fig. (2-6): Elastic deformations and ground particle motions associated
with the passage of the surface wave. (Love wave).

(www.geo.mtu.edu./UPSeis/waves.html)

(2-6) Rayleigh waves:

Rayleigh waves are the most fundamental of the surface waves (Aki &
Richards, 2002) and are of great interest in near-surface geophysics as
they can provide key information regarding the properties of the earth’s
sub-surface (Evrett, 2013; Park et al., 1997; 1999). Ground roll is a
particular type of Rayleigh waves that is characterized by relatively high
amplitude and low frequency and travels along or very close to the
surface of the earth (Xia et al., 1999). Ground roll is the type of surface
waves most effectively generated and recorded using vertical seismic
sources and vertical receivers (Park et al., 1997).

A vertical seismic source, e.g. a sledgehammer impact or a vibrating
plate, will radiate a combination of P-waves, S-waves and Rayleigh
waves. Around two-thirds 67% of the seismic energy will typically be
imparted into Rayleigh waves (principally ground roll) while 23% is
Imparted into S-waves and 7% into P-waves (Evrett, 2013). Resulting

from their horizontal particle motion, Love waves are seldom recorded in
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surveys in which only vertical sources and vertical receivers are used
(Park et al., 1997).

Rayleigh waves cause surface particles of the medium to move along
elliptical paths in the vertical plane consistent with the direction of wave
propagation. The particle motion is retrograde elliptical near the surface,
becoming prograde elliptical with increasing depth (Aki & Richards,
2002; Evrett, 2013), Fig. (2-7) (right).

The amplitude of Rayleigh waves decays exponentially with depth. At a
penetration depth comparable to one wavelength, the displacement of the
medium has become less than 30% of its surface value, Fig,. (2-7) (left).
If it generated by a point source, the energy of the wave falls of as 1=,

where r is the distance to the seismic source (Evrett, 2013). Thus, the in-

plane amplitude of a Rayleigh wave decays as 1/+/r if a point source is

assumed (Young & Freedman, 2008).

] 0 ;l
Horizontal —+
displacement

=
En 0.4 0.4
E v
-
S J
= Wertical
& 0.8 displacement 0.8
B J
E .
E

1.6 1.6

o 1 0.2 0 0.2
MNormalised displacement amplitude

Fig.(2-7): Displacement amplitude (left) and vertical particle motion
(right) of Rayleigh waves as a function of depth (Gedge & Hill, 2012).
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In a homogeneous half-space, the Rayleigh wave velocity is independent
of frequency, i.e. Rayleigh waves do not disperse in a homogeneous
medium. However, Rayleigh waves are dispersive in a layered medium;
wave components with different wavelength (and therefore different
frequency) have different penetration depths and propagate at different
velocities. The propagation velocity of individual frequency components
Is referred to as phase velocity (Vr) (Evrett, 2013; Park et al., 1997). The
group velocity (V) of the wave is the velocity at which the wave-packet
envelope propagates through the medium (Evrett, 2013). This is shown in
Fig.(2-8). The blue dot moves with the phase velocity along the black
path while the red wave-packet envelope propagates with the group

velocity from left to right.

et
W e

t=3.0t, UW U ﬂﬂ ‘ﬂ\ﬁg

= i

Fig. (2-8): Comparison of Rayleigh wave phase velocity (V) and group
velocity (V,), (Olafsdottir, 2014)

Dispersion of Rayleigh waves can be visualized by examining an
idealized vibrating seismic source, vibrating at a single frequency f at the
surface of a multilayered elastic medium. The wavelength A of the

resulting Rayleigh waves is constant and can be determined by measuring
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the distance between successive peaks (or troughs) in the observed

surface wave motion. A low frequency source generates long-wavelength

Rayleigh waves that excite multiple layers of the medium Fig. (2-9a),

while seismic sources of a higher frequency generate Rayleigh waves

with shorter wavelength and shallower penetration depth (Fig.(2-9b) and

(c)) (Evrett, 2013).

(a)

Low frequency

W (=

Moderate frequency

1
2
3

(c)

High frequency

Fig.(2-9): The penetration depth of Rayleigh waves depends on their

wavelength and frequency. (a) Low-frequency (long-wavelength)
Rayleigh waves, penetrate deeper than Rayleigh waves of (b and c)

higher frequencies (shorter wavelengths), (Olafsdottir, 2014).
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The phase velocity of each wave component is primarily dependent on
the elastic moduli of the layers that the wave component excites. Only the
elastic moduli of the top-most layer have impact on the Rayleigh wave
phase velocity, whereas the phase velocity of the waves depends also on
the elastic properties of deeper layers Fig.(2-9 a, b and c). Each mode of a
given surface wave will therefore exhibit an unique phase velocity at each
frequency (Evrett, 2013; Xia et al., 2002).

Generally, seismic velocities are observed to increase with depth, i.e.
waves with longer wavelengths (lower frequency) propagate faster than
waves with shorter wavelengths as indicated by eq. (2-25) (Bessason &
Erlingsson, 2011; Evrett 2013):

where f is frequency, VR (f) is the phase velocity of Rayleigh wave
components of frequency f and A (f) is the Rayleigh wave wavelength at
frequency f.

A plot of frequency versus phase velocity, known as a dispersion curve,
visualizes these relations Fig.( 2-10 a). The shape of the dispersion curve
Is referred to as the dispersion characteristic of the Rayleigh wave (Evrett,
2013).

Typically multiple phase velocities exist for a given frequency, making
the dispersion curve multi-modal. The mode with the lowest phase
velocity (at each frequency) is termed the fundamental mode (My). It
exists at all frequencies. Higher modes, called first mode (M,), second
mode (M,) etc., have higher phase velocities and are only present above a
cut-off frequency that depends on the mode (Evrett, 2013) Fig. (2-10 b).
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Fig. (2-10): (a) Fundamental mode dispersion curve. (b) Fundamental

mode and first mode dispersion curves, (Olafsdéttir, 2014).

(2-7) The most important physical properties of seismic waves:
1- Frequency (f):

It is the number of cycles (vibrations) per second and is measured
in the unit Hertz, which is equal to (1/second) or 60 cycles per
second, for example. Frequency is a function of the reflected or
refracted medium of seismic waves ( Kearey et al., 2002)

2- Wave Length ()):

It is the distance between two adjacent peaks or troughs, it is

measured in units of a meter or its parts as in Fig. (2-11).
3- Amplitude:

It is the maximum displacement a wave can reach from its line of
propagation, it is measured in decibel (dB), as in Fig. (2-11),

( Kearey et al., 2002)
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4- Wave Period (T):
It is the time required to complete one cycle, it is measured in
units of time such as seconds or milliseconds as in Fig. (2-11). The
wave period is related to the frequency through the following

relationship, (Kearey et al., 2002):

Wave Length

4

A
Y

Wave Period

Fig.(2-11): Shows some physical properties of waves (Kearey et al.,
2002).
5- Attenuation:

It is a term used to describe the phenomenon of decrease in the
energy of seismic waves as they progress through the medium, as a
result of the transformation of part of this energy into heat due to
the inelasticity of the medium that these waves pass through, in
addition, the waves suffer from a decrease in their energy as they
move away from the source of their generation (Sharma, 1986).

High-frequency waves (of short wavelengths) are more weak

than low-frequency waves (of long wavelengths), so they have
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little ability to penetrate into great depths of the earth's crust, but
what distinguishes these high-frequency waves is that they have a
high resolution power, meaning It is more accurate in conveying
the physical properties of the layers of rock that are reflected or

refracted as well as being able to identify the thinner layers.

(2-8) Seismic Wave Velocity and Elastic Moduli:

The body wave velocities of geomaterials; shear wave velocity (Vs) and
compressional wave velocity (Vp), can be directly related to the elastic
moduli of the medium which the waves propagate through the
relationships between the elastic moduli and the body wave velocities are
widely utilized in geophysical surveys in order to gain information about
the spatially distributed mechanical properties of subsoil sites (Evrett,
2013). The shear wave velocity (V) is especially a valuable indicator of
the stress-strain behavior of soil due to its relations to the small-strain
shear modulus (Gnax) (Wair et al., 2012).

The shear modulus of soil (G) is highly dependent upon strain level as
indicated by the stress-strain curve shown in Fig. (2-12), for small shear
deformations the behaviour of soil is very close to being elastic, i.e. the
shear modulus for small strains can be assumed to be constant at its
maximum value, G, For increased deformation, the stiffness of soil
diminishes as indicated by the decreasing slope of the stress-strain curve
in Fig. (2-12) (Kaldal, 2007; Luna & Jadi, 2000).

29



CHAPTER TWO THEORETICAL BACKGROUND
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Fig. (2-12): Stress-strain curve with variation of shear modulus (G).

For small shear deformations G is obtained (Olafsdéttir, 2014).

The shear strains induced by most geophysical seismic method, such as
MASW surveys, are small and well within the range where the behaviour
of soil can be assumed elastic. The calculated shear wave velocity can
therefore be used to infer the stiffness of the material through which the

waves propagate, i.e.

where p is the mass density of the soil (Kaldal, 2007, Luna & Jadi, 2000).
Based on the relations between the modulus of elasticity, (E) and the
shear modulus (G) of homogeneous isotropic linearly elastic materials,
the (small-strain) modulus of elasticity of the soil layers under study
(Emax) Can be estimated as (Evrett, 2013; Sigbjérnsson, 2007):

Emax = 2Gmax(1+v) =2p V2(1+V) .ooerinnn (2-28)
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where v is Poisson’s ratio. For sandy or gravelly sites, the value of the
Poisson’s ratio is typically in the range of v = 0.25 — 0.35 (Bessason &
Erlingsson, 2011).

By solving Eqg. (2-28) for Vs the following equation is obtained:

A similar expression exists for compressional wave velocity (Vp )
(Evrett, 2013), i.e.

_ (1-v)Emax )
Vp = /—(W) o e (2-30)

By taking the ratio of Egs. (2-29) and (2-30), the following relation
between Vp and Vg is obtained (Evrett, 2013):

Vp _ [2(1—Vv)
Vs 1-2v

Thus, with a known shear wave velocity and a known (or guessed)
Poisson’s ratio, the compressional wave velocity can estimated by Eq.(2-
31).

(2-9) Seismic Waves Diffraction:

Seismic waves travel inside the earth and are subject to reflection and
refraction when they hit the interface between the layers, in some cases,
when there is a sharp change in the physical properties within one layer
or a group of rock layers as a result of the presence of a fault or the edge
of a buried river. The front of the falling wave on the sharp edge of this
fault as in Fig. (2-13) will turn into a center to generate waves that spread
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in all directions according to (Huygen’s principle). The diffraction waves
have been of great benefit in determining the subsurface faults in the

seismic surveys conducted using seismic methods (Sharma, 1997).

Source

Fig.(2-13) : Shows seismic waves diffraction, developed by
(Sharma,1997).

(2-10) Factors Affecting the Velocities of Seismic Waves:
1- Density:

Density is mathematically inversely proportional to velocity, but in
practice is directly proportional as seismic velocities increase with
increasing density the reason for this is that the coefficients of
elasticity more influence on the velocity of seismic waves than the
density. Through studies done by (Gardenar, et. al. 1974) and (Nafe
and Drake, 1957). It was found that density (p) is related to velocity(V)
by the following relationship:

p=023V®® . (2-32)
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2-Porosity:

The elastic moduli are inversely proportional to porosity, where
seismic velocity increase with decreasing porosity, and the porosity
decrease with depth. Therefore density and velocity increase with depth,
(Sharma, 1986).
3-Pores Shape

Pore shapes control the elasticity coefficients of the rock layers, and

this leads to an effect on the velocity within these layers, It has been
proven that the pores of oblate spheroid shapes have a greater effect on
the modulus of elasticity and therefore on the velocity of the pores of
spherical shapes in the case of the stability of other factors on the
velocity as mentioned in (Al-Bahadily,1997).

4-Depth:

At large depths, compaction results in a reduction of porosity,
increasing of seismic velocities. In addition, the elastic moduli tend to
increase at higher pressures. Thus, seismic velocities in sedimentary
rocks tend to be higher at greater depths.
5-Age:

Velocities tend to increase with age of sedimentary rocks, owing to
cementation. As a rock becomes more cemented, its rigidity (strength)
Increases.
6-Fluid content:

The seismic velocity is affected by amount and type of fluid in rocks

(Dobrin, 1976).

7-Lithology:
The seismic velocity in igneous and metamorphic rocks is more than

sedimentary rocks . By virtue of their various compositions, texture (e.g.
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grain shape and degree of sorting), and other properties, rocks differ in
their elastic moduli and densities and, hence in their seismic velocities
(kearey, et al., 2002).
8- Fracture and cracks effect:

Fractures and cracks lead to increasing ratio of secondary porosity in

rocks, and lead to decreasing of seismic velocity in these rocks.

(2-11) Seismic Survey:

In the seismic survey an elastic pulse or a more extended elastic
vibration is generated by source of energy, and the resulting motion of the
ground is detected by geophone.

(2-11-1) Seismic Reflection Survey:

In this survey seismic energy pulses are reflected from subsurface and
interface and recorded at near normal incidence at the surface (kearey et
al., 2002).

(2-11-2) Seismic Refraction Survey:

The seismic refraction survey is considered one of the most effective
methods for determining the depth of the bedrock and the ground water,
the lithology type, the lateral and vertical changes in lithology, and
investigating the structural features such as micro faults (Abd El-Aal and
Mohamed, 2009). It has been most successful when applied to shallow
depth (< 100m) problem (Green, 1974).

(2-12) Physical laws that apply to seismic refraction surveys:
(2-12-1) Huygen’s Principle:

By using the concept of wave front, which is defined as the surface on
which the wave motion is in the same phase, this concept is used to

describe the huygen's principle, which states that “Every point on an
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advancing wave front is a new source of spherical waves”. The position
of the wave front at a later instant can be found by constructing a surface
tangent to all secondary wavelets (Gadallah and Fisher, 2009). Huygen’s
Principle provides a mechanism by which a propagating seismic pulse
loses energy with depth.
(2-12-2) Fermat's Principle:
Fermat's principle governs the geometry of raypaths. This usually means
that the ray will follow a minimum ‘time path, which is the path that will
allow the wavefront to move from point A to point B in the shortest
amount of time. (Lay and Wallace, 1995).
(2-12-3) Snell's Law:

Snell's law for a refracted wave is the ratio of the sine of the angle of
incidence and the angle of refraction is equal to the ratio of the velocities
of the two media (Sjogern, 1984), Fig.(2-14).

Sini/Sinr=Vy{/ Vo ............. (2-33)
The angle r is called the angle of refraction and i the angle of incidence.
When i increase there is a unigue case where the angle of refraction r is

90° and sin r = 1, where:

Sini = V1/ V2 ............. (2'34)
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Refracted Ray

- Interface

Fig. (2-14): Shows the refraction of waves according to Snell's law.

(2-13) Types of Seismic Refraction Survey Arrangements:
Depending on the position shot wave point relative to the location of the
geophones, refractive seismic surveys can be carried out in five
arrangements called diffusion geometry, which are as follows:
1- Center Shooting Arrangement:

In this type of arrangement the position shot wave generation
point is at the center of the survey line, the geophones are
published on both sides of it with the same number and distances
and in a straight line Fig. (2-15a). This arrangement is very useful in
determining the depth, true thickness and for rock layers and their
position, because the arrival times of the refracted waves must be
equal when they reach the geophones on either side of the
generation shot point location. If it differs, then this is an indication
that the rock layer is horizontal, or that it is increase thicker in one
direction, or that it contains a lithological change that contributed to

the delay in the arrival of the refract waves. (Kearey et al., 2002).
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2-

Forward Arrangement:

In this type of arrangement, the location of the wave generation
point is at the beginning of the survey line, as in Fig. (2-15b), which
is why it is called in some references the normal and is used when
the survey area is small and the available geological information
confirms that the layers are horizontal.

Reverse Arrangement:

It is the least used arrangement alone in refractive seismic
surveys because the wave generation point is located at the end of
the survey line and as in Fig. (2-15c), and for this it is called in
some references the terminal or the end shot (Kearey et al., 2002).
Forward- Reverse Arrangement:

It is the most widely used arrangement in collecting data, seismic
refraction surveys, and it is carried out by two shot points of wave
generation, the first is at the beginning of the survey line and the
second is at its end, as shown in Fig. (2-15d). This type is used for
the purpose of determining the thickness and true depth of the rock

layers, as well as to know its status, inclined or horizontal (Kearey

et al., 2002).

b Sgi G24

S1G1 G24S2
B o A L a T

Fig (2-15): Describe the types of arrangements used in seismic
refraction:(a)central,(b)Forward,(c)Reverse, (d) Forward- Reverse.
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5-Fan Arrangement:

It is one of the most important data collection arrangements in
seismic refraction surveys that is carried out in order to investigate salt
domes for the exploration of hydrocarbons (oil). In this type of
arrangement, the geophones are publishing in straight lines like a fan
Fig. (2-16). This type is used at the beginning of the spread of the

seismic refraction method in the 1930s (Sharma, 1986).

Time leads “~—___
associated with
ray paths

through salt

Fig.(2-16): Shows the fan arrangement used to collect field data in

refractive surveys (Kearey, et. al.,2002).

(2-14) Energy Sources Used to Collect Data for a Seismic

Refraction Survey:

Seismic waves are generated for refractive surveys by an energy source
like: the hammer (weight 10 kg) it is used by knocking on flat plate.
The dynamite are usually used when it is intended to get rid of the

weathered soil layer with low seismic velocity because it absorbs the
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energy of high-frequency waves. The drop weight this type of sources is
used in large surveys it is implemented by dropping an object with a large
weight of hundreds of kilograms on the ground from a height of three
meters or more to generate large seismic energy.

The vibrators it is one of the energy sources used in populated areas
because it does not make much noise while working, lateral vibrators
generate s-waves, as for vibrators with vertical vibration they generate a
p- waves, and the other source is the air gun it is one of the energy
sources used in marine surveys , where it works to empty the compressed
air into the water generating great sound energy in marine surveys,
refracted waves on the surface of the water are received through

hydrophones (kearey et al., 2002).
(2-15) Calculation of the Thickness and Velocity of the

Subsurface Layers:

Several methods are used to interpret time—distance curves for field
refractive seismic recordings, these methods differ from each other in the
geological assumption and the computational method for the velocities
and depths of the layers (Kilty,et al., 1986).

The first arrival time is used to calculate the thickness and velocity of the
subsurface layers, If there are two horizontal layers calculates the depths
and velocities of the layers for different cases based on two methods:

a- Intercept Time(t;): The intercept time is defined as the time
obtained from extrapolating the length of the line for the time of
arrival of the refracted wave on the time-distance curve at distance
zero (X=0).

b- Cross-over Distance (X): It is the distance at which the direct
and refracted waves have the same time of arrival, and this distance

It is the point that indicates that the wave has refracted and arrived
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before the direct wave Fig. (2-17), it depends on the depth of the
refract and on the velocity of the first and second layers. The value
of (X) is usually greater than twice the depth of the refract
(Allaby, A.and Allaby M., 1999).

1- Depth (h) calculation by Intercept Time (t;) method:

t= 2 (2-35)
= IO (2-36)
h=tV, Vi /2J(V2)2 — (V1)?............. (2-37)

2- Calculation of depth (h) by crossover distance (X.,) method:

V2+V1

Xeo= 20 |22 (2-38)
V2-V1

Time

)& Distance

Vi
V,

Fig.(2-17): Show Time-distance curve for direct and refracted waves of
two horizontal layers (after AL-Heety, 2014; Resaercher,2023).
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(2-16) Multi-channel Analysis of Surface Waves (MASW):
The Multi-channel analysis of surface waves (MASW) method is
introduced by Park et al. (1999). In general, MASW surveys can be
divided into active and passive surveys based on how the surface waves
required for analysis are acquired. In the active MASW method, surface
waves are generated actively by impulsive or vibrating seismic sources
whereas the passive MASW method utilizes surface waves generated by
natural sources or cultural activities, e.g. traffic (Park et al., 2007). The

principal reported advantages of the MASW method are the following:

1- Data acquisition in the field using MASW method takes much less
time compared to other methods. The MASW method requires
only a single shot gather for one source receiver configuration,
(Park et al., 1999; Xia et al., 2002).

2- The dispersion analysis involved in MASW is faster and easier to
automate. Data from all receivers is processed at once (Xia et al.,
2002).

3- Noise sources can be more easily identified and noise eliminated
(Park et al., 1999; Xia et al., 2002). Reduction of noise leads to
increased accuracy in the dispersion analysis and ultimately more
precise shear wave velocity profile.

4- The maximum depth of investigation that can be achieved by
using the (active) MASW method is generally around 30 m,
assuming that surface waves are generated by a reasonably heavy
seismic source, e.g. a sledgehammer (Park et al., 2007).

5- The MASW method makes it possible to observe multi-modal
dispersion characteristics from recorded surface wave data (Park et
al., 1998; Xia et al., 2003).
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6- The MASW method makes it cost- and time-effective to evaluate
shear wave velocity in two and/or three dimensions (Park et al.,
2007; Xia et al., 2000).

(2-17) General Procedure For MASW Method:

MASW surveys can be broken down into three steps; field
measurements, data processing and inversion analysis (Park et al., 1999).
1-Field measurements

Geophones are lined up in a straight, equally spaced line on the surface
of the test site. A wave is generated with an impact load at one end of the
lineup and the geophones record the resulting wave motion as a function
of time. A single shot gather is sufficient (Park et al., 1999), Fig. (2-18a).
2-Data processing

A dispersion curve is extracted from the measured surface wave data
(Park et al., 1999), Fig. (2-18Db,c).

(a) Field measurements

S—wave valoolty profiln

o

The Phase-Shift Method

Figure (2-18): Shows (a) Field measurements by MASW method.
(b,c) Data processing (Olafsdottir, 2014).
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3-Inversion analysis

A theoretical dispersion curve for the test site is obtained, with iteration,
based on an assumed number and thickness of soil layers and assumed
material properties, such as shear wave velocity, for each layer (Park et
al., 1999).

(2-18) Active MASW Method:

The most common acquisition data is composed of evenly-spaced
vertical receivers aligned with the seismic source. This layout is often
referred to as the MASW (Multichannel Analysis of Surface Waves)
method.

The active MASW adopts the conventional seismic refraction mode of
survey using an active seismic source such as hammers, weight drops,
electromechanical shakers, and bulldozers. The maximum depth of
investigation is 20-30m. This can vary with site and active source used.
Waves can be best generated in the flat ground and if the vertical rise of
the surface is greater than 10% of the receiver propagation length, it
causes a hindrance to the wave generation. The maximum depth of
penetration is determined by the longest wavelength of the surface waves.
The longest wavelengths generated depend on the impact power of the
source. Greater
is the impact power, longer will be the wavelength and greater will be the
depth of penetration. Although the impact source such as a heavy weight
drop can generate a longer wavelength of surface waves, these are very
costly and not convenient for field operation. Therefore a controlled type
seismic source such as a sledge hammer is used in an active survey.
Metallic plates are conventionally used for impacts. However, recent

studies revealed that the non-metallic plates such as a firm rubber plate
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can generate stronger energy at the lower frequency part of the plates
[http://www.masw.com/index.html].

The vertical, low frequency geophones <45 Hz are always
recommended. Land streamer geophone proved to be efficient and
convenient in field operation and can speed up the data acquisition in
field. Length of the receiver propagation is directly related to longest
wavelength which in turn determines the maximum depth of
investigation. Receiver spacing is related to the shortest wavelength
generated. In field, the receiver spread is limited up to 50-100m. If it is
too long, the surface waves attenuate. The source and receiver spread
distance (Park et. al., 2001) is one of the variables that affect the
horizontal resolution of the dispersion curve. Long recording time is
discouraged in the active survey because it can increase the chance of
recording ambient noise. When more channels are available, the receiver
spacing can be shortened which will help in obtaining a high signal to
noise ratio (A high signal-to-noise ratio indicates the elimination of the
influence of the signals apart from that generated by the active source),
which, in turn, helps in obtaining a high resolution. Twenty four, or more,
geophones are laid out in a linear array and connected to a multi-channel
seismograph, collecting data simultaneously in all geophones. Active
MASW utilizes surface waves mainly Rayleigh waves which are
characterized by elliptical retrograde particle motion. Different types of
waves are recorded through multichannel array. Dispersion nature of
different types of waves is imaged through wave-field transformation of
seismic record by frequency wavenumber (f-k). Certain noise wave fields
such as back and side- dispersion surface waves and several types of body
waves are automatically filtered out during transformation. From the
dispersion image, a dispersion curve of the fundamental mode of
Rayleigh waves is selected, which is then inverted for a 1D V; profile.
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CHAPTER THREE

INSTRUMENTATION AND FIELD WORK

(3-1) Preface:

The applied seismic method depends on the generation of oscillating
seismic waves in a specific area on the earth's surface, then receiving the
refracted waves returning to the surface by the earth's receivers and
calculating the first arrival time of these waves and determining their
velocity. This method has become an effective method in seismology
(Sharma, 1986). To explore the earth's interior, this method has shown its
superior ability to determine the depths and types of rocks below the earth's

surface.
(3-2) Used Instrumentation and its Accessories:

The digital seismograph (Terraloc Mark 6) is used in this study, and this
equipment is from a Swedish company (ABEM Instrument) (AB), plate (3-
1). It is multi-channel (12) channels. It is a device with high accuracy in
seismic recordings of shallow depths. The seismograph consists of a case
made of a durable aluminum alloy and contains two control panels of 28
keys, a screen of 8.4 inches, a processor AMD GX1- 12, a random access
memory (RAM) of 256 MB, and a hard disk of at least 10 gigabyte used to
record data. The weight of the seismograph is about 16 kg. Geophones are
used. Results can be shown survey directly in the field through the
seismograph screen after the measurement process is completed and the
data can be transferred from a seismograph to a personal computer PC

through the serial port. The seismograph has two systems, the first system is

DOS, and the second is Windows XP (ABEM Instruction Manual, 2009).
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Plate (3-1): Shows Terraloc Mark 6(ABEM Instruction) device.

The accessories of Seismograph (Terraloc MK 6) are source 10kg hammer
weight, geophones one of them can be used as a trigger, it is planted near
the power source, cable to connect the geophones, rubber plastic,

measurement tape, car battery and shovel, plate (3-2).
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Plate (3-2): Shows the device used in this study and its
accessories.
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(3-3) Geophones:

For field recording, natural frequency geophones were used. These
geophones convert the mechanical signal into an electrical signal, the

connecting wires transmitted the signal to the seismograph and recorded.

The geophone is the unit connected directly with the ground, It consists of
a coil and magnet placed inside a tapered plastic or metal box spike at one
end is the coil or magnet fixed rigidly to the box, and the other has an
inertia. . Instilled the well-pointed part is in the ground, and when vibrations
are transmitted inside the ground, the geophone responds for seismic
disturbances, it vibrates accordingly, and the inertial part remains constant,
so a displacement is produced relative between them, which results in an
electromotive force, which generates simple electrical signals, and then is
transmitted by wires to the capture devices and is amplified by the amplifier
and then it is recorded (AL-Heety,2014). There are two types of ground
geophones for longitudinal and shear waves (P,S) recording has been used
for seismic refraction, and one type of geophone for shear wave (S)
recording has been used for MASW method, plates (3-3a),(3-3b) and Fig.
(3-1).
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Plate (3-3b): Shows geophone S to measure S wave in seismic refraction
and MASW method.
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Fig. (3-1): Shows geophone (P) at the left and geophone (S) at the right,

(http://www.hinageo.en.alibaba.com).

(3-4) Survey Technology and Field Work:

Field work started on 30/11/2021. Where the coordinates of the area are
taken, a satellite visual image of the study area is obtained through a

program (Google Earth) in order to determine the tracks on it.

The necessary equipment is provided to carry out the survey process,
including the hammer with a weight of 10 kg, as well as the stone plate, the

measuring tape, the seismograph and its battery, and the geophones (P,S).

Then the field work began by installing the seismograph, fixing the
location of the geophones, and taking a distance of 72 m, which represents
the length of the profile two profiles for the refractive survey. The wave
was generated in three locations front, reverse and center in order to place
the geophones, with the length of one profile being 72 m, and one profile
for MASW method, Fig.(3-2).
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Fig. (3-2): Shows a satellite image showing the profiles (Seismic

Refraction and MASW profile) and locations of the boreholes in the study

area.

After the geophones (geophones P) were installed, in which there were 24
geophones12 geophones for each half profile in their designated location,
these geophones are connected with a cable, plate (3-4) in order to transfer
mechanical energy and convert it into an electrical signal, this signal is
transmitted to the seismograph and recorded, where this happens after the

process of hammering by10 kg hammer on the rubber plastic (three times)
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Plate (3-4): Shows the process of connecting the geophone (P,S) to the cable

to convert the signal into a seismograph.

The length of the profiles are 72 m. Where the distance between the
geophone and the hammer represented by X is 3 m, as for the distance
between geophone and another geophone it is also 3 m represented by dx.

Where the survey began in the front direction, then the middle, and then the
reverse.

The hammering process on the rubber plastic is in the vertical direction in
the case of generating p waves plate (3-5) in seismic refraction. The wave
was generated in three locations front, reverse and center.
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Plate (3-5): Shows spreading geophones P and the direction of hammering in

Seismic Refraction.

Two holes are drilled in each half of the profile and one in the middle
(for reading on this site) to place the rubber plastic and change the location
of this rubber inside the hole, thus changing the direction of the hammer
blow in relation to the location of the rubber plastic ,this is for generated S

waves.

The hammering process on the rubber plastic is in the lateral and oblique
direction in the case of generating S waves plate (3-5) in seismic refraction.

The wave was generated in three locations front, reverse and center.

Then the office work is done for the seismic refraction survey.
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Plate (3-6): Shows spreading geophones (S), the direction of the rubber

plastic and the direction of hammering in Seismic Refraction.

The diffusion geometry for recording longitudinal (P) and shear (transverse)
(S) waves can be noted in Fig.(3-3a) (3-3b).

Forward shot —e———

Source (hammer)

( X=3m dx=3m Geophones

B A_A A A A A A A

Rubber plastic Seismograph

X is the distance between source (hammer) and geophone = 3m

dx is the distance between geophone and another geophone = 3m

Fig. (3-3a): Shows the diffusion geometry for recording longitudinal (P)
and shear (S) waves (Forward direction), (Researcher).
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€——————  Reverse shot
Source (hammer)
Geophones dx=3m X=3m f

B A A A A A A A AT

Seismograph

Rubber Plastic

X is the distance between source (hammer) and geophone = 3m

dx is the distance between geophone and another geophone = 3m

Fig. (3-3b): Shows the diffusion geometry for recording longitudinal (P)

and shear (S) waves (Reverse direction), (Researcher).

As for the field work for the MASW method, which is considered as one
of the modern methods in geophysics and means Multi-channel Analysis of
Surface Waveswhere the survey began with the deployment of geophones
(geophones S), which are represented by the destructive Rayleigh waves,
where the number of geophones is 24 geophones and the length of the
profile is 72 m. The distance between geophone and another geophone is
3 m represented by dx, while the distance between the geophone and the

10 kg hammer is 4 m represented by X, plate (3-7).
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Plate (3-7): Shows the diffusion of geophones (S) in the MASW method.

Two holes are drilled and one in the middle (for reading on this site) in
each half of the profile in order to place the rubber plastic in it and change
the location of this rubber inside the hole and thus change the direction of
the blow with the hammer relative to the location of the rubber plastic, plate
(3-8).

Plate (3-8): Shows spreading geophones (S), and the direction of the rubber
plastic and the direction of hammering in MASW method.
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The hammering process on the rubber plastic is in the lateral and oblique
direction. This rubber plastic is hammered three times by means of a
hammer, in order to record the readings after the transmission of
mechanical energy and convert it into an electrical signal, in the case of
generating S waves in MASW method Then the office work is done for the
MASW method.

The diffusion geometry for recording MASW method can be noted in
Fig.(3-4).

——

Source (hammer)

f X=4m dx=3m Geophones
I A_A A A A A A Al
Rubber plastic

Seismograph
X is the distance between source (hammer) and geophone = 4m

dx is the distance between geophone and another geophone = 3m

Fig. (3-4): Shows the diffusion geometry for recording MASW method,

(Researcher).
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CHAPTER FOUR
THE RESULTS AND INTERPRETATION

(4-1) Preface:

The basic principle of seismic refraction survey is to use the picked first
arrival times from the seismic survey data and drawing time-distance
curves for the survey area, each arrival time is attributed preliminary to a
specific refractor surface and estimate the depth, velocity, shape and
extension of the fracture layers, and then estimate the velocity of each

fracture, (Jeraisy,1992).

The choice of the optimal method for interpreting the seismic data

depends on the nature of the subsurface, (Dobrin,1976).

The velocities of seismic waves depend on the modulus of elasticity of
the rock layers in which they travel therefore, these coefficients are
calculated depending on the compressive and shear velocities and the

calculated density.

Shear waves are the most important waves in engineering studies for
estimating geotechnical properties, ( Foti et al., 2011). Despite the
difficulty of generating and capturing these waves, recent studies have
confirmed that its use in finding mathematical relationships for many
geotechnical properties because the velocities of these waves are a direct
indication of soil stiffness it has been observed that its applications are
constantly increasing in geotechnical engineering and site studies,
(Roma, 2001).

As for the MASW method, it can simply be described as recording data
for Rayleigh waves, ( Foti, et al., 2003).
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(4-2) Processing of Seismic Data:

This stage aims to obtain a high signal ratio with the least amount of
noise to be able to interpret the data correctly. With several factors that
cause noise in the study area including the movement resulting from the
rapid traffic of cars to the street near the study site and air movement and

other factors.

A number of the seismic recordings of the study site had a percentage of

noise and were processed using the Reflex 2D Quick program.
(4-3) Interpretation of Seismic Data:

Most of the interpretation methods assume that the layers have a

constant velocity and that the seismic velocity of the layers increases with

depth,(Mota,1954). Some methods of interpretation assume that the

refractor surface is flat, while others assume that this surface is irregular
(Palmer,1981) & (Hagedoorn,1959).

Interpretation of the seismic data includes calculating the depths and
calculating the different velocities of the layers in addition to calculating

its engineering coefficients.
The accuracy of the interpretation depends on:

1- Interpreter:
An interpreter who has a scientific and applied background and the
ability to link seismic information various other information
obtained from various sources is practical the interpretation process

Is more comprehensive and accurate.
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2- Geological and Geophysical Data: Information includes that
obtained from previous studies of the area that are relevant to the
geology of the area and its tectonic situation.

3- Other Data:

It includes field observations, as some information about the type

of soil from the area to be studied (Al-Sayidah Rugayya Hospital).

Before proceeding to the interpretation of the results, it should be known
that the results of the study are compared with the results of the boreholes
that are drilled in the study area (four boreholes) and that are drilled by
Al-Ma'awal company for soil investigations. This information is obtained
through a report belonging to the Holy Hussainiya Shrine (2021) of the
study area Fig.(4-1), (4-2).
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(4-4) First Break Picking:

The first interpretation is to capture the initial arrival times of the seismic
waves for each trace (Sharma,1997; Dobrin and Savit,1988; Haeni,1986 ;
Parasnis,1972). And when the source power is sufficient with the least
amount of noise, the first break sudden the seismic trace will be easy to

determine.

picking first arrival times of seismic wave data are performed, Fig.(4-
3a,b) through Reflex 2D Quick program. And the Fig.(4-4a,b) illustrated
time-distance curve. The first step in the program is the process of picking
the first arrival times and calculating the seismic velocity (two velocities)
in the layers (2 layers of the study area) and extracting the depth (m)
automatically, then downloading the distance values (m) with time (msec.)
(manually) and drawing this relationship in the Excel program, Fig.(4-5).
The resulting curve can represent the number of subsurface layers. Also
for MASW method picking first arrival times of seismic wave data are
performed through Reflex 2D Quick program. The process is picking the
first arrival times and calculating the seismic velocity (shear velocity) that
representing Rayleigh wave and extracting the depth (m) automatically
downloading the distance values (m) with time (msec.) (manually) and

drawing this relationship in the Excel program.
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Fig. (4-3a,b): Shows

two models of seismic trace in the study area.
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Fig.(4-4):Shows Time-Distance Curve for received waves (Refractive
survey) for (a) First profile (b) Second profile, (Researcher)
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Fig. (4-5): Shows the relationship between distance and time (Forward

direction- profile one) for refractive survey.
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(4-5) Refractive Seismic Survey and its Interpretation:

(4-5-1) Density Value Calculation:

There is a direct correlation between seismic velocity and the density and
ripability of subsurface materials as shown in Fig (4-2) . The bulk density p
can be given as (Uyanik, 2010).

(p1 =16 +0.002V,; = 16.45 KN/m®) /9.8............. (4-1)
(p2 =16 +0.002V,, = 17.10 KN/m®) /9.8............. (4-2)

and the figure (4-6) illustrates this relationship.
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Fig (4-6): Shows the relations between P wave velocity (Vp), S wave
velocity (Vs), and their ratio (Vp/Vs) and density (after Barton, 1986).

From the two equations (4-1),(4-2), the density value is calculated for

the first layer and the second layer, respectively, for the two profiles.

The table (4-1) below shows the density values with the average

velocities of the longitudinal (V) and shear (Vs) seismic, respectively.
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Table (4-1): Shows density values and averages of velocities (P,S) for the

two profiles and for two layers.

Profile N Vo Vs
rofile No.
Avg. Avg. p (gm/cm’®)
(m/sec) (m/sec)
First layer
277.768 152.423 1,689
1 Second layer
460.001 252.734 179
First layer
Y 276.55 152.149 1.689
2
Second layer
465.021 250.735 179

Through the table (4-1) and according to the density values, the first layer
represents the superficial soil in both profiles, its density is (1.689 gm/cm®)
also the second layer represents superficial soil in both profiles, its density

are (1.72) gm/cm®,

The density of the elastic medium in which the seismic wave propagates
is one of the influencing factors at seismic velocities. And any increase in
density by a certain percentage leads to an increase in elasticity many
times over the ratio leads to an increase in velocity, or an error in the
density measurement of the elastic medium that is being transmitted
during which the seismic wave leads to many times the error in the values
of the elastic modulus. And ratio the error in density measurement for
subsurface soil models increases as we get closer to the surface of the

ground especially for layers with a lateral shift (Bowles,1984).
(4-5-2) Evaluation of the Geotechnical Properties:

The process of on-site geotechnical evaluation is of great importance in
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civil engineering works as construction important strategic or industrial
facilities, dams, hydroelectric stations, bridges and high ways and others,
and this is done depending on the measurement of the geotechnical

properties of the soil and the geological layers below the surface.

Geotechnical properties and elasticity coefficients were measured based
on the velocities of seismic waves (V,) and (V) and the measured density,

and based on the relationships shown in the table (4-2).

Table (4-2): Shows equations used in calculating elasticity coefficients.

Elastic Module Used Formula Reference

Poisson’s Ratio(v’) v =1/2[1-1/(V,/ Vo)?-1]

Young’s Modulus (E) E=2V2p(1+v) Davis and
Schultheiss, 1980 in
Shear Modulus (p) u=pV¢ Khorshid, et al. 2006
Bulk modulus (K) K =pV,2-4/3n
Lame’s Constants (1) A =pV,2-2V¢?

1- Poisson’s Ratio(v):

The value of this ratio for the first layer in the first profile is 0.285, while
in the second layer for the same profile is 0.284 . As for the first layer in
the second profile, the Poisson’s ratio was 0.283 . Poisson’s ratio of the

second layer in the same profile was 0.295 .

In the first and the second profiles (first layer and second layer in the
profiles) the soil type is dense sand according to the table (4-3) of sandy
soil, also the type of soil according to the table (4-4) of clay soil is Sandy
clay and silt.
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Also for the same profiles and same layers and according to Poisson’s

ratio the soil description parameter is Fairly to Moderate Competent

materials, table (4-5).

Table (4-3): Shows classification of the soil according to the Poisson’s
Ratio (v), Gercek (2006):

Soil Type Poisson’s Ratio (v)
Loose sand 0.20-0.40
Medium dense sand 0.25-0.40
Dense Sand 0.30-0.45
Silty Sand 0.20 - 0.40
Sand and Gravel 0.15-0.35

Table (4-4): Shows classification of the soil according to the Poisson’s
Ratio (v), Bowles (1996), Subramanian (2008):

Description Poisson's ratio
Clay (saturated) 04-05
Clay (unsaturated) 0.1-0.3
Sandy clay 0.2-0.3
Silt 0.3-0.35
Sand, gravelly sand 0.3-04
Dense sand 0.2-04
Rock 0.1-04

Table (4-5): Shows classification of the soil according to the Poisson’s
Ratio (v) Birch (1966), Gassman (1973), Tatham (1982), Sheriff and
Geldart (1986).

Soil Incompetent| Fairly to Competent | Very high
description | to slightly Moderate materials | competent
parameter | competent | competent materials

Poisson’s 0.41-049 | 0.35-0.27 | 0.25-0.16 0.12-0.03
Ratio (v)
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2-Young’s Modulus (E):

The value of this parameter of the first layer in the first profile is
100.847 Mpa, while for the second layer in the same profile was 282.131
Mpa.

In the second profile the value of this parameter in the first layer is
100.328 Mpa and in the second layer in the same track is 280.064 Mpa.

Young's modulus is directly proportional to the velocity of wave
transmission, meaning that this coefficient increase in the velocities of

seismic waves and the increase in the stiffness of rock.
3-Shear Modulus (p):

The highest value of this parameter is in the second layer of the first
profile 39.240 Mpa, while in the first layer for the same profile is
109.864Mpa.

In the first layer from the second profile the value of Shear modulus is

39.099 Mpa, while the second layer from the same track is 108.133 Mpa.

The relationship of this coefficient with depth and with seismic velocities
increases with increasing velocities of seismic waves and is directly

proportional to them and depth.
4-Bulk modulus (K):

The values of this coefficient ranged for the first and second layer for the
first profile 130.314 — 363.807 Mpa respectively, while in the second
profile for the first layer is 129.122 Mpa and of the second profile is
371.796 MPa.

71



CHAPTER FOUR THE RESULTS AND INTERPRETATION

5-Lame’s Constants (0):

The value of this coefficient in the first layer for the first profile 83.849
Mpa, but in the second layer for the same profile is 236.204 Mpa.

For the second profile the value of the Lame’s constant in the first layer
Is 82.875 Mpa, while in the second layer for the same profile the value is
246.204 Mpa.

From observing these values the behavior of this parameter it is similar to
the modulus of shear and Young that it increases with the increase in the

stiffness of the rocks.
(4-5-3) Geotechnical Parameters:

1- Material Index (I):

This coefficient is defined geometrically as the value used to determine

the quality and efficiency of materials for building foundations, As for Abd

Al-Rahman (1989) he defined it as an expression of the degree of hardness

relying on its flexible transactions. This coefficient has to do with the
composition of the material and the degree of cohesion and fracturing,
joints and the presence or absence of fluid in the spaces, this in turn affects

the nature of the medium and the velocities of seismic waves.

Abd El-Rahman (1994) derived the equation (4-3) in terms of longitudinal
and shear velocities, which were used in calculating this parameter in this
study:

Im= 3(Vs/Vp) -L/1-(VelVp).ov. (4-3)
The values of this parameter range between -0.142 and -0.143 in the first

and second layer respectively from the first profile . In the second track

the values of this parameter range between -0.18 and -0.17 in the first and
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second layer respectively. These values indicated a clear decrease at the

layers.

The first and the second layers, which are intermediately competent table
(4-6) and, or had a relatively low value in the first layer from the first

profiles.

Table (4-6): Shows classification of soil competence depending on
Im (Abd Al-Rahman,1994).

(-1)-(-0.5) Non- less competent
(-0.5)-0 Intermediately competent
0-0.5 Competent
0.5-1 Highly competent

2- Concentration Index(l):

One of the important engineering coefficients that indicate the degree of
competence of a material which are used to measure the efficiency of the
foundations and many more civil engineering purposes. This parameter
depends mainly on the elasticity coefficients of the materials and the

pressure distribution in the depths.

Abd El-Rahman (1991) developed an equation to calculate this coefficient
in terms of the values of longitudinal wave velocities and shear velocities

V,,V,, according to the following equation:
le = [3-4(VIVAVTL-2(VPVT e (4-4)

The values of this parameter for the first and second layers of the first
profile are 4.51 and 4.516, respectively. And for the second profile are
4.53 and 4.436 for the first and second layers, respectively.
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The measured concentration coefficient values was compared with the
ranges set by Abd EI-Rahman (1989) where the table (4-7) shows that, its
value increases with the increase in the stiffness of the rocks it showed that

the first layer of the two tracks is (fairly to moderate competent)
3- Coefficient of lateral earth pressure at rest (Ko):

It is one of the most important geotechnical transactions from an
engineering point of view. (Bowles ,1982) noticed The value of this
coefficient is higher in fine soils than in coarse soils and its value in loose,
non-cohesive soils is large, and the value of this coefficient decreases with

Increasing overburden pressure.

Abd El-Rahman (1991) indicated that there is a relationship between
longitudinal and shear wave velocities, and the value of this coefficient

was calculated using the relationship (4-5):
Ko=1-2(V/Vp)*............ (4-5)

The values of this coefficient for the first layer is 0.398 and for the second
layer is 0.397 from the first profile, as for the second profile for the first
layer is 0.395 and the second layer for the same profile is 0.419 . Which
indicates that the soil is moderate competent to competent (good

compacted) of the first and the second layer from to tracks, by comparing

it with the range determined by Abd EI-Rahman, 1989) (Table 4-7).
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Table (4-7): Shows ranges of concentration index values and lateral earth

pressure with the degree of soil stiffness.

Soil Weak Fair Good
description Incompetent Fairly competent Competent
parameter Very Soft Fairly Moderate | Compacted

Soft competent | competent
Concentration
Index (I¢) 3.5-4.0 4.0-45 45-5.0 5.0-5.5 5.5-6.0
Lateral

earth pressure | 0.7-0.61 | 0.61-0.52 | 0.52-0.43 0.43-0.34 0.34-0.25

(Ko)

4- Effective Angle of Internal Friction (@):

It is one of the important geotechnical elements that can be measured in
the laboratory using Moho's circles for Triaxial test and it is the angle of
inclination of the tangent to this of the Moho's circles. Which are circles it

diameters represent the difference between horizontal and vertical stresses.

@° is widely used in evaluating the engineering properties of soils and
rocks that represent their resistance to static and dynamic loads. It can be
calculated in terms of the velocities of the longitudinal and shear seismic

waves according to (Bowles,1988) the following relationship:
Sin @ =2(VeVp).. e (4-6)

One of the factors affecting the value of (@°) is the texture, density and
water content, the granular shape of the components of the mineral

composition, as the (@°) increases with increasing density and hardness.

The values of (@°) varied for the first profile and for the first and second
layers, respectively which were 37.013 and 37.085, while in the second

profile are 37.228 and 35.520 for the first and second layers respectively.
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It decreases in the loose layers and increases in its value in the solid
layers, and this reflects the hardness of the (first layer) of the first and

second profiles. Table (4-8) show range of @2 for several soil types.

Table (4-8): Typical range of true angle of internal frictions @2 values for

several soil types. (after Bowles, 1988).

@e @e
Soil type Loose Dense Soil type Loose Dense
Gravel 32-36 35-50 Fine sand 27-33 | 33-39
Coarse Sandy
sand 32 - 38 35-48 gravel 3038 36 — 45
Clayey Gravely
sand 28 — 32 35-40 sand 30-38 | 36-50
Siltysand | 28 -32 32 -38 Silt 20-30 25 - 32

5- Allowable and Ultimate Bearing Capacity (g and qu):

Allowable bearing capacity is the ultimate bearing capacity divided by a
reasonable factor of safety.

The ultimate bearing capacity is one of the important characteristics of
engineering projects that is a measure of the bearing of the rocks under the
foundations it expresses the resistance of the soil to the stresses resulting
from the dynamic and static loads generated by the various engineering
constructions. When designing engineering facilities, the amount of qy is
calculated because if the generated stresses are higher than g, deformation
and creep of the layers will occur, which leads to engineering problems
such as settlement, (Bowles,1984).

A number of researchers have attempted to link this geotechnical
characteristic important with shear wave velocities because they are

important in engineering studies through their relationship the coefficient
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of hardness which determines the hardness and durability of soils and

rocks.

Abd-AL-Rahman et al.,(1994) found the following relationship with the

velocities of the compression waves:
Qan=1/3 (Vp 1 240)*%............. (4-7)

This equation (4-7) is very important because the allowable bearing
capacity along seismic tracks can be calculated by using this equation. The

Q. is measured in Ton/m?.

The allowable bearing capacity Qg of the first layer of the first and
second tracks are 0.471 kg/cm? and 0.466 kg/cm?, respectively, while for
the second layer the allowable bearing capacity are 1.606 kg/cm® and
1.607 kg/cm? for the first and second tracks, respectively. Because the
value of Qg is low for the first layer of the first and second profiles, and
this is due to its lack of rigidity, which caused the values of the transverse

wave velocities to drop.

As for the second layer of the first and second profiles it was better, the
values of the allowable bearing capacity are higher which reflects its high
rigidity and this is consistent with other engineering parameters that were

calculated for the subsurface layers in the study area.

And the value of the elastic and geotechnical parameters with density and
Vp ,Vs illustrated in table (4-9).
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Table (4-9):Shows the values of (V, avg. , Vs avg. and density), Elastic Modulus and Geotechnical Parameters.

Profile Vpavg. | Vsavg. p Elastic Modulus. Geotechnical Parameters
No. m/sec m/sec | gm/cm® -
v EMpa | pMpa | KMpa | A Mpa Im e K, @ Qaul
Ton/m?
1| First
layer
277.768 | 152.423 | 1.689 0.285 | 100.847 | 39.240 | 130.314 | 83.849 -0.142 4.51 0.398 37.013 4.71
Second
layer
460.001 | 252.734 1.72 0.284 | 282.131 | 109.864 | 363.807 | 236.204 | -0.143 4.516 0.397 37.085 | 16.06
2] First
layer
276.55 152.149 | 1.689 0.283 | 100.328 | 39.099 | 129.122 | 82.875 -0.18 4.53 0.395 37.228 4.66
Second | 465.021 | 250.735 1.72 0.295 | 280.064 | 108.133 | 371.796 | 246.204 -0.17 4.436 0.419 35.520 | 16.07
layer
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(4-6) Shear Waves Data Collection:

Shear wave data is obtained by horizontal seismic refraction survey,
similar to obtaining longitudinal waves with different geophones as well
as using the Multi-Channel Analysis of Surface Waves (MASW), which

Is data recording for Rayleigh waves.
(4-7) Principle of MASW Method:

This method is considered nondestructive and one of the seismic
methods. This method uses the properties of Rayleigh waves (Park et al.,
1999) to obtain the shear wave velocities that are used in shallow depth
applications related to environmental works and geotechnical engineering
and to calculate the one-dimensional model (1D) for shear wave

velocities (Vs).

This technique can be divided into two types, the first type is (Active
MASW) and the second type is (Passive MASW).

The first type (Active MASW) allows us to measure the apparent
dispersion curve or phase velocity within a frequency range greater than
the second type (Passive MASW), as well as at a lower depth than the
second type, where the first type (active) gives information about the
shallow layers and depends on the ground hardness and the length of the
diffusion. As for the second type (Passive MASW), it allows us to
measure at lower frequencies than the first type, and at greater depths
than the first type, depending also on the hardness of the earth (Roma,
2001). In this study, the first type (Active MASW) was used.

(4-8) Depth of Foundation:

The depth of foundation is depending on the nature, texture, type

bearing capacity of the soil, and water table of groundwater. The depth of
79



CHAPTER FOUR THE RESULTS AND INTERPRETATION

foundation prefers to be not more than the depth of groundwater, to

prevent some construction problems.

(4-9) Bearing Capacity and its Relationship with Foundation
Depth and Shear Velocity:

According to Meyerhof’s: For foundation on the ground, according to
Meyerhof’s general bearing capacity equation (1963) which will provide

the most consistent results:
qU|t = C NC SCdC + ’Y Df Nqu dq + 05 y sub B NY SY dy ......... (4'8)

where:

Quie: Ultimate bearing capacity.

C : cohesion.

vy : effective unit weight considering the water table effect.
B: footing width.

Y sup - UNit weight saturated.

N¢,Ng, N, : Bearing capacity factor.

Se; Sq,S, @ Shape factors.

de,dq,d, :Depth factors.

For the transition to safety bearing capacity this value is divided into 3
safety numbers; factor of safety (Fs).

Qall =qult/Fs T/m°Fs=3............. (4-9)

The allowable bearing capacity for the foundation from Meyerhof’s
equation ,Table (4-10):
And the table (4-11) show the results of MASW methods
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Table (4-10): Show the depth of foundation bearing capacity according to

Meyerhof’s equation (Report of Holy Hussainiya Shrine, 2021) .

Df= The depth of foundation (m) allowable bearing capacity
T/m?
1 (4.46) T/m
2 (5.27) T/m?
3 (5.96) T/m2
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Table (4-11): Show the depth of foundation, bearing capacity, depth and

MASW (V).
VS, Depth of Bearing Depth Vs,
MASW Foundation| Capacity m MASW
m/sec m T/m2 m/sec
317.50 1 4.46 10.398 161.96
2 5.27
3 5.96

323.66 1 4.46 10.061 162.05
2 5.27
3 5.96

295.24 1 4.46 11.231 166.05
2 5.27
3 5.96

288.37 1 4.46 5.729 174.76
2 5.27
3 5.96

292.98 1 4.46 5.749 177.38
2 5.27
3 5.96

293.57 1 4.46 6.101 187.40
2 5.27
3 5.96

Avarage | 301.88 8.211 171.6

(4-10) Processing and Interpretation of MASW:

MASW data is analyzed using the Seislmager/SW program. The

processing operations consist of extracting the dispersion properties (the

velocity phase of the dominant Rayleigh waves as a function of

frequency) and this is done by analyzing the primary data of the survey

and using Fourier transforms then we plot the dispersion curve by using
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the F-K transformations that which enables us to plot the dominant data,
(Dal Maoro et. al, 2003).

The following figure (4-7) shows the dispersion curve between
frequency and phase velocities of the studied track (MASW profile), and
the figures (4-8 to 4-13) show one-dimensional sections of the shear

velocities and contour maps .

Source=69.0m Phase velocy (mvs)
0 £ 100 150 20 25 300 350 400 450 £00

Frequency (H2)

ESELAELLLBERRENS

Fig.(4-7): Shows dispersion curve between frequency and phase
velocities for MASW method.

The figure (4-7) shows a stage of data processing for MASW method,
which is the spectral analysis and capture of dispersion curves for the
phase velocities of Rayleigh waves, where the change in the phase
velocity of surface waves is calculated, where the change in the velocity
of waves at each wavelength is called the phase velocity, then the
dispersion curve is plotted and represents the relationship between phase
velocity and frequency. Rayleigh waves are characterized by the
phenomenon of dispersion (spreading) that occurs as a result of the

change in the phase velocity and frequency of surface waves during their
83



CHAPTER FOUR THE RESULTS AND INTERPRETATION

transmission between the surface layers. The dispersion curves show a
good curve for the normal modes in the low velocity surface layers,
which descend from the high phase velocities of low frequencies to the
phase velocities of high frequencies. This stage is done automatically

using the Seislmager/SW program.

The processing consists of extracting the dispersion characteristics
(Phase velocity of dominant Rayleigh waves as a function of frequency)
and this is done by analyzing the primary data of the survey that are
affected by the seismic events Fourier transforms and then drawing the
dispersion curves using (f-k) transformations. The (f-k) transformations
always give a picture of the surface wave spreading shape and the

dispersion curves are presented as a phase velocity with frequency.
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Fig. (4-8): Shows one-dimensional section of the shear velocity of the

studied profile (first reading).

The Figure (4-8) illustrates the relationship between depth and shear
velocity, as the greater the velocity the greater the depth. We notice
that the depth through this figure is 10.39 m and the value of the shear

velocity is 161.96 m/sec .The soil is rock.
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Fig. (4-9): Shows one-dimensional section of the shear velocity of the

studied profile (second reading).

From the Figure (4-9) we notice that the depth through this figure is

10.061 m and the value of the shear velocity is 162.05 m/sec .The soil

IS rock.
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Fig. (4-10): Shows one-dimensional section of the shear velocity of

the studied profile (third reading).
The Fig.(4-10) we notice that the depth through this figure is 11.231

m and the value of the first shear velocity is 166.05 m/sec, while the

value for the second shear velocity is 295.24 m/sec. The soil is rock.
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Fig. (4-11): Shows one-dimensional section of the shear velocity of

the studied profile (fourth reading).
The Figure (4-11) illustrates the relationship between depth and shear

velocity, the value of the shear velocity is 174.76 m/sec and value of

the depth is 5.729 m, so the soil is stiff soil.
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Fig. (4-12): Shows one-dimensional section of the shear velocity of
the studied profile (fifth reading).

Also Fig. (4-12) show the relationship between shear velocity and
depth. The value of the depth is (5.749) m and the value of the shear

velocity is (177.38) m/sec. The soil is stiff soil.
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Fig. (4-13): shows one-dimensional section of the shear velocity of the

studied profile(sixth reading).

In the Fig. (4-13) the value of the shear velocity is change and became

187.40 m/sec. Therefore, the value of the depth has changed for this

reading (sixth reading) and became 6.181 m, so the soil is stiff soil.
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These interpretations according to classify soil type according to
estimated Vs, this classifation called NEHRP and IBC (Eker et al.,2012;
ICC, 2006), Table (4-12).

Table (4-12): Classification of subsoil based on shear wave
velocity as per NEHRP or IBC

Depth (m) Vs (m/sec) Type of soil
0-7 180>Vs>360 Stiff soil
7-8.9 360>Vs>760 | Very dense soil, Soft rock
8.9-26.8 760>Vs>1500 Rock
26.8-30 Vs>1500 Hard rock

In this case, the second layer is the bed layer, which starts from a
depth of 8.211 and above. As a result of these results, in order to establish
the engineering structure, it must be done in two cases, either soil

injection to a depth of 8 meters or stilts piles with a diameter of 80 cm.

The Surfer program is also used in this method in order to draw contour
maps that show the distribution of shear waves velocity and variance, as
well as the bearing capacity, the depth of the foundation and the thickness
of the layer, and observing the extent of compatibility between each of

them in the study area.

The Fig.(4-14a,b,c,d) represents a contour map obtained from the
MASW profile in the study area, as it shows that the greatest shear wave
velocity and bearing capacity is in the center of the study area, as it
appears in the shape of lenses or layers separated by a horizontal distance

in the contour map.
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Fig. (4-14a): Shows contour map for distribution of shear waves velocity

in study area for MASW profile.
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Fig. (4-14Db): Shows contour map for distribution of bearing capacity
in study area for MASW profile.
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Fig. (4-14c): Shows contour map for distribution depth of foundation in
study area for MASW profile.
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Fig. (4-14d): Shows contour map for distribution thickness in study area
for MASW profile.
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By using Excel software, the relationship between distance (m) and time
(sec.) was plotted (graph) Fig(4-15a,b,c,d,e, and f). Through the graph,
the number of layers, which are two layers, was clarified, and then the
value of the velocity (m/sec) was calculated, which represents the
distance over time (the law of slope according to the drawing), and then
the value of the critical distance (X.) is extracted from the end of the
refraction of the first layer and the beginning of the second layer. By
using the critical distance, the depth of the first layer is calculated using
the equation (4-12) .

_ X2-X1 .
V= Taoyl e (4-10) (From drawing)
_ X2-X1 .

V, = TaoyL e (4-11) ( From drawing)

Where (V, is the velocity of the first layer, V, is the velocity of the
second layer), ( X,, X; is the X axis from the drawing and representing
the distance), ( Y,,Y; is the Y axis from the drawing and representing the

time ( T,,T,) alternately),
_ Xc |v2-v1

Zi=— |/ .l (4-12) (Sjogern, 1984)

2 V2+V1

Where ( Z1 is the depth of the first layer, Xc is cross-over distance ).
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Fig. (4-15a): Shows the relationship between distance and time for
the first reading (MASW profile).
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Fig. (4-15b): Shows the relationship between distance and time
for the second reading (MASW profile).
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Fig. (4-15c): Shows the relationship between distance and time for
the third reading (MASW profile).
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Fig. (4-15d): Shows the relationship between distance and time for
the fourth reading (MASW profile).
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Fig. (4-15e): Shows the relationship between distance and time for
the fifth reading (MASW profile).
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Fig. (4-15f): Shows the relationship between distance and time for
the sixth reading (MASW profile).

The figures (4-15a,b,c,d,e, and f ) show the relationship between the
distance x that measured with meter unit and time t that measured with
second unit. There are two layers in the study area. The value of the shear
velocity for the first layer is 171.6 m/sec with thickness of 8.211 m and

the value of the shear velocity for the second layer is 272.22 m/sec.
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(4-11) Statistical relationships between Seismic Refraction
Survey and the MASW method:

These relationships and comparisons is made between the two methods
of refractive survey and MASW by means of the (Statistical Package for
Social Sciences) (SPSS) program. The SPSS statistical analysis program
Is considered one of the most important statistical applications, and this
program works within the Windows system, and the program consists of
a set of menus as well as a set of tools that contribute to data analysis.
The aim of this program is the analysis of all data related to the research.
One of the most important terms of this program it is relationship
between the variables and this mean correlation and degree of correlation

https://www.maktabtk.com/blog/post/35/html.

When comparing the results and finding the correlation coefficient
between the two methods (MASW and Refractive Survey), it is found
that there is a positive relationship between the first shear velocities (first
profile - first layer) in each of the two methods, Table (4-13), Fig.(4-16)

Table(4-13): The correlation between Vs1(first profile — first layer) for
refractive survey and Vsl (first layer) for MASW method.

Correlations

Vsl Vs1MASW
(m/sec) (m/sec)
Vsl Pearson Correlation 1 0.979
Vs1IMASW Pearson Correlation 0.979 1
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Fig.(4-16): Shows the relationship between Vs1(first profile-first layer)

for refractive survey and Vs1(first layer) for MASW method.

Also the correlation coefficient between the second shear velocities

(first profile — second layer) in each of the two methods has a positive

relationship between them, Table (4-14), Fig.(4-17).

Table (4-14): The correlation between Vs2 (first profile - second layer)

for refractive survey and Vs2(second layer) for MASW method.

Correlations

Vs2 Vs2MASW
(m/sec) (m/sec)
Vs2 Pearson Correlation 1 0.93
Vs2MASW | Pearson Correlation 0.93 1
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Fig.(4-17): Shows the relationship between Vs2(first profile- second
layer) for refractive survey and Vs2(second layer) for MASW method.

And the correlation coefficient between the thickness of two methods is a
strong positive relationship, Table (4-15), Fig.(4-18).

Table (4-15): The correlation between D, (Depth for first profile) for
refractive survey and D, for MASW method.

Correlations

D1(m) D1IMASW(m)
D1 Pearson Correlation 1 0.956

D1MASW Pearson Correlation 0.956 1
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Fig.(4-18): Shows the relationship between D,(Depth for first profile) for
refractive survey and D; for MASW method.

For the first layer of the second profile and the MASW profile the
correlation coefficient between Vsl (for the refractive survey) and Vsl
(for MASW method) it is found that there is a strong positive relationship
between of them, Table (4-16), Fig.(4-19).

Table(4-16): The correlation between Vsl1(second profile — first layer) for
refractive survey and Vs1(first layer) for MASW method.

Correlations

Vsl VsIMASW
(m/sec) (m/sec)
Vsl Pearson Correlation 1 0.956
Vs1IMASW | Pearson Correlation | 0.956 1
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Fig.(4-19): Shows the relationship between Vsl(second profile - first
layer) for refractive survey and Vs1(first layer) for MASW method.

The correlation coefficient for the same profiles (MASW and refractive
survey ) but for the second layer between (Vs, and Vs, MASW) it is

found there is a positive relationship between them, Table (4-17), Fig. (4-
20).

Table(4-17): The correlation between Vs2 (second profile- second layer)
for refractive survey and Vs2(second layer) for MASW method.

Correlations

Vs2 Vs2MASW
(m/sec) (m/sec)
Vs2 Pearson Correlation 1 0.918

Vs2 MASW | Pearson Correlation| 0.918 1
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Fig.(4-20): Shows the relationship between Vs2(second profile - second

layer) for refractive survey and Vs2(second layer) for MASW method.

And the correlation coefficient between the thickness of two methods is a

strong positive relationship, Table(4-18), Fig.(4-21).

Table (4-18): The correlation between D, for refractive survey (second
profile) and D; for MASW method.

Correlations
D;(m) D;MASW(m)
D1 Pearson Correlation 1 0.996
D1MASW | Pearson Correlation| 0.996 1
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Fig.(4-21): Shows the relationship between D,(Depth for second profile)
for refractive survey and D, for MASW method.

Correlation coefficient equation between two methods (Refractive survey
and MASW method) is :

— nYi—qXj Yi_22i=1xi Yi=1 Vi - (4_13)
(s x - x| S v - v

Ty

Where:

Tyy . Correlation coefficient (Pearson Correlation)

n : number of profiles

X, Y :variables in profiles
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And the results of correlation coefficient are illustrate in the Table (4-
19) , Fig. (4-22):

Table (4-19): Shows Correlation table by percentage for refractive survey
and MASW method according to (SPSS) program.

Sample 1 Sample 2 Correlation | Correlation percentages
Vs, Vs MASW 0.979 97.9%
Vs, Vs,MASW 0.93 93%
D, D;MASW 0.956 95.6%
Vs, 2 Vs;MASW_2 0.956 95.6%
Vs, 2 Vs,MASW 2 0.918 91.8%
Dy_2 D.MASW_2 0.996 99.6%

CORRELATION PERCENTAGES

D1-2 Vsl Vsl MASW
D1 MASW-2 %17

%17

Vs2-2
Vs2 MASW-2
%16

Vs2 Vs2MASW
%16

Vsl1-2
Vsl MASW-2
%17

D1 D1 MASW
%17

Fig. (4-22): Shows the correlation percentage for Refractive survey and
MASW method.
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