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ABSTRACT

The beamforming (or delay and sum) nethod applied
to refraction data involves steering of seisnmic arrivals from
the same refractor for coherency, sunmmng them and taking their
average to obtain a 'master trace' called the beam Based on
the basic tine-distance equations of refraction seni snol ogy, the
techni que achi eves signal-to-noise ratio inmprovenment in the
process of formng the beam Automatic determ nation of apparent
| ayerivel ocities was achieved by using ranges of trial velocities,
and finding the velocity which nmaximzes the beam energy.
Corresponding intercept times were determ ned by statistical
esti mation.

A computer programre witten to perform the beamforning
operation was tested on data consisting of noiseless synthetic
data, noisy synthetic data, and real refraction data from the
Kubanni Drainage Basin, Results with the syntetic data showed
that errors in velocity determnation varied from0.67 - 4.20%
for clean data to 1.00 - 6.00% for very noisy data; while for
intercept times, corresponding errors were 0.01 - 3.00% and
5.00 - 24.00% respectively.

Results fromreal data collected in the Kubanni basin
reveal ed existence of two distinct geologic interfaces separating
different rock units. P-wave velocity ranges of 527 - 700 ms and
713 - 802 ms correspond to different mixtures of silt, sand and
savannah loam and a mxture of weathered laterite and savannah
| oam respectively, which formthe top layers at different |ocations.

A range of 937 - 1870 mls corresponds to a mxture of wet sand and



clay that wdly or partly faomthe mad e layer, wile 2055 -

3663 ms ad 3810 - 4325 nis correspond to weat hered and fresh
basenents respectively. QGxreation of the refraction resuts wth
vater depths insone wel | s suggest thet the Quifers inthe basin
have Rvave ve ocity range of 1667 - 2417 nis. The resuts al so
reveal ed thet the basenent depths vary between 12 min sone | ocati ons
to 2min others, ad that the genera drectiono dp o the
layers is tonard the Kibamni river, athough a locd depressi on
exists inthe southern part of the proect area
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CHAPTER 1

INTRODUCTTION

Introduction

The commonest mode of recording seismic refraction data
in the field, particularly before the invention of the digital
recording system, was in the analogue form on paper.
Interpretation then consists of picking the first arrivals,
making the time distance (T-X) plots and computing the necessary

layer parameters for subsequent geological interpretation.

Common errors that are sometimes associated with
this conventional method of interprectation are (i) incorrect
picking of first arrivals, and (i1i) inaccurate delineation

of the different velocity segments of the T-X plots.

The incorrect picking of the [irst arrivals from
the seismic records constitutes the main source of errors
associated with the T-X plots. The difficulty in accurately
picking the first arrival times arises when the quality of

the seismic records is low. This quality can sometimes be so

low that the first arrivals are obscured (Gelchinsky & Shitivelman,1983).

The end results may therefore be: (a) wrongly computed
refractor velocities, (b) falsely shallower or deeper
locations of the refractors, and (c) wrongly computed layer

dips which all result in wrong interpretations.
Incorrectly drawn line of best fit through a fairly
scattered set of points of the T-X graph can also lead to

wrong interpretation.




The layer velocity can be abruptly high or low for a small
change in orientation of the line due to the sensitive nature

of the time scale relative to the distance scale.

Before discussing how these interpretation errors may
be minimized, it is necessary to first of all critically review
some causes of low record quality and various types of field
techniques and digital processing methods involved in improving

record quality.

Seismic Waves and Record Qualiry

Seismic waves generated using either weight-drop or
hammer, dinoseis, vibroseis, or dynamite as 2 source of seismic
energy may be recorded in analogue form after reflections or
refractions at various seismic interfaces. There is no doubt
that the reliabilicy of the seismic mapping is strongly
dependent upon the quality of these records. Unfortunately,
the quality of seismic data is sometimes so low that

interpretation is made complicated if not impossible.

The record quality is determined by the level of
signal relative to noise appearing on the record; that is,
the signal-to-noise ratio. Therefore, to criticallv look at
the causes of low record quality, it suffices to define signal
as any event on the seismic record from which infor=mation is
extracted, and noise as consisting of all the remaining
'disturbances’ (coherent and incoherent) that appear on the
record. The incoherent noise waves are randem in beth
amplitude and phase while the coherent or systematic noise

waves which have some elements of repeatability are commonly



surface or near-surface waves initiated by source pulses.
The low quality of the seismic records is fundamentally
attributed to noise. An important question of what causes

the seismiec noise then arises.

Some of the attempts to answer the question include
those of Howell et al (1953), and Dobrin et al (1954).
These workers discovered that low-frequency and low-velocity
surface waves with an amplitude level that was high compared
to refracted or reflected waves would often override useful
information on the records. These waves have been described

as coherent noise by Dobrin (1976).

Multiples have also been described as problematic
to seismic prospecting. These are events that have undergone
two or more reflections, and are broadly classified into
long - and short-path multiples (Telford et al, 1976).
The long=-path multiple has a long travel path compared to
primary reflections from the same deep interfaces. On the
other hand, a short-path multiple arrives very soon after
the associated primary reflection. 1ts effect is therefore
that of changing wave shape instead of producing separate
event. This has been described as a common and particularly

troublesome type of interference (Dobrin,l1976).

Anderson & McMechan (1988) identified a form of seismic
noise called stationary noise because the statistics of the
noise do not change with time. They attributed the causes
of this unwanted event to fixed machinery, power lines, traffic,

wind, bad cable connections and instrument noise, for land



survey; and propellers, on board machinery, flow noise,

waves, etc. for marine exploration.

Chost reflection is a form of multiple reflection
which also generates seismic noise. A shot fired or a wave
generated at a given depth near the surface and reflected
downward from the surface or a shallower reflector (for
example, the base of a low-velocity layer or air-water
interface) superimposes its energy on that of the wave
travelling downward from the source. Ghost reflections are
especially important in marine surveys because of the high

reflection coefficient of the water surface.

Another troublesome type of multiple, called water
reverberation, produces coherent noise. It is frequently
encountered in marine work and occasionally on land
(Telford et al, 1976). The reverberation is due to multiple
reflections in the water layer or a high velocity laver
sandwiched between two good reflectors. The large reflection
coefficient at the top and bottom of these layers results in
a considerable amount of energy being reflected back and
forth repeatedly. Depending upon the depth of the water cr
the thickness of the high velocity layer, certain frequencies
are enhanced, as a result, the seismic record looks very
sinusoidal,

Non-repeatable random noise may be due to wind shakingz
a geophone or causing the roots of trees to move, thus
generating seismic waves (Telford et al,1976), farm animals

and even geophysical field workers.



5

1.3.1

A Review of Some Attempts to Solve Noise Problems

in Seismic Prospecting

Most of the improvements that have so far been achieved
in the analysis of low quality seismic data have been brought
about by introducing various techniques designed for suppressing
noise on the records. The techniques may be subdivided into
two groups: (i) Those coupled to field techniques or set up
in the recording instrument to eliminate, or at least minimize
the unwanted signal; and (ii) those applied during the data

processing stage.

Field Techniques Aimed at Noise Suppression:

A method of improving the resolution of first arrivals
was given by Denham (1963). He pointed out that a signal-to-
noise ratio improvement of Jn could be achieved if a single
geophone at each station was replaced by a group of n similar
geophones when the background noise is completely uncorrelated.
Denham emphasized that if the geophene groups. were properly laid
out, the signal would arrive in phase at the individual geophones
and the background noise would be out-of-phase. The seismic
waves arriving at each of the geophones in a group can then be
summed up to minimize the noise effect and give better signal-
to-noise ratio than that of a single geophone, This method
involves a determination of the optimum geophone spacing which

requires a special field technique also explained by Denham(1963),.

-

The use of the signal averaging system (SAS) to minimize
the random noise is also common, particularly when a low source

of seismic energy, such as the hanmmer, is used.



This method involves repeating the hammer blows many times
for a particular geophone spread without moving the spread
until the required number of blows have been taken, The
seismic signals that arrive at each geophone from all the
hammer blows are coherent while the noise is incoherent.
For each of the geophones, the SAS averages the noise and
the weak signals that arrive from all the hammer blows.
This process, called stacking, enhances the weak primary
signals from the low energy source and suppresses the random
noise. However, because each spread now requires several
hammer blows at the same shot point, the method has the
disadvantage of being slow and also involving increased

labour.

Attenuation of coherent noise can be achieved by
first of all running a noise profile. The noise profile may
be a small scale profile with a single jeophone per trace,
the geophones being spaced as closely as 1-3m over a total
length of order of 300m or more. The data in the form of
record sections are studied to determine the nature of the
coherent events (frequencies and velocities of the coherent noise)
on the record. The noise can be attenuated by spreading
16 geophones, for instance, evenly over one wavelength of the
coherent noise wave train. As Dobrin (1976) puts it, the
16 geophones should be %rouped into two geophone groups with
each group connected in series and fed into a different
amplifier and galvanometer from the other group. With this
type of arrangement, containing eight geophones per group,
at any given time, the horizontally travelling wave will cause

upward motion in four geophones of each group and downward



motion in the other four. Because all the eight geophones
are connected in series, the net noise signal will be nearly

zero, This procedure greatly reduces coherent noise.

Another procedure aimed at reducing coherent or
incoherent noise is the common-depth~point (CDP) shooting.
The'Mayne' invented field technique (Telford et al, 1976;
Mayne, 1962) was designed to cancel noise of large apparent
wavelength, regardless of its origin, With the CDP shooting
method, a single point is sampled many times in a reflection
survey. Mayne (1962) and Dobrin (1976) give the detailed field
procedure. The seilsmic traces corresponding to individual
geophones are then stacked (as done in the normal vertical
stacking procedure) to enhance the signal and cancel out the

noise, thus improving the signal-to-noise ratio.

Noise Suppression at the Data Processing State

Ervin et al (1989) used a digital computer mechod that
automated the processing of refraction data acquired by
conventional, multichannel, seismic profiling. The method
began with the determination of first arrival times and ended
with a contoured velocity-depth section. They used three
different computer programmes. The first called PICK,
performed the most critical and difficult task of accurately
determining the arrival time for each trace; the second called
VELDEP, translated the time distanc; curve into velocities and

depths; and the third interpolates depths at equal velocity

interval for display as a cross section printer plot.



The PICK was used to stack corresponding traces from several
shots thereby minimising random noise on the stacked traces.
As stated by these authors, the algorithm does not permit
application of dip correction; and plotting of depths
immediately beneath the shot points by VELDEP (the velocity-
depth programme) introduced some errors. These were a few
out of many setbacks of this computer method given by the

authors.

Frequency filtering could also be used to advantage
if the noise has appreciable energy outside the principal
frequency range, Very low frequency components, for instance,
high energy surface waves rich in low frequencies may be
filtered out during the initial recording provided the low
frequencies are sufficiently separated from the primary
reflection frequencies. However, the spectrum of the noise
often overlaps the signal spectrum and the frequency filtering

is of limited value in improving record quality.

Most seismic data contain noise that is stationary.

To suppress stationary noilse in seismic records, Anderson & Mc-
Mechan (1988) used a technique called Noise-Adaptive filtering.
They partitioned each seismic trace into two windows, the noise
window before the first arrival and the data window after and
including the first arrival. The noise amplitudes were scaled
by a factor equal to the number of samples in the noise window.
After padding and tapering to reduce edge effects, the noise
and the data were Fourier transformed, The amplitude spectrum
of the noise was then substracted from the amplitude spectrum

of the data.



Nagative amplitudes were then replaced with zeroes. The data
were then inverse Fourier transformed to get the filtered

ocutput trace, Output data would then have improved signal-to-
noise ratio. The main problem associated with the Neise-Adaptive
filtering method is the similarity between signal and noise

spectra.

The on-going discussions have been centered around the
field techniques and data processing methods designed to give
improved signal-to-noise ratios on both refraction and reflection
seismic records. Most of the techniques thus discussed were
found successful, or at least capable of improving the record
quality. Inspite of these satisfactory performances, the
limitations associated with them might be serious constraints
in using them. A computer processing method called beam-forming
technique which consists basically of introducing relative time
delays to individual seismic traces of seismic refraction spread
to correct for the non-coincidence of the incidence seismic
energy at the different geophones, and averaging the traces to
obtain the beam, has some advantages over the above techniques.
It is capable of determining layer velocities and intercept
times automatically without having to use some of the special
field and data processing techniques. The beam=-forming
technique does not need the time and energy consumming multiple
hammer blows as used with the signal averaging system, or )
wasting explosives in multiple shot arrangement. It does not
nee¢d the pre-determined optimum geophone spacing as in the

geophone grouping method of Denham (1963).
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It does not use complex computing technique such as in

the Noise-Adaptive filtering method by Anderson & McMechan (1988),

Although the beam-forming technique may not serve as
a substitute to any of the techniques discussed, it could

be used as an alternative to a few of them.

Objectives of the Present Work

(1) The primary objective of this work is the application
of a suitable technique, the beam-forming technique, for the
acquisition of accurate and reliable information from

relatively noisy seismic refraction data,

(ii) It was also aimed at testing the reliabilicty of the
applied technique, the beam-forming technique, by using
low-quality seismic refraction data acquired from the

Kubanni Drainage Basin, Zaria. This area was chosen because
results of earlier geological and geo-electrical investigations
in the area exist and can be compared with the interpreted

seismic refraciton data.



CHAPTER II

SEISMIC REFRACTION THEORY AND THE BEAM-FORMING TECHNIQUE

Fundamentals of Seismic Refraction Theory

To actually understand the principles involved in
the beam-forming technique, a review of the fundamentals

of refraction seismology is necessary.

The refraction method involves measurements
(at definal locations on the surface of the ground) of travel
times of seismic waves generated by an energy source.
The traditional energy sources include small explosive
charges and hammers. The energy is usually detected,
amplified and recorded by a special equipment called the
seismograph. The on=set time of the seismic waves is seen
on the record of the arriving pulses. The data, when recorded
in the analogue form on paper, consists of traces or
seismogram corresponding to seismic wave arrivals at distances
of the individual detectors from the shot point. The time-
distance information obtained from these seismograms is

usually converted to velocity and depths of the corresponding

earth layers. 314“1 A

The process involved in the seismic refraction method
is illustrated in Figure 2.1. All the measurements are made
at the surface of the ground, and the subsurface structures

can be inferred from interpretation methods based on the laws

of energy propagation.
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The propagation of seismic waves through subsurface layers

is essentially the same as that of the light rays through
transparent media. The refraction or angular deviation under-
gone by the seismic waves on passing from one layer to another
depends upon the ratio of transmission velocities of the two
layers. Snell's law together with the phenomenon of "critical

incidence" form the physical basis of seismic refraction surveys,

When a seismic wave encounters a geologic boundary
at a small angle of incidence, almost all of the compressional
energy is transmitted (refracted) into the higher velocity
medium (normally, the lower layer). When the incident angle
exceeds the critical angle, the energy is almost totally
reflected and no energy is refracted into the high-speed layer.
At the critical angle, the critically refracted ray travels
along the boundary between the two media at the higher of the
two velocitiesf I1f the velocities of the layers increase with
depth, a portion of the energy will eventually be refracted

to the surface where it can be detected (See Fig. 2.1(b)).

Consider Figure 2.1 (a) in which the arrival times
of the impulses are plotted against the corresponding shot-
to~detector distances. The first few arrival timesare those
of direct arrivals through the first layer. At some distance
from the shot (corresponding to critical distance), it takes
less time for the energy to travel down to the top of the
second layer, refracted along the interface at the higher
velocity VZ and travel back up to the surface, than it does for

the energy to travel directly through the top layer.
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The straight-line through this refracted arrivals does not
pass through the origin, but rather will project back to the
time axis to intersect it at a time called INTERCEPT TIME,

Ti. Because both the intercept time and the critical

" distance are directly dependent upon the velocities of the

two materials and thickness of the top layer, they can be

used to determine the depth to the top of the second layer.

Time - Distance Relations

Consider a simple two layer model similar to that of
Figure 2.1 (b). The basic assumptions in obtaining the

time-distance relations are that:

(1) each layer within a stratigraphic sequence is isotropic

with regard to its propagation velocity.
(ii) ray paths are made up of straight-line segnments, and

(iii) each layer has a higher velocity than the over-lying one.

Using the top layer velocity of vI in Figure 2.1(b),
it is obvious that the time taken by the direct wave to travel

from shot to detector is given by
T = x/V1 - (2.1)
Where T is the travel time and X is the distance between the

shot and detector.

This is represented on the T-X plot as a straight line which

passes through the origin and has a scope of lfvl,

Applying Snell's law to Figure 2.1(b),

V1 sin 90° = V2 Sin ic
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So that

Sin 1 - e -(2.2)

.
Vl Iy
Cos 1 = (1 - ) =(2.3)
c 2
V2
and V{
Tan 1 = T 45 1 - (2.4)
. {vg - vf ) ?

The total travel time along the refracted path ABCD is

T = Tagg ¥ Tge ¥ Tep .,

It is therefore easy to show that

X - 22 (tan i) + 22
\Y

- vl Cosic

which becomes

On substituting equations (2.3) and (2.4), where Z is thickness

of the top laver.

The equation (2.5) can be rewritten as



X
T o= o+ Ty (2.6)

where

2 2 %
Ty = 22 { vz - Vl )

- (2.7
““ %
The depth 1is then given by,
S — - {2.8)
2(v2 - v2 )t
2 1

The expression of the equation (2.6) can be written for
any number of horizontal layers (Dobrin, 1976); for instance,
T « 5 + Ty

Y3

is the same expression for a three-layer case, but with the

third layer velocity V, and intercept time Tj, given (Dobrin,

3
1976) by

2 2 2 2
Ty, = 2Z,(v3 - vib g 22, (V2 - v;)* - (2.9)

V3 Vl V3 V:

where
Z) and Z» are the thicknesses of first and second layers

respectively,

It has also been shown by Dobrin (1976) that for
a dipping two-layer case, the total travel time shooting up -

dip and down-dip are :



Ty = %:,l Sin(ic = "() + 2Zu COSic o {2.10)
\-1
and
T4 = % Sin(io + % ) + 22g Cosi. - (Z.11)
1 v

1
respectively. Zy and Zq are the perpendincular distances
to the interface from the shot from which arrivals are received
at the up-dip and down-dip ends of line respectively.

¢ indicates the dip of the interface.

From the equations (2.10) and (2.11), the slopes of the

refracted branch are given by:

My = Sin(ic - &)
1
and
1}
L
for the up-dip and down-dip segments respectively. If the

apparent velocities in the up-dip and down-dip directions

are represented by V, and V3 respectively, then

1 = - -
% Mu Sin(ic ol )
u
%
or
I = vV
‘lu 1
sin (ic = o )
and
Yo * Y

Sin (i, + o ).

Therefore,
Sin(fe = &) = Vv, ~(2.12)

'
u
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and Sin {iC + d ) - vl . (2.13)

From equations (2.12) and (2.13), the critical angle of
incidence, i, and the dip of the interface, a{ can be
computed., Then the true second layer velocityv, Vz. for
the dipping layer can be computed using the expression

of equation (2.2).

It is also obvious from the equations (2.10) and

(2.11) that the up-dip and down-dip intercept times are

tiy = 2Zu Cosi, - (2.14)

Y

and
tig = 2Z4 Cosie - (2.15)

Yl

respectively. Therefore, from

Zu = tiy Vl
2 Cosi,

and

Z4 = -tig Vl

2 Cosi,
the first bed thicknesses under up-dip and down-dip shot
points can be computed.

The on-going computations can easkly be done

(Redpath, 1973; Dobrin, 1976) for any number of dipping layers.



2,2, The Beam-Forming Technique

Beam~forming as used here, consists basically of
introducing relative time delays to the individual seismic
traces of a seismic refraction spread to correct for the
non-coincidence of the incident seismic energy at the
different geophones, summing them up and taking the average
to obtain the beam. The assumption here is that the signal
is coherent between the geophones and that the noise is
random or incoherent. For groups of geophones corresponding
to the same refraction segments of the travel time curve,

this basic assumption is valid.

The procedure involved in beam-forming technique
is illustrated in Figure 2.2 in which Figure 2.2(a) shows
a segment of a synthetic scection generated by introducing
a simple wavelet accross the velocity section shown in
Figure 2.2(b). The segment corresponds to a section of
the refraction branch consisting of three seismic traces.
These traces can be properly aligned (Fig. 2.2(c)) by

appropriately shifting their discrete amplitudes.

According to Ojo and Mereu (1983), each amplitude

of the seismic trace may be represented as

gij = Sj + nij; i= 1.2...-. :’!; and j - I,Z,.-.K
- (2.186)

where gij = the j ~ th sample of the trace at the

i < th geophone

Sj = the j ~ th sample of the signal

nij = the j - th sample of the noise at the

i - th geophone.
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Fig. 2.23 Models of T-X plots and the correspending

two-layer case
(a) shows positions of unsteered traces
(b) Layer model

{c) shows steered traces and the beam.
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K is the total number of the sampled points per trace,

and M is the number of geophones in the section. The noise
term consists of a random part which includes instrument
generated noise and wind noise which are stationary and
independent of the presence of the signal; and a signal
generated component which arises as a result of incoherent

energy caused by scattering by inhomogeneities along the paths.

The equation for the beam is then given (0jo and

Mereu, 1983) by

M
Bj = % E glj - (2.17)
i=1
1 :
Bj - Sj + E nij - (2.18)

It may therefore be seen that when noise is absent as in

or

Figure 2.2 (a), the noise term on the right hand side of
equation (2.18) becomes zero and the beam is identical to
each of the individual traces with the appropriate steering
delay applied (Fig. 2.2 {(c)). The energy of the beam (EB),
defined as the sum of the squared amplitudes of the beam,

can then be expressed as

-

E, = BT - (2.19)

from Equation (2.17), where Bj indicntes discrete amplitudes

of the beam.
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Steering Delay Concept

Using a simple two-layer case as an example, the
steering delay can be deduced from Equation (2.6) and is

seen to be given by

£, « 3% - (2.20)

where xi is the distance of the i-th geophone from the shot
point and V is the refractor velocity. The steering delay
procedure can therefore be illustrated by re-arranging
Equation (2.6) such that

T =T- X - (2.21)
v,

where —é— is the same as the steering delay term of
EquationZ(Z.EO). The time T taken by the seismic wave to travel
from the shot point to each of the geophones increases with
distance X of the geophone away from the point (Fig. 2.2(a)).
To achieve the coherent arrangement of the traces (such as
Figure 2.2 (c)), appropriate value of the steering delay(ti)
computed for the individual traces of Figure 2.2 (a) is
subtracted from the travel time T of the corresponding trace.
With the signal pe:fectly coherent along the refraction branch
and the steering delays accurately determined, the energy of
the beam is equal to the energy of the individual traces.

This condition is achieved when tiie value of V in Equation

2.20) is equal to refractor velocity.
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When V is different from the refractor velocity, the
traces are improperly steered and do not add up coherently
when summed to get the beam. In this case, the beaa energy

is less than the energy of the individual traces.

This condition thus suggests a procedure for the
application of the beam-forming technique. First of all,
a rough estimate of the refractor velocity is determined
from the T-X plot. A range of velocities centred at this
first estimate 1is then used in applying appropriate steerings
to the travel times using Equation (2.6). For each velocity
used, a beam is obtained and the beam energy is calculated.
The velocity which corresponds to the maximum beam energy

is therefore the true .refractor velocity.

On the other hand, equation (2.21) shows that when
the traces are properly aligned (giving the beam of maximum
energy), the intercept time., Ti, corresponds to the initial
signal deflection of the formed beam (See Figure 2.2 (c)).
Therefore, in picking the intercept time for any refraction

segment, a search is made for this initial point of deflection.

Computer Application

A computer programme was written to perform the beam
forming operation, and to automatically determine apparent
velocities and intercept times. All computations were done
using an IBM PC/AT belonging to the Physics Department,

A.B.U., Zaria.



To use the computer programme, the analogue seismic
traces are first converted to discrete amplitudes (each
corresponding to a specific time) by digitization. The

inputs into the computer programme include:

NCH - number of traces averaged to fora beam

NPT - number of points used to form beam

NTRACE - the total number of sampled points per trace
DT - digitizing interval

VSTRT - 1initial trial velocity

VSTOP -~ final trial velocity

Dv - wvelocity increment for analysis

X(I) = distance of i-th trace from shot point

TSTRT(I)- time of first non-zero amplitude on

i-th trace

CHA(I) - digitizing amplitudes for i-th trace

The use of these parameters are indicated in the computer

programme of Appendix A, and some in equation (2.22).

The principle involved in the computer programme is
centred around equation (2.6) or(2.21). Therefore, using
the input parameters to the programme listed above,

equation (2.21) can be rewritten as

x(I)

Ti = TSTRT (I) - - (2,22

where V is the steering velocity ranging between VSTRT
and VSTOP at a constant interval DV. The progra—me uses
this range of velocities to seek a constant value T{ for

all the traces belonging to the same refractor segment.



For each value of V in equation (2.22), the programme
rearranges all the traces, obtains the beam and computes

the beam energy. When the trial velocity (steering velocity)
used is equal to the refractor velocity (as explained earlier),
the programme obtains a proper arrangement of the steered
traces similar to that of Figure 2.2{(c), which corresponds

to the beam of maximum energy. As earlier stated, the computer

programme was written to pick:

(i) the apparent velocity corresponding to maximum beam
energy, and

(fi) the intercept time from the beam of maximum energy.
These parameters are used on equations (2.1) through (2.15)

to compute geologic layer parameters,

(i) Picking of the correct apparent velocity

A segment of the computer programme of Appendix A
assumes the initial trial velocity corresponding to the first
formed beam as the apparent velocity for the refractor branch.
It then compares the first beam energy with the subsequent ones.
A trial velocity value corresponding to beam of maximum

energy is then picked as the correct apparent velocity.

(ii) Intercept time determination

The intercept time, Ti, is given (according to equation

(2.20)) by

Ty =T -

| =

since this is an equation of a refraction branch of the
T-X plot, T; is never equal to zero (Telford et al, 1976;

Dobrin, 1976).
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Therefore, the beam of maximum energy is of the form

shown in Figure 2.3, in which the initial part is noisy,
followed by the on-set of the signal at the arrowed point.

To illustrate how this arrowed point is determined, let the
amplitudes of the beam be represented (as in equation (2,17))

by B,, and the time corresponding to any value of Bj by

i

Tj; where § = 1,2,....4 K,
K being the number of points used to form the beam. The
time '1'l corresponding to the time at point A of the
Figure 2.3 is initially taken as the intercept time for
the refraction branch. If the amplitudes Bj (excluding
zeroes) are of the same sign for consecutive points,

j=1,...,6, then T, s the correct intercept time. If,

1
on the other hand, any value of the Bj is zero or has

different sign from the rest within this range, then the
deflection on the beam at point A {s attributed to noise
effect, thus the choice of T] is wrong and the test is

repeated for the next point T2, This process is continued
until a point such as the arrowed point of the Figure 2.3 is
encountered. At this point, more than six consecutive non-zero
values of Bj have the same si;n. Therefore, the arrowed point

is picked as the correct intercept time, A segment of the

computer programme has been written to perform this function.
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CHAPTER III

TEST WITH SYNTHETIC DATA

Synthetic Data Generation

In order to investigate the performance and
feasibility of the beam-forming technique in analysing
refraction data, tests were carried out with the aid of some
synthetic data. The primary objective of these tests was to
determine the effectiveness of the velocity and intercept time
selecting procedure, and the accuracy of the automatically
computed layer thicknesses and dips. To achieve this, it
was considered appropriate to start from the simplest problem
of analysing noiseless data since competence in this indicates
a good starting point for the analysis of noisy or poor quality

data.

The synthetic data was generated by assuming some
layer models (both horizontal and dipping), with assumed
layer velocities, thicknesses and dips (where necessary).
Travel times for the models (for the refracted branch) were
then computed at a set of suitable geophone distances using
ray theory. A set of synthetic sections were then generated
by convolving a 6lms wavelet with the spike sequence
corresponding to the travel times using a sampling interval
of 1 ms. The basic wavelet w's selected from a field example.

Figure 3.1 is a typical example of the synthetic sections

generated.
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A typical example of the synthetic

Section generated
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Performance Test of the Computer Programme

on Two-Laver Models

ising the method of synthetic data generation
already discussed, two models of the two-layer case were
obtained. These were:
(i) a horizontal two-layer model and
(ii) a dipping two-layer model.
The performance of the computer programme on each of
these models is discussed separately below.
The Horizontal Two-layer Case

The first and second layer velocities were chosen

to be 500.0 m/s and 1500.0m/s respectively., The first layer
thickness was also chosen to be 10.0m. This resulted in
an intercept time of 37.7 ms (Fig. 3.2(a)). The computer
programme was applied on synthetic data comprising of
discrete amplitudes of the traces, appropriately selected
distances of the guophoﬁcs from the shot points and the
first arrival times computed from the layer model. The
correlation between the chosen parameters of the model and
the values of the corresponding parameters obtained using the
beam-forming technique are displa.:d in Table 3... The
results show high performance of the technique oa the
noiseless data with relative percentage errors varying

between 1.3% and 1.%%
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Table 3.1:

Parameter

True model value
of parameter

Parameters for Horizontal Two-Layer Model

Value Obtained
from computer
programme

Relative
A error

Second layer,
forward profile
velocity and

intercept time

Second layer,
reverse profile
velocity and

intercept time

First layer
thickness

1500m/s, 37.7ms

1500m/s, 37.7ms

10.0m

1480m/s,37.0ms

1480m/s,37.0ms

9,.8m

1|3| 1-9

lo3| 1-9
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3:2.2 The Dipping Two-Laver Case

The first and second layer velocities were chosen
to be 500m/s and 2000m/s respectively., The layer thicknesses
of 8.0m and 15m were chosen for down-dip and up-dip shot
points respectively, which corresponded to a dip of 5°.
Using these values of the parameters and equations (2.3),
(2.10) and (2.11), the corresponding intercept times and
the apparent velocities in the up-dip and down-dip directions
were computed. The computer programme was then applied as
earlier explained for the horizontal two-layer case.
The T-X plot for the dipping model is shown in Figure 3.2(b),
and a comparison between the model values of the layer
parameters and the values determined from the computer
programme are shown in Table 3.2. The results are also

accurate with error range between 0.27 and 4,27,

i ok Performance Test of the Beam-Forming Technique on

Horizontal Three-Layer Model

The first, second and third layer velocities were
chosen to be 500.0m/s, 1500.0m/s and 3500.0m/s respectively,
The thicknesses of the first and the second layers were
chosen to be 8m and 15m respectively. From this, the
intercept times and apparent velocities were computed using
the appropriate equations. The T-X plot obtained is shown
in Figure 3.3 and a comparison between the model values and
the corresponding values determined from the computer programme
are shown in Table 3.3, with errors varying between 0.017%

and 3.37 in the computer results.



Table 3.2:

Parameters for Dipping Two-Layer Model

Parameter True Model Value Value Obtained Relative

of parameter from computer % error
programme

Second layer,

forward profile:

apparent velocity | 1499.5m/s,30.9ms 1450.0m/s, 30.0ms| 3.3, 3.0

and intercept

time

Second layer,

reverse profile:

apparent velocity | 3036.bm/s,57.9ms 2910.0m/s,57.0ms 4:2; 1.6

and intercept

time.

Actual Second

layer velocity 2000.0m/s 1927.8n/s 3.6

Up-dip thickness

of first layer 15.0m 14.8m |5 |

Down-dip

thickness of 8.0m 7.8m 2.5

first layer

Dip a 4.,99° 0.2
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Table 3.3:

Parameter

True Model Values
of parameter

The Values
Obtained from
the computer
programme

Parameters for the Horizontal Three-Layer Model

Relative
Z error

Second layer,
forward profile:

apparent velocity
and intercept
time.

Second layer,
reverse profile:
apparent velocity
and intercept
time.

Actual second
layer velocicy

Third layer,
forward profile:
apparent velocity

and intercept
time.

Third layer,
reverse profile:
apparent velocity
and intercept
time.

Actual third
layer velocity

Thickness of
the first laver

Thickness of the
second layer

1500.0m/s,30.2ms

1500.0m/s,30.2ms

1500.0m/s

3500.0m/s,57.7ms

3500.0m/s,57.7ms

3500.0m/s

8.0m

15.0m

1490.0m/s,30.0ms

1490.0m/s,30.0ms

1490,0m/s

3530.0m/s,58ms

3530.0m/s,58ms

3530 m/s

7.9m

14, 5m

0.67,0.01

0.67,0.01

0.67

0.86,0.52

0.86,0.52

0.86

3. 33
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The Synthetic Beam Plots

As earlier stated, Singh (1978) emphasized the
importance of accurate intercept time determination by
regarding depths as the most important information that one
seeks from a seismic survey. Therefore, another significant
achievement of the present application of the beam-forming
technique would be the accurate determination of the intercept
times. The layer depths obtained for the models of Figure 3.2
and 3.3 were found to be fairly accurate as obvious from
Tables 3.1, 3.2 and 3.3. The beams formed in the process of
analysing the synthetic data for the three models; that is,
the horizontal two-layer, the dipping two-layer and the
horizontal three-layer models are shown in Figures 3.4 to
3.6, They correspond to the T-X plot of Figure 3.2(a), 3.2(b)

and 3.3 respectively.

The purpose of plotting the beam is to {llustrate
that the intercept times automatically determined by the
computer programme of Appendix A actually correspond to the
initial deflection points of the respective beams. For
example, in Figure 3.4, the on-set time of the beam signal
which are indicated by the arrows correspond to 37.0ms which
is the intercept time automatically determined by the
computer programme (Table 3.1.). Similarly, the values of
30.0ms and 57.0ms in Figure 3.5 are comparable to the

computer values given in Table 3.2.
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3.5 Analysis with Noisy Svnthetic Data

A random number routine (Merchant,1979) that could
generate random numbers between 0 and | was used
(see Appendix B). This was modified to generate both
negative and positive random numbers of any desired
amplitude. The generated random numbers were added, where
required, to the clean synthetic seismic traces to serve

as noise.

3.5.1 Qualitative Assessment of Variation of Beam Quality

with Number of Channels

The quality of the beam signal, the end product
of the applied steering delays and summation operation
performed on the noisy traces, is a function of the
number of traces (Channels) used to form the beam.

To take a critical look at this factor, signal-to-noise

ratio was assessed qualitatively.

Different sets of the random noise were added to
different traces ranging in number between two and twelve
per group., In each case, the noisy traces were steered for
maximum beam energy (as earlier explained). The traces and
the corresponding beam were plotted. The signal-to-noise
ratio improvements observed on the formed beams as the
number of traces per stack increases are displaved in
Figure 3.7 for fouf of the eleven cases investigated.

It is obvious from the figure that the noise suppression
increased progressively from‘Figure 3.7 (a) to Figure 3.7(d),
evidence of the 'improvement in the quality of the beam with

increasing number of traces.
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Quantitative Assessment of the Signal - to - Noise
Ratio Improvement with Number of Traces:

To test the non-correlation of the noise used for
analysis, a set of random numbers generated with the routine
of Appendix B were formed into noise traces, These
traces were combined in groups of two to twelve,

Energy content of a single noise trace and those of the
summed traces were computed using the cc:mputer programme of
Appendix C. 8ince truely random traces would add up
destructively, the energy content of such added traces
would be less than that for the individual trace, The
Energy content of the single (uncombined) trace was
therefore used to assess improvements in the signal-to-noise
ratio- of the combined traces. This energ.y was divided

by the energy of each of the summed traces to obtain the
corresponding improvement in signal-to-noise ratio,

Table 3.4 shows signal-to-noise ratio improvement with
number of summed random traces n. It is obvious from the
table that for any number of traces n, there is vn
signal - to - noise ratio improvement (gain in the amplitudes

of the signal over those of the noise). This consistent



Table 3.4: Variation of §/N improvement with number of

traces
Number of traces summed Signal-to-noise ratio
improvement
1 1.00
2 1.41
3 1473
4 2.00
5 2.24
6 2.45
7 2.65
8 2.83
9 3.00
10 3.16
11 3.32
12 3.46
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variation agrees with the statistical test of randomness
{Denham, 1963; Telford et al, 19°A) that if the numbers are
truely random, the sum of n random traces will be proportional
to JE—, so that the signal - to - noise ratio will be
improved by Vi, Theréfore, the noise traces used are
completely uncorrelataé.
Qualitative Assessment of Variation of Beam Quality with
Noise Level:

Another factor which affects the quality of the beam
signal is the signal to noise ratio. Under normal circumstances,
seismic interpretation becomes less reliable as the noise level
in the survey area becomes progressively higher if no precautions
are taken, In order to examine the quality of beam signal in the
presence of increasing noise level, six synthetic traces were
again generated, and to these were add;d different levels of
noise. The noise amplitudes were increased in ten stages and the
beam signal obtained each time, The quality of the corresponding
beams was observed to decrease progressively with noise level, as
shown in Pigure 3,8, It can be observed that in Figure 3.8(a)
the beam maintains its 'natural' gquality since n» noise has
been added to the synthetic traces., As the noise level was
increased progressively from Figure 3,8(b) to 3.8(d), the beams

systematically become more distorted.
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However, it can also be seen from the figures that at any
noise level within the given range, the beam signal was

of a better quality than each of the individual traces.

Quantitative Assessment of Accuracy of Method in the

Presence of Noise:

As earlier stated, the development of a technique for
the acquisition of accurate and reliable seismic refraction
results from relatively noisy data is one of the primary
objectives of this work. It is therefore necessary to
quantitatively assess how successful the beam-forming techniques

will be at doing this.

In this assessment, a simple two-layer case was again
used, First and second layer velocities were chosen to be
500m/s and 1000m/s respectively for the two-layer model.

A first layer thickness of 3m was also chosen. As described
in chapter two, a set of synthetic traces were again generated
for the model. Various levels of noise was then added to the
traces before the beam-forming technique was used to interprete
the synthetic data. The deviations in values of parameters
computed from those of the starting model as the noise level
increased or as the signal-to-noise ratio decreased was then
considered a measure of the accuracy of the technique. Using
these deviations, the relative percentage errors in each of
the computed parameters was determined. Table 3.5 shows the
values of these parameters corresponding to different signal-
to-noise ratio and the relative percentage errors in each of

the parameters.



Table 3.5:

Signal-to
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Error Variation in Layer Parameters with

signal-to-noise ratio

2nd layer

Relative

Intercept

Relative | Thick- | Relative
noise velo?ity error in | time(ms) | error in |ness of | orror in
ratio (m/s) velocity intercept | top ¢op lay

(Z)* time(Z)+ | layer thick-

(m) ness(Z)*

Model
Parameters| 1000.00 - 10.00 - 3.00 -
2.65 1010.00 1.00 10.5 5.00 3.02 0.67
0.68 1030.00 3.00 10,80 8.00 3.09 3.00
9:17 1040.,00 4.00 11.00 10.00 3.14 4,70
0,05 1060 6.00 12.40 24.00 352 17,33
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It can be observed that as the noise level increases,
the values of the layer parameters computed progressively
deviated from those of the model parameters. That is, the
errors in the computed parameters increased with decreasing
signal-to-noise ratio (Table 3.5). The relative errors in
the computed parameters shown in this table show that the
result obtained with the technique from even a very low

quality data is adequately reliable.
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CHAPTER 1V
APPLICATION OF BEAM~FORMING TECHNIQUE TO REAL DATA

Choice and Location of the Test Area

After successfully testing the beam-forming technique
with synthetic data, it was then considered justified to apply
the method to real seismic data. These data were collected
in some selected profiles within the Kubanni Drainage Basin,
Zaria. The data were obtained to determine the depth-to-
basement and direction of dips of geologic layering along
these profiles with the aim of comparing these parameters
with previous estimates by other workers using difrferent

methods.

The Kubanni Drainage Basin is situated in the
centre of the South-east quandrant of Zaria Sheet No.102 SW
of Nigeria Ordinance Survey Map. The profiles on which the
refraction data were collected 1ie within an area bounded by
longitudes 7°S0'E and 7°54'E, and latitudes 11°28'N and
11°31'N, and lies to the west of Ahmadu Bello University,

Zaria (Fig. 4.1).

Geology of the Kubanni Drainage Basin

The Kubanni Drainage Basin is underlain by rocks of the
Precambrian Basement Complex pre-dominated by biotite-gneiss
(McCurry, 1970). The biotite-gneiss outcrops mainly in stream
valleys where they are deeply weathered. The gneiss complex
forms about 30-407 of the basement complex rocks exposures in

the basin (Wright & McCurry, 1970).
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Alsc, inselbergs, whalebacks, granite pavements and isolated
hills found within the project area are regarded as localized
outcrops of the Zaria Batholith which belongs to the "Older
granite" Complex (Eigbefo , 1978). The superficial deposits
that cover most of the basement rock acts as recharge areas
where they are underlain by weathered basement (Hassan,1987).
These deposits are the Older Laterite and the Quarternary
deposits which constitutes the sporadically distributed Older
and Younger alluviums. Tokarski (1972) further classified
the main components as Aeolian Cover, Upper Savannah Loam,

Younger Laterite and Lower Savannah Loam.

Previous Studies in the Test Arean

The investigations in the Kubanni Drainage Basin

ranged from geological which include hydrogeology, geographical

to geophysical. The major works of interest and their findings

are summarised below In order of their importance to the
present study.
Geophysical Work

Hassan (1987) carried out geo-electrical investigations
in the area (See Figure 4.2) with the aim of determining
subsurface layerings, locations and types of aquifers,
basement geometry and favourable zones for siting water
boreholes in the area, From the geo-electrical results,

Hassan suggested the following:

(i) subsurface layering of 2 to 4;
(ii) wundulating bedrock with depths generally increasing

towards the southern part of the area (Fig., 4.2);
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(iii) a SE-NW and NE-SW trending depression in the area; and

(iv) weathered basement as the main aquifer in the area.

Geological Work

One of the most important geological works include
that of Olowu (1967) who studied the surface water and its
effects on the ground water in Zaria area. He found that
wells dug away from the river have their water table falling
progressively throughout the dry season. Also important
were the works of McCurry (1970) and Wright and McCurry(1970).
They carried out a study of the basement geology of Zaria
Sheet No. 102 SW. They inferred from their work that the
basement complex rock is made up of mostly Older granite
and Biotite granite-gneiss. Eigbefo (1978) also studied
the hydrogeology of the Kubanni Drainage Basin. He used
hand-dug wells to establish that the depth to water table
at various points in the area vary from 3 to 10m. He also
emphasized the general dipping of the geologic lavering

in the direction of River Kubanni.

Data Collection:

Introduction

Since our primary interest here is the enhancement
of low-quality seismic refraction data, the Kubanni Drainage
Basin was particularly suited to this study for the following

reasons:

(i) Previous investigations (Hassan,1987) had shown that
the basement in the basin was relatively deep in scme

locations, being greater than 20m.
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Therefore, in order to receive good refraction signals
from the basement, a good energy source was required .

However, only a low energy source was available.

(ii) The instrument used for the study was an ABEM TRIO

12 - channel seismograph. Because of some logistics problems,
explosives could not be used, and the signal source was the
Mechanical Energy Source (MES). The result of this was that
in deep basement areas, long spreads were needed and high
amplifier gains required to pick the weak basement refractions.

Consequently, signal-to-noise ratio was prone to be low.

(ii1) There was a malfunction in the Signal Averaging
System (SAS) of the seismograph which is designed to enhance
weak signals by repeated addition of shots at the sume location

(Section 1.2.2), and this system could not be used.

Preliminary runs soon showed that spread length of more
than 100m were required in most places to receive the baserent
refractions, It also became apparent that the instrument
amplification required to receive them was such that the noise
level was raised to a point where the signal quality became
very low. It therefore appeared that ideal conditions for

the use of the beam—forming technicue had been found.

Instrumentation
-

The seismic equipment used consisted of a compact
portable ABEM TRIO S8X-12, Type 5352, seismograph. It is
a 12 - channel, battery driven seismograph for ground

investigation with the seismic refraction method, and measures
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velocities by detecting ground vibrations produced by

artificial energy source.

The main accessories include:
(i) an amplifier system which consisted of 12 solid state

amplifiers; one for each channel,

(ii) recording system which consisted of lamps, galvanometers,

optics, seismogram feed system and timing system,

(iii1) 12 electrodynamic type seismometers with coil

resistance which are sensitive to vertical velocity, and

(iv) the signal averaging system which could not be used

due to a malfunction;

(v) shot system which consisted of a 10kg falling weight,
impact plate, and falling weight guide tube equiped with

weight-release and trigger (see instrument manual),

(vi) power supply, consisting of 24 rechargeable 1.25V nickel -

cadmium cells in a tray,

(vii) shot transmission cable,
(viii) geophone cable, and

(ix) a geophone bag.

4.4.3 The Field Work:

The field work was conducted during seven davs in
May and June, 1989. The seismic refraction profiles covered
a total distance of 1.54km comprising of four profiles with

forward and reverse shootings carried out for each spread.
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The general layout of the refraction lines are shown in
Figure 4.1. The profile SS - SS' is located in Ungwa
Kubanni Village in the NW-SE direction and is 220m long.

The second profile S-S' in the same village was 330m long
and trends in NE-SW direction. Other profiles include

M-M' of length 440m trending E-W and located in Maigamo
village, and H-H' profile of length 550m in NE-SW direction,
and located in Hai-Liman village. Each of the profiles was
segmented into refraction spreads of 110m each. Thus,

the number of spreads in each profile varied from 2 in profile
S§5-SS8' to five in profile H-H'. Each profile was selected
to be parallel to the strike of the basement topography
indicated by the depth -to-basement contours in Figure 4.2,

except for profile S$8-SS' which was a cross profile.

The profiling technique adopted involved laying
12 geophones with an inter-geophone spacing of 5 metres, and
starting 5 metres from the shot point A, thus covering a total
spread length of 60 metres (Fig. 4.3). After shot A which
gives data for the first segment of the forward spread, the
shot was shifted to the shot point B and repeated for the
second segment of the reverse spread. The first nine
geophones from shot point A were then shifted to the
locations 13 to 21 leaving the last three as over-lapping
geophones. The second reverse profile shot was made at the

shot point B for the first segment of the reverse spread.
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The shot was again repeated at pont A to complete the
second segment of forward spread. All the geophones were
then moved to another spread along the same profile and the
same procedure repeated.

4.4.4 Problems Encountered

Later in the survey, there was a complete malfunction
of the seismograph, and the work had to be prematurely
terminated. This did not happen before ample data had been
collected to verify the viability of the beam-forming
technique. However, not enough data was collected for this
part of the study to be considered a follow-up of the work

of Hassan (1987).

4.5 Data Analvsis and Interpretation:

The field data analysis was done in two stages:
& manual plotting of time-distance graph, and
(i1) wuse of the beam-forming computer programme.
The main essence of the first stage was to determine the
preliminary velocities which would be used as steering
velocities for the computer analysis, and to determine the
top layer velocities needed by the programme for depth

computations.

4.5,1 The Manual Time-Distance Plots

This involved picking the first arrivals from the low-
quality field data. In general, variations in the quality of the
seismic records obtained from the test profiles using the
same shooting arrangement ranged from extremely noisy to

moderately noisy ones,
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Figures 4.4 and 4.5 show two examples of contrasting

records. The difficulty involved in the manual picking

of the first arrivals when the record quality is low can

be seen from an inspection of Figure 4.4. On the other hand,
the good quality record of Figure 4.5 shows clear trace-to-
trace correlations and the onset of the refracted arrivals are
very easy to pick. It is therefore for the former type of
record quality (Fig. 4.4), which was common, that the

beam-forming technique is particularly useful,

After picking the first arrivals from the
seismograms, these were recorded against the corresponding
geophone distances from the shot point for all the fourteen
spreads that made up the four seismic lines shown in Figure 4.1.
The values were then manually plotted (forward and reverse) and
best-fit lines were determined for the various segments by
visual inspection and drawn. Typical examples of such plots
are shown for profile M-M' in Figure 4.6. The various layer
velocities were obtained by taking the inverse of the slope
of the individual line segments and the intercept times
determined by extrapolating the second and the third velocity
segments. Figures D.l, D.2 and D.3 (Appendix D) show the
travel time plots for profiles S-8', SS-85' and H-H' respectively.
Typical Interpretation of the Manual T-X Plots

It is not the aim of this study to interprete the
manually plotted T-X graphs since these are only meant to

serve as guide-lines to choice of ranges of steering velocities.



*paxord s[ratiae 315311 MOYS sMolav syl

utod joys ay3z woaj Leme sasuvisip auoydoa® ajedipul <oy - (¢ saaqunu oy,

p10321 prayy 1ed1d43 v

they

/S ¥

e
, ‘ T ; | I
LS 6T i ! _ 4 _ ..]___ !
df.Hir.l..\\t..u u\t wm ...._...u._Ih b!..rm..w _IE+14.._J”.....1!\.._L_ { ___..L.,..Vlunu
LI ﬂ ﬁ I _ Hif j At
: ' M i | 1 _ .
,mu_ 1_\—\::....._1;..mﬂ..x\‘ .....T.. - __.w. | ...f_..\! . F [ _ i
i __ . _ _ _ _ I _ _.
LU L ost L HEL L q?; S
! T —— T .__ 3 “_ | e - :
| £ DAL ! ,
_ AR R R LRI
- . , U HIR] I 1] * !
| T
AT H T TR
i
il _ LA il
_l.x\ll.l&\ " —@\.\ JflL r [1% — — [){ _ _ 7({\41 l_\ [ : e
“l\\\lJI t mr st f I ] _r » !
dl Hhz | NI/ NN J
. \ LA TR T
\ { | \
IV
“ ..\ﬁ..L}r. _— . } \ | . <-_ - _
—— N T TV mwum
N : Lt il

R o w——



L e T SS——

-t

PAYOTd SAWTI [PATIAT ISITJ AILDIPUT SMOLAL o)

uvtod Joys a3 woaj Lemre saoueysyp auoydoad aav SOl = 05 sansqunu sy

3

(9582 airx v) paodaa prary L3r1enb poof v jo apdurs y gy 813

T i I _ | T T | ] |
#HHHIIWJHV_.E_.T\ I 1 H/; | 7/ _ 44—111 r._r_.\rr..r\nlr_-r\r 1...+\ %.m.._CO- ””_lllir\.l_l.f s “rlTF..Itll !;...Lﬁ...
o
=TT \_\\ ”wr.r \\\ﬁ; ..vA l _ 1Ll - b i L~ S —.. .._......7_11._1..:.. el L3 11,_1
=t rr.....t.f\ A N NAY \M,J. i _ 1 ] 1\—._11f|_l\0.m WH...rl_x.\yr_...\h__,...[.\,..l._v_lq_..llx.t\..\{_.._‘.l...._r
¥ AN L | | TR |
! ! ! |
. _ _\‘.T } “_ . 1\1\_.._1_...._1..1.. ¥ _ _..w.mrt}“....lpl .r.m_rr_...._.;ixni:..r_,i..\..r_..i,..f....v
ﬁ ) . ! w _ v& _ “
‘\ / ” : _ ettt (Bt B ooy S bt
I : 1 _ U
\\_ Il ” _ H - h _ _ - ..IM.!I..ll
| T -+ 5L et 1] et
/ \ L m LTI _
ﬁ | e |
\ ) ‘ " iy | SRIAEIRRR{RRIMIAY ]|
peirig CRTR g
s
q 0
il TS A A
s ] !
| | |
et Irll_\TIlI...l.\lI]_rI !l*“ll..wlll... _ ‘ hena _Tr .\(I_.#..II..._.!._ML
] r.lJ_r._ _..,\1 \\ ﬁ.! m _ _ -m..ll_xlllr;irr.\ll_ll\ l\ﬁ\Jf\_\IIr.\_rl =11
_)r} l_\ " F _“.... . 1 —f : J. M 2 \_: L._
/ __ AT}J ‘1 J \r.bm.;.f‘\:rr\r)r}r\;&.rn_\f\ Jrﬁ 1

=
=
2
e

i

=

' { .
L e N J B L 24 J84pR1|
[

[ |

Il v il




.

Time {ms)
s 8

Travel
8 a,

=1
(=

L 1 5 2
MR TR NI T G s  me . S | (SNR RS

Distance (m)
(a)

Travel Time (ms)
8 S a

~)
Q

-
=)
T
_\\
1

1 1 1 1 1 1 i
U 1 20 30 Lo 50 60 70 & S0 1w
Distance [m)
b ()

Fig. 4.6 (a) & (b): Manual T-X plots of the field data for

spreads 1 & 2 of profile M-M'
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Manual T-X plots of the field data for spreads







