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On the Analysis of Time-distance Curves Utilizing
Refraction Method——Comparison between the Graphical Method and

Hagiwara's Method using a Model and Field Example —

By

Atig Ahmad Syed” & Kiyoshi Hirasawa™"

Chapter I Introduction

The general theoretical background of seismic prospecting has much in com.-
mon with earthquake seismology. But, the nature of seismic waves is somewhat
different in some cases. This difference is principally in period or frequency. The
earthquake waves have periods ranging from a few seconds to as long as several
minutes, but the waves used in seismic prospecting are of very much shorter
wave length with periods of the order of 0.01 to 0.1 sec. ‘The exploration
seismics is based upon the seismic waves transmission through the underground
formations. Whenever the waves encounter a discontinuity where there is a
change in the physical properties of the wave transmitting medinm, some part
of the waves is reflected back to'the surface and the rest is refracted. We also
come across the phenomenon of diffraction, in case of subsurface structural disco-
ntinuities like fold, faults ete, namely the waves striking the crest of folds or ed-
ges of the faulis are diffracted at various angles.

Here we will only be concerned with vefraction seismic analysis. For such
analysis one model and one field example of Toki area, Gifu prefecture was
considered.

There are various methods of imterpreting the refraction seismic data, but
here we would like to take only two representative ones and they are the direct
calculation graphical method and the Hagiwara's method of differences. Hagiwa-
ra's method is a simple method of analysis of the time-distance curves in case of
shallow depth. It is necessary, in order to obtain more accurate profile, that
the values should be correct in both the velocity and thickness of the surface
layer.

Though it is difficult to obtain a unique solution by using refraction data,
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with the help of reflection and gravity, magnstic or geological evidence asswmp-
tions as to the underground structure can be made.

During this study we come across many inferesting phenomena such as the
diffraction of the seismic wave at the edge of the fault in case of the model study
and the gap in the theoretical time-distance curve due to the presence of the fault.

It ig very intervesting to interpret the same data utilizing two different tech-
niques and compare the two independently obtained results. This gives us a
chance of judging the reliability and accuracy of a particular interpretation
technique in a particular situation and the success or failure of a technique for

interpreting that data.

Chapter Il Hagiwara’s method theoretical background

The time-distance curve for the case of uniform inclination of the bedrock
surface can be easily analysed by simple calculation. But when the inclination
is not uniform the process of analysis is not so simple. The method hitherto
used was a graphic one (in which the travelling time of the refracted wave is
calculated with the aid of a model of the underground siructure assumed and
then compared with the observed value) The model is gradually altered until
both values, calculated and observed, are identical.

Hagiwara’s method : We used a method by which the depth of the bedrock
at each point and the propagating velocity in the bedrock could be independently
obtained.

In Fig. 1 A and B are the observation points. The explosion point is 5.

i

The propagating velocity in the surface soil and in the bedrock, the critical

refraction angle are respectively denoted by V', Vy and 7 whence
SN 7 = V' /Wy e (1)

In the Fig. 1, S8/, A'A” is the path of the refracted wave from S to A and
S8 BB that of the refracted wave from S to B. ha hs and iz ave
respectively the lengiths of the perpendiculars to the bedrock surface from A, S
and B. The quantities that we require are the values of ha, Jp and a series of
s,

By drawing a perpendicular S'R from 5 to 55"

RS"/V = Ro"/Vy sin 7 = S'S"/Vgeoin (2)
Where the vinculums signify the distance between R and S, and we get
SS8"/V, = SR/V, 4+ RS"/Vy = hs cos i/Vy -+ S5"/Vyeoeon (3)
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AAT V= ha cos i/Vy 4+ ATATVy (4)
BB")V, = hy cos i/V, + B'B";

We denote the travel time of the refracted wave  for example, fs. is the time

of the refracted wave travelling from S to A. fss and f.z have also the same
meaning. Then

fya =

= AA"/V, + A'ST - 88T L S8
SMBY/V, 4 BBV e (g
Referring to the equations from (3) to (8)
Fsa -+ fsp = 208 €OS £/V | + fagooorerrrome (9)
Consequently,
hs = V, (tsa + lsp — tap) /2 08 @ oovins (10)
In the equation (10) V¢ is known from the time -distance curves for the direct
surface wave, and fsi, fsp, and fus are also known quantities directly obtained
by observation, whereas cos 7 alone is unknown, because V, is general unknown.
1f we know V., the value of ks can be obtained by the equation (10). Next we
shall consider the method for obtaining V..
From (3), (4), (5), we get
tsa = ha cos iV, + AA/Vy + A'S"/V, + S'S"/Vy + ks cos i/Vy- (11)

We consider a quantity fs. that is expressed by the equation

Psa = lsa — (Isa + tsp — i;us)/Z""“; """""" (12)
We can obtain fs. from. the observed values. From (9), (11), (12)
Psa = ha cos &/V -+ AST/Vy o (18)

The equation is a linear one with respect to A'S". We measure the distance x
towards B, taking A as origin. 1f the angle of the seismic ray in the bedrock
to the horizontal line (which is equal to the inclination angle of the bedrock

surface when the latter has a curvature concave upwards) is denoted by o then
2t S h
AISH = a AX/COS W e (14)

Actually, since the value of  is not very large, we may put cos o = 1, approxi-

mately, this approximation will be dealt with later, consequently

AlS = x approx. Hence

Hea = IZA‘COS Z'/Vt X/ Vg (15)
the equation (15) is linear for x, if we take x as abscissa and s, as ordinate and
plot the corresponding points as shown is Fig. 2 a sort of time-distance curve
is obtained, the inclination angle of which give us velocity in the bedrock, and
the point where the straight line cuts the ordinate is k. cos £/V, and the same

process is repeated for sz Thus by using this value of V, the value of &s,
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Fig. 2

that is the depth of the bedrock at S can be obtained from the equation (10).
Such calculation can be extended to every detector point and as a result thereof
we are able to calculate the depth of the bedrock below each detector position
which can be plotted below them. at a suitable scale by arcing and so the sub-

surface structure can be obtained. The calculation tables in both cases of the
model and field example are given.
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Fig. 3 Theoretical time-distance curve of model structure
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Chapter TII Consideration of time-distance curve by utilizing

simple model structure specially double layer

The theoretical time-distance curve of the model were calculated. The model
as shown in Fig. 3 with sloping surface at both ends and fault having 4 shot
points was assumed having the 181 layer velocity of 2,000 m/sec and the 2nd
layer velocity 4, 000 m/sec. The wave paths were drawn and the time at each
assumed detector position was calculated. In case of the shot point being on the
fault upthrow side, the cloping distance between the shot point and the lower
edge of the fault plane was considered to be straight whereas in the case of the
shot point being on downthrow side, the refraction angle of the waves after
crossing the fault plane has to be calculated and the wave path was accordingly
drawn.

For taking into account the diffraction of the elastic wave at the corners and
edges, many refracted wave path were drawn at each point and the time calcu-
lated. At the fault plane the diffracted wave path were drawn at different angles
in different derections and minimum time path wag calculated. The throw of
the fault which is already known was again determined [rom the break in the

time-distance curve utilizing the formula.
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Fig. 4 Analysis on the theoretical time-distance curve by Hagiwara's method
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dt = Z, cos 1/V,
Where, Z, is fault throw, 4f, the time break, 7 the incident angle of the waves
and V, the surface wave velocity, which amount to the actual fault throw.
(Nettleton, 1940)

The theoretical time-distance curves for each shot point location along with
the assumed model structure are shown in Fig. 4.

The theoretical time-distance curves obtained as result of direct calculation
were interpreted by Hagiwara's method. The details about the calculation pro-
cedure are referred to the early part of this report. The interpretation is given
one, assuming the average second layer velocity of 3,600 my/sec and the second
with a lateral variation from 4,200 m/sec to 3,300 m/sec. The sections are
shown in Fig. 4 (A) and (B). The sections as a result of this calculation were
compared with orviginal model structure and it was found that there is no

indication as to the presence of the fault in the Hagiwara's interpretation.

Chapter IV Refraction analysis of the Toki field data

Refraction seismic survey was carried out in Toki area, Gifu prefecture in
order to obtain the information about the basement granite channel structure.
The uranium deposits ag explored in Ningyo-toge area, Okayama prefecture are
thought to be associated with granite channel structure. The area consists of a
thin layer of alluvium overlying the Mizunami group (middle Eocene) and gran-—
ite basement. This geologic sequence is proved by two test wells (No.l & No.2)
near the site (shown in Fig 5).

Refraction seismograms of line No.2 oriented N 12° E having a total spread
of 1,360 meters with 2 shot points. Nos. Il & V at a distance 1,200 meters apart,

were obtained for analysis.

TOKITEY ST
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Fig. 5 Traverse line of seismic prospecting and fest ‘boring station in
Toki field
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Grapbhical analysis : The time-distance curves of the refraction line No.2
shows the first layer velocity of 2,200 m/sec and second layer apparent velocities
of 3,700 m/sec and 5,500 m/sec. The true 2nd layer velocity was tentatively
decided to be 4,500 m/sec. The observed time were corrected to the weathering
layer by assuming a velocity of 750 m/sec. After the velocity analysis of weath-
ering layer core sample by ultra sonic method, the thickness of the weathering
layer was graphically determined. T'he approximate depth to the basement
below the shot points can be easily determined by using the convenient formula.

- %\/ﬁiﬁ - V)/(Vy + V)

Where Z is the depth. x, is critical distance. Vy and V, the velocities of the
1st and 2nd layer respectively. Tor the first approximation both depth point
were joined and from this structure the time-distance curves were calculated
following the wave paths and compared with the observed curve. The presumed
structure was altered and by such trial and error method we can obtain the
most probable monoclinal shaped structure dipping about 87, the theoretical time-

distance curve due to which gives a very close fit to the observed curve. (Fig. 6)
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Fig. 6 Time-distance curve and velocity distribution by graphical
method in the Toki area, Gifu prefecture

Hagiwara's method :  Some travel time curves after weathering correc-
tion were utilized for this interpretation, The true 2nd layer wave velocity as
determined by Hagiwarals technique was found to be 4,600 m/sec which was
utilized for computing the depth to the basement below every detector position.

The resulte obtained by both the techniques independently very closely

agree with each other. (Fig.7)
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Fig. 7 Time-distance curve and velocity distribution by Hagiwara's
method in the Toki area, Gifu prefecture

Chapter V  Comparison, Conclusion and Remarks

Graphical method

This method gives us quite accurate results, because the calculation are based
upon the actual wave path and by making proper alterations in the presumed
structure it is possible to give the closet interpretation to the observed time
distance curve. The true wave velocity determination for each layer, in case of
multiple layers is very important.

Hagiwara’s method

In some cases it might become difficult to assume a structure just by the
observation of time-distance curves. This method though applicable to only
simple 2 layer case and in this respect inferior to the graphical method, utilizes
independent techniques of the true wave velocity determination and the depth
caleulation below every detector position with no prior structural assumptions

~and hence gives us a picture about the subsurface which can be tested for higher

Graphical method Hagiwara's method
1. Higher accuracy 1. Accuracy not as high
2. Subsurface structural presumption © 2. Not necessary
necessary

3. No independent method of true wave 3. Independent method of true wave

velocity determination velocity determination
4. Can be extended to multiple layer 4. Only available for 2 layer case,
cases, stoeply dipping and dizcontin- and continuous structure

uous structure
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accuracy by graphical method.
Here after utilizing both the techniques for the same data we would like to
compare the reliability of both the techniques in interpretation.
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