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A\BSTRACT

Some small scale, near source seismic ficld experi-
ments arc deseribed. A dropping weight source has becn
usod for greszter reproducibility, and particular attontion
was paid to the accuracy of recording the truc ground
motion. Geophoncs and amplifiers worc deasigned and
constructed so that the overall frequency response of the
recording system, including thc geophonc-ground coupling,
was substantially flat over the requisite frecqueney range
(2;5 e/s to 150 ¢/s). L4n accurate versatile timing unit
wag constructed and adapted for use as a portable apparatus
guiltable for seismic rofraction measurcments.

Controlled experiments were performed to study a
number of aspects of selsmic wave propagation.

The results are particularly concerned with motion
near the source and the frequency content and efficiency
of differcnt sources. Detalls are also givon of
dispersion and attonuation studies of the surfacc waves
at a site situated on the London Clay. The phase veloeclsty
curve which was observed gave good agreement with the
theoretical curve corresponding to the known conditions.
The posgsibility of the use of surface waves for seismic

prospecting is considercd.
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CHAPTER 1

INTRODUCTTION

1.1 Historical background

Most of the basic theory of seismic wave propagation
was developed in the 19th and early Z0th centuries, and
was used o explaln the main features of earthquake
seismograms.

Poigson (1829) was the first to predict the existence
of two types of plane waves in a homogeneous infinite
clastlc medium, and thesc waves werec later shown by
Stokes (1849) to be irrotational dilatation, or
compressional, P waves, ond cquivoluminal distortion, or
shear, S waves. Polsson's work was possible as a result
of the devélopment of the theory of elasticity from the
initial enquiries of Galileo (1638) ond Hooke (1678) in
the 17th century to the situation in the 1820's. VWith
the beginnings of definite methods of induction and hypo-
thesis in the physical sciences, a fresh stimulus was
provided by the introduction of Fresnel's (18%1l) theory
of the transverse vibrations of light trovelling through
a medium. Navier (1827) gave the general differential
equations of the equilibrium of an isotropic elastic solid,
and Cguchy (18%3,27) ond later Poisson (1829) gave the

equations of motion (sce Love 1906).
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Considering a semi-infinite elastic medium, Rayleigh
(1885) showed that a plane wave may be propagated over
the free surface with the amplitude of wave motion
decreasing with depth. After the beginning of the routine
recording of earthquakes in 1889, Oldham (1900) recognised
on a gelsmogram the compressional, shear and Rayleigh
waves which had been theorctically predicted. Lamb (1904)
gave the solution for an impulsive disturbance applied
along a line or at a point on the surface of a homogeneous
seml-infinite elastic medium. He also gave solutions for
internal sources as integrals which were later developed
by Nakano (19%45) and Lapwood (1v49).

It was obvious that actual selsmograms differed
greatly from the simple P, S and R pulses following one
enother as given by Lamb's theory, in that each pulse was
spread out into a train of weves, although there was
usually e noticeable change in the character of the
reccords roughly at the times expected (see Fig. 1).

Knott (1908) ond Zoppritz (1907) also noticed that thore
was considerable horizontal motion ossociated with the
Rayleigh waves which had not been theoretically predicted.
Love (1911) showed that some of these dlscrepancies could
be quite well exp}ained by allowing for the effect of a

layer in the upper part of the medium. This model was
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thought to be a betbter approximation to the conditions in
the earth as a result of the observetions of lohorovicic
(1909) indicating tho existonce of the crust. Love showed
that surface waves, heving a horizontal transverse wave
motlon, were possible provided that the shear wave wveloclty
was greater in the lower medium. He further showod that
the waves would be digpersive, and predicted that this was
also truec for Rayleigh waves iIn o one-layered seml-
infinite medium: this difficult caose was trecated in
greater detall by Jeffreys (1935). The transverse motion
agsociated with tho surface waves was thus explained,
together with the broadening of the surface wave pulses
due to dispcrsion, eventually glving the appearence of
almost sinusoidal wave trains,

If aIIOWanqe is further made for multiple shocks
(Stoneley 1937), nbsorption of the higher frequencics
(Teffreys 1931la), curvaturc of the earth, the offccts of
more than one surface leyer (Stoneley and Tillotson 1928,
Jeffreys 1931b, Stoneley 1937, Newlands 1950 and Dorman
1959) and the presence of a low veloclty stratum (Stoneley
1950), it is possible to gilve a very reasonable quelitative
descrivtion of carthquake scismograms (see Jeffreys 195% or
Bullen 1959). One of tho main featuros mcking a

guantitative descriptlion difficult is the error introduced
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by the recording technique, ss most seismographs only
respond to a narrow band of the spectrum of the actual
ground motion. The two most important unexplesined
features on sarthquake selsmograms are the broadening of
the body wave pulses to continuous wave tralns, and the
exlstence of the coda continuing some time after the
surface waves (Jeffreys 1952, page 99). Jeffreys (1931lc)
consldered a nuwmber of pogsible explanations of the body
wave broadening and concluded that the effect of multiple
reflections in the surface layers was a possible
explanation, but later decided that, due to the local
variation in record character, this was unlikely to be
the complete explanation and that local sgcattering effects
may be equally important. (see Jeffreys 195%, pages 99
and 109).

By 1914 a fairly comprehensive pilcture had been bullt
up of the inbternal structure of the earth as a central
core with an outer mantle of about the same radial thick-
ness (about 3000 kums) covered by a crust varying in thick-
ness from about 4 kms to about 60 kms, usually covered by
sediments. Later, two, or possibly thres, discontinulties
In the crust were recognised; the core was shown to be
ligquld with a velocity discontinuity at about half 1ts
radlal thickness and, with the determination of the
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velocity distributlion of P and S waves throughout the
earth, it became possible %o construct travel time curves
for the various possible earthquake phases. Layers less
than the thickness of the minlimum wavelength on an earth-
quake record (about 1 km) are unlikely to affect the
records, so that the sedimentary layers and local
variations in crustal structure can usually be neglected
and the standard time curves used throughout the world.
Then the main problem in Interpretation is not so much
that of finding the subsurface structure but that of
finding the time and positlon of the initlal shock. %This
1s done by measuring the difference between the P and 8
arrival times at s number of stations and correlating the
data from the different stations. Crustal structure is
investigated by means of special studies on surface waves

or near earthguskes.

1.2 Selsmic surveving

The situation 13 very different for selsmlc surveying,
a term which will be used %o cover the sgelsmlc study of
the sedimentary layers using artificlal shocks. The
position and time of the source are accurately known and
the problem is to delineate the subsurface structure.

Apert from the knowledge of the source, the problem 1s much
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more complicated than that for esrthaualke seismology for

a number of recassons. Firstly there arc a large nuwmber of
subsurface discontinuities of veloecity and 1t 1s impossible
t0 construct standard trecvel time curves, although an
approximate approasch to the problem may be made from well-
log surveys. Secondly, the surface waves cover a large
part of the record, necessitating filtering and consequent
broadening of the body wave pulses. Thirdly, the dis-
comtinuitles are so cloge thet 1t ig difficult to get a
source with sufficlent short wavelength energy Lo resolve
them, duve to the greater absorption of the higher freqguencies
by the eartin.

Ls a result of the grest interest, particularly of
the 01l compvanies, in the sedimentery lsvers, consliderable
effort has been expended in devloping highly efficient
recording technlques suitable for the higher frequency
range, for recording the results of the seismic surveys.
As surfacoe waves and refrzction methods only give
informetion about two or throo leyers withoub excessive
theoretical and exporimental complicetion, reflectlon
methods have mainly been used for examining many-layered
gstructures. The selsmic method has met with a reasonable
degrce of success, particularly in the early days when

structures were simple enough to use refraction methods,



and has justified an increasing large expenditure. How-
ever, the situation has arisen when wost of the large
potentially oil-bearing structures have been found and 1t
has become necessary to concentrate more on the smaller
structures such as stratigraphic traps, etc: It has been
suvggested that the cost of seismic prospecting for oil
has recently been approaching that of the amount saved by
1ts use, which has led to a decline in the rate of
expanslion of the use of the selswic method by the oil
industry (Clifford, 1958).

At the present time, apart from the use of deep bore-
holes which are expensive, the selsmic method is still the
most effective means of obtaining Information of the deep
structure of the sedimentary layers. However, since the
introduction of the method in aboubt 1925, the main advances
have been instrumental rather than in the general principles
of the method. Time and distance are still very largely the

only variables which are used.

1.3 Sumpary of the present situgtion

It is obvious therefore that there is a need for
research directed towards improving the general method of
selsmic prospecting for oll. A large amount of work is

being done in America, where the maln emphasis at the
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moment seems to be on statistical correlation technlques
and synthetic seismograms, and also in Russia and FEurope
where the emphasis 1s more on the use of record character
as another useful paramebter in addition to time and disbtance
although thercls also - considerable interest in synthetic
selamograms. There is also need for research 1ln other
seismologlcal flelds, for instance 1n determining the
effects and detectabllity of atomic bombs and in the
greater use of earthquake selsmological records in general.

The basic theory of wave propagabtion needed for
gselsmic surveying has of course been taken directly from
the early work of earthquake seismologisbts, who used the
classical theory of elasticibty as a starting point, as
already outlined. For the ressons stated above, there has
been little emphasis on the theory or use of surface waves,
and the majority of the theoretical and experimental
advances of prospecting seismologists with regard to
selsmic wave propagation have been connected with body
waves. In particular, conditions at the source, usually
an explosive one, have been gtudied together with the
effect of absorption which is important at the frequenciles
used in seismlc prospecting, since it csuses a broadening
and change of shape of the pulses. (For general
refoerences see Anstey (1958), Soper (1957) and Ewing,
Jardetzky and Press (1957).)
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However, the theories have been developed well beyond
thelr experimental verification, while at fhe same btilume
there exlsts a number of feabtures on seiswmograms which
cannot be adequabely explained. Probably the main reason
for this situation 1s that the records are complicated
because of the large number of variables in the experimental
conditlions and the recording teclmnique, all of which may
influence the record. A direct analysis of the records for
any particular Investigation is usually impossible, and the
experimental condltions are usually not sufficiently well
known to allow quantitative corrections to be aoplied for
variables other than those being studied; The correctionsg,

1f they were possible, would be very tedious.

le4 Aims of the presonbt work

It 1s therefore obvious that an experimental technigue
is needed in which, firstly, varisbles may be controlled so
that their effects may be studied, and secondly, the actual
ground mobtlon may be accurately measured, thereby removing
the complicstion of instrumental distortion. The aim of
the present work has been to develop and test apperatus
for this purpose, and to carry out a nuwmber of conbtrolled
cxperiments designed to give a bebter understanding of

scismic wave propagation, both as a matter of general
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academic interest, and more particularly wlth a view to
improving the seismic method of prospecting.

Model studies provide good control of experimental
conditions; but involve the use of frequencies and materials
not normally used in seismic surveys. Also, the source and
receiver are not easily sczled down, and as & result it has
been found in the past that model studies have been of
limited usefulness. It was therefore decided to carry out
a field study on a small scale, as the records closely
resemble, in meny aspects, those made at greater distances,
but the operations involved are less expensive. A dropping
weight source was chogen because it has been found to be
reproducible, inexpenslve and to glve a pulse with a
spectrum (£ to 250 c¢/s) roughly in the range found in
selsmic prospecting records using explosive sources at
greater distances. With a view to gimplicity and greater
control, a uniform medium was sought and 1t was decided to
use a 400" thick bed of London (lay near Ascot, Berkshire.
The medium was thick enough and surprisingly uniform, with
the water table almost at surface level. The first experi-~
ments were carried out on a two layered medium (about 25 feet
of sand and 20 feet of saturated sand overlying the clay)
as this had been used previocusly (HMason 1950) and was
convenient for near source studies when the presence of

water would have been a hindrance.



In the following chepters, deteils are given of the
apparatus developed to record the ground motion, the
testing of this apparatus, various fileld experimental
techniques used and the results of a number of experiments
using this apparatus.

The present work is intended as the beglnning of a
series of small sczle fleld studies of selsmic wave pro-
pagation, to be continued by D. Jenkinson in the Geophysics
Department of Imperial College, using harder rocks.

The following 1s a 1list of some of the topics which
may be studied, all of which may influence the character
of a seismogram. They mey be divided into those connected
wilth the source, transmission and recording of the selsmic
waves.

ource

1. Generation of waves.

c. Percentage of wave types.

3. Pulse shapes for varlous sources.

4. Cavity effects and other shothole conditions; area
of non-elastic behaviour.

5. Laws of attenuation in the immediate vicinity of the
source.

6. Selsmic efficlency of various sources.
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Transmission
1. Change of pulse shape of the different wave types

with distance.

2. Laws of reflection and refraction.

Sa Dispersion of body and surface waves. lore
partlcularly, investigation of whether there is
gsignificant body wave dispersion. Also the usefulness

of surface wave dispersion in studying subsurface

structure.

4, liechanism of attenuation and various models of earth
friction.

5. Diffraction, scattering.

Recording (and interpretation)

1. Use of known ground pulses to test the overall
responsce of the system.

c, Various methods of sorting out wave types and
clarifying the record without distortion.

Se Design of low frequency, broad band, light weight
borehole geophones.

4, Greater use of the information contsined In the records.

These toplcs have been considered in varylng degrees of

detall as described in the following chapbters.
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CHAPTELR 2

APPARATUS

2.1l Introduction

As stated in Chapter 1, the main requirement of the
recording apparatus is that it should provide an undis-
torted record of the ground motion. The usual require-
ments that the record should be clear, with accurate time
marks and sufficient signal to noise ratio, still hold.

The requirement of accurate recording of the ground
mobtion is equivalent to demanding that the amplitude
frequency responses of each unit of the recording systen,
and the coupling between each unit, should be flat with
zero phase shift over tvhe range of frequencies covered
by the.SPectrua of the possible ground motions to be re-
corded. As the motions are transient, the spectra theo-
retically cover an infinite frequency band, but it was
decided that a sufficiently accurate criterion would be
as followsf The over-all frequency response should be
within 3 d.b. (70 per cent) of the maximum at the upper
and lower frequency limits, which would be defined as the
frequencies at which the spectrum of the ground motion
had dropped to 10 per cent of its maximum frequency com-
ponent.

For dispersion and attenbtuation measurements, a flat
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response is not essential, as ratios of amplitudes and
differences of phases at various points are considered.

It is important however that the response should not

change at the different measuring points, and also that
there is sufficlent response at the frequencieslof in-
terest to give adeguabte accuracy of measurement. The

best way of achieving this is to have a flat frequency
response and to move the source rather than the geophone
for consistency of response,

Figure 3 shows the spectrum of the ground motion
which was expected, using the results of Fourier analyses
of pulses very close to the source and at 200' from the
source. These theoretically contain all the frequencies
of interest, although the distribution of frequency compo-
nents will move towards the lower'frequency end with in-
creasing distance from the source. Figure 4 shows the
over-all frequency response of the recording system finally
adopted, which is practically the geophone response limited
at the upper frequency end by the geophone-ground coupling,
and is seen to satisfy the above requirements. Figure 5
is a diagrammatic representation of the layout of the
recording appratus and Figures 6 and 7 show the equipment
used for recording, and the weight dropping source.

A detailed discussion of the methods used to obtain
a flat frequency response of each unit of the recording
apparatus is given below, It will be seen that a satis-

factory geophone response is the most difficult to achieve.
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0f the couplings between the units, only that between
the ground and geophoné ig likely to lead to error, as
the remainder are electronic with an optical link
between the oscilloscope spot and the recording paper.
The question of geophone-ground coupling is dealt with in
connection with geophone designe.

Apparatus built by Mason (1951), for similar work
was available and used for part of the preliminary ex-
periments, but evenfually was replaced due to inadequacy,
poor state of preservation or general advances in in-
strumentation since its construction. The weight dropping
equipment and calibration oscillator were retained for
most of the experiments, but the weight release mechanism
was eventually replaced due to wear.

2.2 kecording appaLabus

The most important part of the recording apparatug
is the instrument used to respond to the ground motion.
This 1s.variously called a pick-up, seismometer, geophone,
seismograph, detector or various other names., Geophone
is used for an electromagnetic instrument used for seis-
mic surveying and seismograph for an earthquake seismolo-
gical instrument. The means of magnifying and permanently
recording the detector output is usually of less impor-
tance. It was decided to use geophones for the present
work and as they respond to velocity, integrators were

provided to give ground displacement if needed. It is
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arguable that the integrators are unnecessary as displace-
ment is no more diagnostic than ground velocity, but they
were eventually retained in spite of the extra.instrumental
complication, as they help to simplify records. A single
displacement pulse with one maximum has two velocity maxima
(although a tfain of waves will not be simplified bto the
same extent). Also much of the theory is given in terms of
displacement and the necessary differentiation is avoided.
Oscilloscopic display was chosen in preference to the
use of a galvanometer because of its linear frequency
response at high frequencies (in this case to 250 Kc¢/s.)
A disadvantage is the limitation of thé number of possible
recording channels and extra bulk, but these are outweighed
by the facts that only two or three geophones were avallable
and that an osciiloscope was needed for other problems
connected with the research. IExpense precluded the use
of the ideal system of a multichannel frequency-modulated
magnetic tape recorder.

2.21 Geophones

Piezoelectric or electromagnetic detectors are usually
used for seismic surveys as they are less bulky than seismo«
graphs and suited %o the higher frequencies involved. Al-

though it is perhaps easier to get good frequency Tresponse

with piezoelectric crystals, none were known which gave
sufficient output to make the pick-up sensitive enough in

view of the low source energy and relatively low frequencies.
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With fubture developments it may be well worth considering
their use, but for the present work it was decided to use
geophones.,

2.211 Geophone requirements. There are a number of fac-

tors to be considered in geophone design, some of which
give mutually contradictory requirements. The following
are the most important:

(a) Frequency response needs to be within 3 d.Db.
between about 2.5c¢/s and 150 c¢/s. These de-
termine fo and fl, the geophone lower and
upper natural frequencies.

(b) The sensitivity K needs to be such that the
electrical output K x a min due to the minimum
average ground noise level 5 min is of the
order of the input noise level Vﬁ of the pre-
amplifier, (with geophone comnnected). 1l.e.

K x i‘mj_n ~ V.
It is found that the electronic noise level is not less
than 3 pv peak to peak (p.p),and at the field sites at
night time the minimum ground velocity is about
3 x 10"2cm./sec. p.p. In some areas however it may be
as low 58 10 Ocm./sec. pep. (Wilson, 1953, and Wolfe,
1942).
Hence it is necessary to have K ~ 0.1 V/cm./sec.
Tt was decided to make K ~ 0.5 v/cm./sec. if possible

for use in quieter areas and also for greater definition
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at night.
(¢) Each geophone should be sufficiently small to
enable it to go easily down a 4%"bore—hole,
in Case it is decided to make a bore-hole geophone in the
future.

(d) The geophone should be watertight and fairly
rugged, but need not be as rvgged as commerpial geophones,
being intended solely for research purposes.

(e) The coil resistance, 39, in parallel with any
damping resistance, RL’ which may be used, should not be
greater than 10 per cent of the input impedance of the
preamplifier, which in this case means less than 2,000
ohms,

(£f) TFor good geophone-ground coupling, the ratio
of the weight to base area should satisfy the criteria
given by Bycroft (1957). He has considered, 'the magni-
fication caused by the partial resonance of the ground
detector sysvem'. Washburn and Wiley (1941) and Pasechnik
(1952) have dealt with the problem in a more practical way
and demonstrated its importance, but Bycroft's more tho-
rough mathematical treatment was used when considering
geophone design.

Bycroft gives the magnification W as
' 1

M=
[(1+b aoafl)a + (b aoaf2)2117§

where f, and f2 are the in phase and out of phase compo~

nents of the ground displacement and are given in his
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paper as functions of ¥ . The dimensionless parameters
b,ao and T are defined in terms of the shear and compres-

sional wavelengths, As and Ap, as shown below.

m.

b o= =2 r = radius of the base plate
or 2 ©

© m, = mass of geophone

= = 2K

% = KTy = 35+ T o = ground density

T = AS }%
and D taken as .

It is obvious that the minimum values of ground
density and shear wavelength are the critical factors
when deciding on geophone weight and overall physical

dimensions for good geophone-ground coupling according

to Bycroft. Also, from a common sense point of view, it
would seem that, although a geovhone can never measure
what the motion would have been had the geophone not been
at the measuring point, its motion will be a good appro-
ximabion o this if its diwensions are small compared
with tne smallest wavelength to be measured, and its
density is similar to that of the surrounding medium

{so that it moves with the medium). These criteria are
satisfied approximately (see table 1).

Fourier analyses of pulses recorded a few feet from
sources at sites 1 and 2 indicate that the upper frequency
limits of the pulses are aboub 200'015 and 100 ¢/s res-
pectively (see Fig. 3 and also Fig. 8 page gr, which shows
velocity and displacemenf measurements of analysis 29,

Fige 3 in another context). It may be argued that the
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recording system used introduced these limits rather than
the characteristics of the pulse, but it seems that this
is not likely to be so foxr the following reasons. Firstly
there is a continuous fall from the peak near the low
frequency enq of the spectrum without any sharp cut off
or resonance. In the latter case a resonance would appear
in the spectra of all pulses. Secondly, different geo-
phones give similar results, and thirdly, the spectra at
site 2 are similar to those at site 1 but are centred on
a lower frequency. This 1ndlcabeo that, as the system
(Ree 24 3 for o deserptus 4 SiFes)

could record higher frequencies at site 1, 1t should have
been able to record them at site 2, with a suitably planted
geophone, and their absence on the records indicates that
they were not present in the true ground motion.

Table 1 gives the characteristics of the two three-
component geophones used for most of the experiments and
it may be seen that for the low frequency geophone (LF3C)

= 5 and for the Hall-3ears (HS3C) geophone b = 30. The .

HS geophone therefore may be expected to have a sharper
resonance, but at a higher frequency. The values of mini-
mum shear wavelength for 10 per cent amplitude magnification
are 10" and 12' respectively, and their values for 450
phage ghift are 3' and 2' respectively. Hence if the
minimun shear wave velocity is taken as 500 ft./sec.,
there will be a 45° phase shift at about 200 ¢/s. As de-

scribed later in section %.3%2, when the geophones are placed
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TABLE 1

Geophone L.F. H.S.

Bach component (The range of
variation between components
is stated for L.F.)

Coil resistance, R, (ohms) 195 + 4 215
Damping resistor used, Rp (ohms) ©None (other 512
than ampli-
fier input)

Suspended mass, n (gms.) 182 + 2 28.5
Lower natural frequency, 3 + 403 4.5
£, (¢/s) (as originally con-
structed)
Upper natural frequency, 26 + 1 110
£y (e/s)
Damping constant, h. 0.4% + 0.1%° 0.60
Inductance, L see Fig.28 2uH at

(p€3) 1 xo/s

(manufacturer's

data)
Number of turns in coil, N 1670 1200
Wire used for coil 44 swg no .38
Sensitivity, K(v./cm./sec,) 0.50 # .01  0.17 (with
RL)
Three component unit
Mass, m (1bs.) 35 6
Density (lbs./cu.ft. Multiply 155 145
by 0.016 for gms./cc.) ‘
Bycroft's non-dimensional 5 20
factor Db.
Base radius, r, (ins.} 5 1.5

Height (ins.) . 5 12
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on the ground, which corresponds to Bycroft's case of

a rigid plate on a semi—infinite elastic medium, there

is a resonance introduced at about this frequency which
is removed.when the peophones are buried with the replaced
soll compacted. These calculations are very approximate
and apply to the worst case of minimum velocity and den—
sity. ZFrom the considerations given above it seems safe
to take the upper frequency limit due to geophone-ground
coupling as about 150 c/s. which is seen to be adequate
for good pulse reproduction. The upper frequency response
limitations introduced by geophone-ground coupling shown
in figure 4 are approximate and calculated, with the

above considerations in mind, from the curves given in
figure 2 of Bycroft's paper, p.929. The curves apply to
the case of no packing of the geophone, but it would be
possible to meke a reasonable estimate of their shape

when the geophone is packed by analogy with a damped reso-
nant system (such as a galvanometer)., The maxima would
be roughly at the same values of ays but the peak values
of M would be reduced: however the exact shape would be
difficult to estimate due to lack of knowledge of the
damping constant.

zs.212 Geophone theory. Above are stated the requirements

of the geophone characteristics. Below the theory is
given of the working of a geophone on which the design

nust be based. (see Dennison, 1953, Washburn, 1937).



i

-55-

Referring to figure 9 and neglecting eddy current
damping in the former, the equations of motion of a geo-
phone are;-

mechanical
2
m .d_'..
dt?
The last two terms only occur for a vertical geophone,

(x+tu) = Ki - rx ~ sx + FO@ ~ mg

when it is arranged that
Fog = ng

giving mx + rx + sx - Ki = - mu, (1)

and. electrical

Ri = - Ex - L &2 (2)
where
m = suspended mass, X = displacement of mass w.r.b.
case

r = mechanical damping ’

constant u = displacement of case w.r.t.

. a point fixed in space,

s = gpring constant, (or

sum of spring con- K = gensitivity = 1B

stants if more than
one spring acting) 1 = length of wire = 2zral

B = magnetic flux a = radius of coil

N = number of turns

R = total circuit resistance = Rg + RL

R = %eophone coil® resise- Rp= load resistance
g ance

L = coil inductance 1 = current

Foe= the spring force introduced by prestressing (see
2,214(4)).
(1) and (2) give (neglecting r which is normally small)

i . R d%i s, kK% di , sR. _ K d’u
-——-—-dtB‘l‘L-—-——dtz'i' E+E>E+El L—?dt (5)
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The voltage V across the geophone load = RLi’ hence

B 2 - RE Lzt
av R 4%V ( av . sR,V T~ d*u
= + ) b ot E e e (4)
Tt is usual o put © ® = £, w. ? = S + & (5)
1o usuaL Lo PEE @ Twr U1 T m T mh
When I can be neglected, (4) gives
By 2 vy - 2y,
dv+Kdv+is_lv=%Kd (6)
at® nRAt at®

2
It is also usual to pub %F = 2hwo where h = 1 for

critical damping, and is known as the damping constant.
In the above theory, only the damping due to the load
resistance was considered and the effects of the metallic
former damping ignored. It was decided however to make
resistive damping negligible in comparison to the former
damping for loads above 20 Kohms, so that the damping should
not depend on whether or not the preamplifiers were used.
It is therefore necessary to consider the effects of former
damping. Dennison (1953) mgave a correction to allpw for
former damping, the theory of which is given below.

Figure 10 is a diasgrammatic representation of a geo-
phone with former damping. The former may be regarded as

one turn of wire perfectly coupled to the coil and, as

inductan i proportional to N2, its inductance Lo = %2
jﬁfL
N2 N

and M =

The equations of motion become;=-

mechanical

e

s> . K . ,
X + sx - Kiy - i, = mu, (7)



1

electrical
- di adi
EX _ . L %o 1%
"W Rt LT TN (8)
. _ di d1
and =~ Kx = Rlll + L HE" + N “HE (9
Eliminating i, and x, (7), (8) and (9) give
3 2. .
a 11 Ry d%iy . (— . K2> diq sRlll _E_ &u FEM (109
a? | @ gge T " L
which is the same as (3) if R is changed to Rl, where
R o
a =1+ —ia R (11)
R2N

it may be seen by analogy with equation (6) that the
sensitivity is unchanged and the W term is divided by a.
A steady state solubtilon for u = ﬁoejwt will be of the
form V = V ejwt, where VO will in general be complex.

It mav be shown that

Vo E _ w? | o3wt=p)
% [(o, 20y + (UL 4 8130y 2 - o?)]2)2
(¢} -R] NZ 1 -,
Ry
(12)
(45 + L )0y - )
where p = tan [ N R2 ]

(0, = ©?)

1
K ,1 . JNen
Ew (1, N%R,)
-1 0. 1‘,{1 - 2 1
ta + wh + 1
e G R2N8>] (13)

= phase angle for negligible + inductive correction

inductance when £ > 20f0
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The fraction of critical damping h is given from (10),

when It is neglected by

_ K® R _ .
2hw = &w (1 + E—_) (R2 = former resistance)
hencé h = K7 (-l - ) (14)
2w, R Rgﬂa :

From (13), when £ > 20f , and (14), it may be seen that

thwo K? a Lfl (15
= w
EaﬁBf EE} 1 Ef

If fu is the frequency (>20fo) at which the response is
%3 db down due to the inductive effect and h o 0.5, (15)
gives

—_— g LT
Tl = 4 = (16)
u

The upper ratural frequency fl is therefore important and
Terman (1943) gives
L= 2a8% & where d is the coil depth and g “he width

g
of the magnetic air gap.
2 . "1
hence f.% = L - 28B° (17)

1= 4x2an, T 2x%ma

2.21% Geophone design

Equation (16) is the starting equation for designing
a geophone with a given frequency response. It is compli-
cated by the fact that Lfl/qu is not known,bubt its value
is usually between 1 and 3 (2.5 in the present case, see
figure 28, page 83)' For the most difficult case when £y
is greatest, it may be taken as 1 in calculating a value

for fl. The geophone will then have a freguency response
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at least as good as the specification. H.g. if £ = 2.5 c/s,
then £, = 25 o/s., if £ = 250 o/s. |

Having calculated the value of fl needed, equation
(17) gives the physical dimensions, but it is only appro-
ximate and does not allow for variation of L with f. B
is made as large as possible, in the present case about
%,000 gauss, and m should be made as small as possible, but
not less than that needed to make Brownian motion negli-
gible (Wolf, 1942) which in this case is about 3.5 gms.
The minimum value of m is also limited by the value of fo,
since a light mass will need a small spring constant for a
low value of fo, and this may lead to instability. Although
it may appear that g should be large, this is not so, as
this tends Lo reduce B, which must be large both because
it is squared and because K should be as large as possible.
This was confirmed by experiment. It should ve noted that
N does not enter the equation and therefore, to get a
large K, N should be made as large as possible within the
limits permitted by Rg and the size of the winding. The

a/

of the size of the base and the fact that d/g should be at

ratio d should be as large as possible within the limits

least 10 so that B does not vary substantially in the air
gaps

It was not possible with the time and resources avail-
able.to build a completely new geophone, and it was deci-

ded to modify an existing instrument. The Seismograph
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Service Ltd., GAA geophone was chosen as it had approxi-
mately the required dimensions, was well made and avail-
able in reasonable guantities, due té the generosity of
Messrs. Seismograph Service Ltd. For photographs of the
geophone components see Mason (1951). The problems then
were, firstly, to achieve a sufficiently low f_ (a peduc-
tion from 3%0c/s to 3c/s was necessary) and secondly, to
a@just the parameters to fit the requirements of 2.211.

2+214, Lower natural freqguency fd

The following is a list of the methods which were
congidered for reducing fo to the required value. (4),
(e) and (f) are each described in greater detail later.

(a) Thinning and prestressing the manufacturer's
spider springs. (Prestressing is the term normally used
for forming a spring into any required initial ghape, but
preforming would be more descriptive). This method was
used by Mason. The amount of prestressing needed to
support the weight is given by 8 = 25/foacms., which in
this case is about 3cms. This was found to lead to in-
stability and was not used. However, for the horizontal
g%%hone, this method was possible as no prestressing was
needed to compensate for the weight of the suspended mass.

(b) TUse of the La Coste principle of suspension.

(c) Use of additional springs acting perpendicular
to the direction of motion in compression against the

mass, (see US Patent No.2, 788, 512). This would give a
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negative spring constant, because for small displacements
the spring force would have a component acting in the
d;rection of motion away frowm the equilibrium position:
i.e. proportional to -x. (D) and (c) were not tried suf-
ficiently exhaustively to give conclusive resulﬁs.

(d) Use of prestressed triangular springs.

(e) TUse of integrated feedback.

(f) TUse of a magnetic screw.

(), (e) and (f) were found to work well and are
considered below. The geophones which were finally em-
ployed in the experiments used (d) in combination with
(£).

ze2lt(d). rrestressed triangular springs

A survey was made of the spring systems used in
various geophones. The triangular springs used by Willmore
(1950) seemed to provide a compact and stable means of
obtaining a low value of fo’ and, after prestressing into
an arc of a circle, could be made plane by the application
of a force at one end. The theory of the bending of a
triangular spring is given below, (see figure 1l).

If a beam is bent into an arc of a circle radius R,
the bending moment at all points along the beam is given
by M = EI/R where E is Young's modulus and I is the geo-
metrical moment of infertia of the cross section. If a
beam is prestressed into an arc of a circle and then

flattened, the reverse is true, and when the spring is
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flat ( y=0 for all x) the bending moment at a point

distance x from the fixed end is given by

EI (18)
MO o (¢-x) =

£
b-1) 0o Pu conple ach prhas be behoun M fred Lol o)
tgaérgkmrfbgce~&;&ghe point x in the beam due to

Fo& acting at the end. This is the force needed to keep

where F

it flat and in this case is.made equal to the weight of
the geophone suspended mass. LS. F05 = mg

From (18) it may be seen that to keep R constant for
all X, I must be proportional to (£-X).

But I = E%; (see figure 11)
Therefore this may be done by making b proportional to
(£-x),

ie€s b =D iﬁfg—zi
Hence a triangular spring prestressed into an arc of a
circle may be made plane by the application of a force
at the pointed.end. .

If the force acting on the end of the spring is in-
creased to E, (when y # 0 for all x), and y is small,
then to a first approximation

FR (¢-x) = E% + EI gﬁ% (19)
(18) and (19) give

(Fp - = 2
Integrating and putting in the boundary condltlons (i.e.
the broad end is clamped) ¥y = O and %Z = O at x = 0, it
may be shown that



or
Fe = (BB 4 1) Fo,
62
The equation of motion for small vibrations of the beam

about the equilibrium position is,
2
ng - (25% + 1) mg=m 4
£

at®
or
z
a7y , 2Ry _ g
dta '62
hence
wa=—2-.—-Rg=§ f = 'L ;‘/2R == 20,/2}{ (20)
o) 22 m? 0 PRE ) &
and
, 3 ‘4.'/_
e 38 LR o,
hence 3
Ed bo
and
Ed5bo (o2)
5 = 22
663

The triangular springs were designed using these formulae.
After trying various designs, two springs were used as

shown in figures 12 and 13. The dimensions of the springs
eventually used were b_ = 2.0 cmBe, 4= 5.3 cms., R = 1l.0cms.
and d = 5.3 x 2.54 x 10 2cms. (5.3 'thou') = 1.35 x 10 “cms.
Each of the two springs used was capable of supporting a

mass of 9l gms., giving fot’ the natural frequency with
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triangular springs alone, as about 2.5 ¢/s. The difference
between this frequency and that given by equation (20) is
dus to variations in the spring constants. TFigure 14
shows the variation of displacement with load for some of
the triangular springs, indicating the large variations of
S. This may be due to the method of cutting with a guillo-
tine which produced slight ridges which were later filed
down. It may be possible to use this particular property
to produce a spring with a low spring constant, as the load
it is capable of supporting is not affected and agrees well
with the equation (21). When the triangular springs are
more robust, such as those used by Willmore, the variations
of s are not so great, and fot is given accurately by
equation (20).

The spider springs were thinned to 2.4 thousandths
of an inch giving a natural fregquency with spider springs
alone (fos) of about 2.5c¢/s with m = 182 gms. Then

e —— I

£,= SE 0+ f;a.;;;;: 3.5 c/s.
By use of the magnetic screw this was reduced to about
3¢c/s (see 2.217).

The increase in mass (from 35 gms. to 182 gms.) was
effected by fixing brass discs to the ends of the former
as shown in figures 12 and 13. When making the springs,
triangles were cut to the required dimensions by a guillo-

tine from sheets of berylliuwm-copper, then they were fixed

around aluminium ‘tubes machined to the correct diameter,
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and heat treated by leaving them in a melt of equal propor-
tions of potassium nitrate and sodiun nitrite at 51600
(+ 400) for 3 hours (+ % hour).

The vertical component (LF2) of the low frequency
geophone was constructed as described above.

The two horizontal geophones (LFl or longitudinal
and LF3 or transverse) presented the relatively simple
problem of thinning the spider springs by disso}ving ;n
nitric acid, and increasing the mass to about 182 gms.
to give a natural frequency of about 3¢/s. The range
of characteristics of each component of the LF geophone
is shown in table 1.

The vertical and two horizontal geophones were mounted
in a case (see figure 15). They were not mounted verti-
cally permitting use in a borehole, as experiments showed
that for accurate work the coupling between the walls and
the geophone was not sufficientlylgood without the use of
a special borehole geophone clamp. The horizontal mounting
was more rigid for normal use. The geophones were covered
with 'Araldite' or 'Preservite’ to insulate them electri-
cglly frpm earth currents.

2.214(e). Integrated feedback geophone. Mason suggested

(private communication) the possibility of using an inte-
grated feedback device for reducing the natural frequency
of a geophone. The spring restoring force is proportional

to the displacement from the equilibrium position and the
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geophone voltage output proportional to the velocity at
frequencies well above the natural frequency fo' Hence

a voltage proportional to the integral of the outputb
appropriately fedback could lead to an effective negative
spripg constant. After bulilding the geophone described
in 2,215, this pripciple was tried and found to produce
Treasonable results. Figure 16 is a diagrammapic represen-
tation of a geophone with integrated feedback.

A fraction “lvo’ of the normal geophone output voltage
is taken and integrated by means of a feedback integrating
network, then fed back to a second, feedback, coil which
is wound on the former used for the main coil. A feedback
former with main and feedback coils is shown on the right
of the photograph of geophone componentvparts in figure 13.

The integrating network output (see fig. 16)

{

A, | Q
2 J

1 Vo.dt

a j[ Vo .4t if a = @qelne

It is arranged that RI>>alRL.

Let RZ + Ro = R5

and Rg + RL = R as before.

Inductance will be neglected as the primary interest at

the moment is with the low frequencies. Also former damping
may be neglected as the coils were deliberately wound on

a nylon former to make this possible.
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Referring to figure 16, the equations of motion of the
system are:-

mechanical mx + sx - Klil + K2i2 = - mu

electrical, main coil - K;X = Ri;

electrical, feedback coil qf%o.&t- Kei = R312

These give

acv . K.% K5 av . K,K,0R, K, 2t
S e G- R R @

indicating that the effect of feedback is to reduce the

damping term by

K2 K.K~aR,
2 end 0 ? by 1Xo0Ry,
ﬁﬁ} EEEI%
The geophone was designed making
KRy o B s
3 —— W

2
and gg; < I% g%; S0 that.the effects of the change
of damping could be neglected.

The feedback nétwork which was constructed ponsisted
of a transistor Miller integrator circuit (see 2.2%), with
a time constant RC = ﬁ% s followed by an emitter fpllower
to give a low impedance ouﬁpg#tRo, (sgg figg;e 17).

The transfe; function = Iﬁﬂﬁ%EﬁS 3ﬁﬁ>55%0 = 3% when ARCw>>1.
Hence a, = 40 down %to about 0.1 ¢/s. 1In this instance
Ry, = 2K ohms, B = 5.45 K ohms gnq 33 = 330 ohms. With a

main coil of 3850 turns of 44s.w.g. enamelled copper wire,

and the feedback coil of 455 turns of the same wire,
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K, = 0.67v/cm./sec. and K, = 0.11v/cm./sec.

1 2 _
These give a feedback negative spring constant :&:% X lO5

dynes/cm., which may be increased by increasing a,.

It remains to be shown thalt the mutual coupling be-

twesn the coils is negligible.

he induced e.m.fs in coil 1 due to the current in

2 1s givex by

CE
Ve ~ M aw
=*I“I%Eo§-' j {J- ‘d-b
G Ky
= - N2~ . 0 (constant term = Q

and above fo’

r
= K

v = o
o 1 , . .
Therefore 1t is necessary to\ have i >> %Su for
‘ ' 2
mitual coupling to be negligiblde
. R K K5
1leCo 'R"'L 172 >> g
or the coupling natural $Lequence g% hould be such that
w 2 = By, K,’E s 5 oy 2
c "R i m o)

M = k VI;T, Afhere k is the coefficient gf coupling,
which in this ése (see Langford—Smith, 'Radio Designers
Handbook', 9.447) is about 0.3.

By u*asurement of Ll and L2 it may belshown that

Ca = 3 x 10% at 1 ¢/s, and if £, = 3.3 c/s, the
coypling is negligible,

In the trial geophone, the natural freguency Wivhout

feedback of #.9¢/s was reduced to 3.3c/s with feedback.
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One advantage of the use of this principle is that
the required accuracy of levelling a horizontal geophone,
which is proportional to foz (see 2.41), corresponds in
this case tofhatural frequency without feedback and is
not as critical as it would otherwise have been. This is
because the feedback network does not respond to DC changes
and only the geophone spring constant, tilt and weight of
suspended mass determine the equilibrium position of the
‘mass.

The limitations on the use of integrated feedback are,
firstly, that the spring constant cannot be reduced below
a value of the order of the original variations in its
value which depend on the engineering and may be quite
large, (figure 14). This tends to lead to instability.
Secondly, it is necessary to have more complicated elec-
tronics, which may be built into the geophone or alterna-
tively may be kept with the rest of the recording equipment
thus necessitating an extra wire to the geophone. However
this need not be used in the event of a fault when the
system could be operated in the normal manner without
integrated feedback. The operator could adjust the geo-
phone natural frequency with a poteptiometer ~ which would
in effect act as a high pass filter.

The method of integrated feedback was not used even-
tually, mainly because the springs were not sufficiently

well made to have constant values of s. A 70 per cent
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reduction in fo entails a 90 per cent reduction in s,

so that s must not vary by more than about 5 per cent ip

this case over the greatest displacement to be recorded.

However the principle could be very useful when used with
gpod Springs.

2.214(Ff) Magnetic screw

The introduction of a steel screw on the moving coil
system above the fixed magnet was used to'provide a non-
linear negative spring constant (see Figs. 12 and 13). A
similar idea was used by Willmore (1950) as a zeroing
device. The effect of the non-~linearity is shown below
to be.negligible.

If a is the separation of the screw and the permanent
magnet, do the equilibrium position and x the displacement
from the esquilibrium position,

d = do + X
Let the force on the screw due to the induced magnetism
be

= f(a) = f(do + X) ‘then,

§f = £'(a).dd = £'{d).x.
If x is gmall this gives the value of the negative spring
constant. For non~linearity effects to be negligible, it
is sufficient to require the variation in ff(d) to be less
than 5 per cent at the maximum displacement.

(£') = £''.84

so that it is necessary to have
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L 'y ' _ :
6%? ) = iv , «8d << 0.05 for 3§;§ 10 2cms.

If 1 is Tthe length of the screw and +m and -m the induced

pole strengths, 'F may be written in the form

T a® (awe)®
Although this is an approximation, it is reasonable to
assume an approximate form of F as

F e én where n <= 3

then §CL) Q&l . §d £ 4 per cent when d = lem.
After a number of trials, a %"long 2 B.A. steel screw was
used. The natural frequency could be reduced from 3.50/5
to 2.2¢/s5, but was kept at about 3c/s for greater stability.
However after some months field work it becamae necessary
to make a slight reduction in m (of a few gms.) Lo allow
for a change in the zero position of the mass, possibly

due to fabtigue of the springs. It was decided to over-
compensate for this effect to allow for further changes,

as the geophone was to be buried making it inaccessible.
This decision was unfortunate as the consequent change in
the zero position changed the value of fo to about 4 c¢/s
(see Fige. 14), and the increased distance of the magnetic
screw from the geophone permanent magnet was such as o

make the reduction in frequency which it effected negligible.
As a result of this effect, the geophone was used for some
of the experiments with £ at 4 ¢/s and not % ¢/s. The

zero positions of the horizontal geophones were aﬁgﬁFged

so that they had similar values of £, (see Fig., 2&?. The
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existence of this undesirable effect is another argument
in favour of carefully manufactured good quality spfings.

2+.215. - Upper natural-frequency-fl. Coils were wound

with various numbers of turns varying from a few hundred
to about 20,000 and the variations of inductance with
frequency measured for the various coils cl#mped in posi~
tion (see 2.41).

Equation (lg) giyes

5 - .
s G s
Applying the criterion that resistive damping should be
negligible for load resistances greater than 20 K ohns,
and using 44 s.w.g. copper wire which is about the thin-
nest which is easy to wind, it is necessary to have
1 2 1
o R ; 10 RN? N
For 44 s.w.g. copper wire, R% %% 0.4 N ohms, hence the

condition is
1 < 1
(RpFO-B0) = 10 Ry®

giving
N < 2,000(a8 R, 2 5.5 x 107 ohms, see 2.41)
as the criterion for the number of turns needed. The
colls used by the manufacturers had 1,670 turns and were
therefore used. ,
These gave K = 0.5 volts/cm./sec., I = 0.53% Henries at 25¢/s.

s
Now £,% = £ % 25¢/s
fx®nl,
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o B% 0 Lfy :
and fuﬁ"zﬁ T;——.H;l b.A 3 4500/5,‘.

considering the worst case when f_ = 4.1c/s.

Thus the low frequency geophope frequency response should
be within 3 d.b. from about 2.6 ¢/s to about 450 c/s.
(When £, = 4.1 c/s, h = 0.45). The upper frequency limit
may be in error by as much as about 50 per cent, but this
is not important as the geophone-ground coupling probably
determines the upper frequency limit of the recording
system. |

2.216 Geophones used.

Two different types of three-component geophones were
used in the majority of the experiments: both seemed from
practical and theoretical consideraltions to have adequate
frequepoy responses and Lo give adequate coupling with the
ground. The low frequency geophone was constructed accor-
ding to‘the prinoiples‘described above and is illustrated
in Figs. 12, 13 and 15. As described in 2.214(f), its
natural frequency varied from 3 c/s to 4 c/s during 4dif-
ferent experimentg, with the upper frequency response
theoretically % d.b. down at about 450 c¢/s. Unfortunately
there was not sufficient time to make a borehole clamp for
this geophone and its three mutually perpendicular geo-~
phones were therefore mounted in a horizontal plane énd
not in a vertioa} line, as was originally intended for the
borehole geophone., The former method was found to be

less susceptible to resonances caused by the lack of
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rigidity of the clamping in the case,

For measurements in a borehole, a commercial Hall-
Szars three-component geophone was used and packed with
a probe to give better coupling with the Wal;s. Bach
component had a lower natural frequency of 4.5 ¢/s and
a theoretical inducﬁive % d«b. upper frequency limit in
the kilocycle range. Although the simple theoretical
approximations used in this calculation probably do not
hold at these higher frequencies, because other effects
become more important, it is safe to assume that #he upper
frequency limit is certainly greater than 450 c¢/s.

By reference to table 1 it may be seen that the
lpwer frequepcy limit is determined by fo and is about
2.6 ¢/s (3 d.b.), while the upper frequency limit is de-
termined by the geophone-ground coupling and, although
this is not accurately known, it is seen by section 2.211
to be about 150 c/s.

The Hall-Sears geophone was used in boreholes and at
all other times the LF geoplione was used in preference
because of its lower natural irequency, greater sensitivity
(0.5 v/cn/sec as opposed to 0.17 v/cm/sec) and better
shielding from 50 ¢/s pick-up because of the thicker
metallic cases

Single standard GAA geophones (fo = 30 c¢/s) were
used as triggering geophones because of their ruggedness

and also to investigate the effects of a limited frequency
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response.

Mason's two-component geophone was used in the pre-
liminary experiments (f_ #¥ 10 c/s, £, = 57 c/s,
K = 1.5 v./cm./sec.) and also % Willmore geophones, but
these were found by experiment to give poor coupling with
the ground and also to have insufficient high frequency
response (fo = 1 ¢/s £1#% 10 c/s £,* 70 c¢/s K =1 v./cn./sec.)

2.22 Preamplifiers

The most obvious requirements of the preamplifiers
are~
(1) Flat frequency response with zero phase shift from
at least le/s to 1000c/s.
(2) Input noise level as low as possible (of the order
of a few microvolts if possible).
(3) Sufficient gain to make the lowest signal levels at
least ten times greater than the noise level of the main
amplifier or integrator; in this case greater than 100.

They should be transistorised for possible incorpora-
tion into the case of the geophone, thus reducing the
relative effect of cable noise. They should also be
simple to use’without complicated power supplies or setting
up procedures.

Among the various amplifiers considergd were those
used by Mason (1951) and the Solartron A.A.621 D;C. ampli-
fiers. DNone Were’found which satisfied the requirements

sufficiently well.



The special transistor amplifiers finally used were
developed in conjunction with Mr. J. Dempsey of Elliot
Brothers (London) Itd., Boreham Wood. The circuit diagram
of one amplifier followed by a sechd amplifier used as
an integrator is shown in figure 18. The approximate
characteristics of the amp;ifier are given below:-
Frequency response$~
0.5 ¢/s to 20 K ¢/s (3 d.b.). This is the unfiltered
frequency responses High and low pass filters are set as
shown in figures 18 and 19 to be 3 d.b. down at 0.16 c/s
and 1000 c¢/s respectively.)

Gain : 1000 approximately

Noise level referred to‘input:

Au.v.p.p.(but varying with each
amplifier and inprgasipg with
time to about 7UsVepeDe)

Input impedance ; 20 K ohms

Output impedance: 30 K phms

Qutput swing !+ 23Vep.p. o

Power supplies : + 100v, (3 m.a.)? very smooth,

and -100v. (10 m.a.) These may
be reduced to 1l2v with some increase in noise and reduction
of gain and output swing.

The frequency response of the amplifiers is shown
in f;gure 19 with and without'the filters which are set
at 0.16 ¢/s and 1000 ¢/s. 3 d.b. down.
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The noise level is as low as any reported in the
literature for this frequency range (sge Nightingale,
1958, who gives 4u.v.p.p. from 10 to 2.300 ¢/s as the
lowest valge consistently attained with matching of
Mullard EF86 valves). It was achieved by good shielding
and earthing, and by selecting and matching the transis~
torsy, using twelve selected from a batbtch of 13. It is
believed that at least one commercial firm has since
developed a transistor amplifier which will have a lower
noise level when finally produced. ‘In time the transis-
tors became noisier, rising to AL.v.p.p. average noise
level after two years' use. Figure 20 shows & lLOUW.VeDaD.
40 c/s signgl photographed when the amplifiers were first
constructed,

With the relatively short cables used in the present
work, it was not found necessary to build the preampli-
fiers into the geophone case,.

Four amplifiers were used, two with the integrators
apd two as preamplifiers.

2.2%.  Integrators

A simple R.C. integrator followed by an amplifier, and
a Miller integrator (Miller U.S.A. Bureau of Standards
paper 351 and Blumlein, 1942) were both tried. The latter
was used and is shown with the preamplifier schematically
ip‘figure 21, and the circuit diagram is shown in figure

18.
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For an infinite input iﬁpedance to the amplifier,
so that all the current goes through the feedback conden~

ser, it may be shown that

1 _Ld
(V=7 =0Cgg (V, - V)
and
Vo = = &7,
These give
V. . v. ¥ :
-~ =Cq (T + Z)+ﬁ2 (24)

For sinusoidal voltages
.2 -
Vo = [ 1+ JwRCCA+1)] V1 (25)

and if JwRCA>> 1

P 1
Vo &= - FwRC vy

= -%iéfvl_dt

The effects of finite input impedance may be shown
to be negligible in this case (see Wass, 1955).

Using the preamplifier described in 2.22 it is nec-
essary to have «wRC m2 0.01.

Oné of the difficulties with the use of integrators
is tvhat low frequency components of the input noise level
are magnified in comparison to the higher frequencies and
appear at the output as undesirable low frequency variations
of the output level. It is therefore best to apply as
much low frequency filtering as possible when working

with low signal levels, as long as the low frequency



- 68 =~

response of the system is not affected. 1.6 ¢/s (3 d.b.
down) was the greatest low frequency cut off used (having
a 0«1l peof. blocking capacitor on the output to the oscil-
loscope) and 0.16 ¢/s was used for greater signal levels
when noise was less noticeable (1 u.f. blocking capacitor).

At 1.6 ¢/s therefore, it is necessary to have

| RC > 0,001
and at 0.16 ¢/s
RC > 0.01
R was kept at 0.2 meg ohms and C allowed the value 0.005 u.f.
oT 0.05 w.f. with transfer functions of 10 f V.dt above
1.6 ¢/s and 10% J'V;.dt above 0.16 c/s.

The combination of Al and A2 as shown in figure 21
was found to be better than having Al following the inte~
grator or combiged with A2 inside the integrator. |

In figure 8, page 65 Fourier analyses are shown of
two records of the same pulse. One was recorded straight
(giving velocity) while the other is the analysis of the
output of the same geophone recorded on the second channel
but integrated this time (giving displacement). The com-
ponents of the displacement pulse are multiplied by fre-
quency and a correction made for the different gain settings.
The agreement 1is a measure of the accuracy of the integra-
tion (and also of the Fourier analyses).

The two preamplifiers and two integrators used for

the A and B beams of the oscilloscope were all housed in
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one box between the geophones and the oscilloscope. (see
figure 5).
2.24 Oscilloscope

As no three-beam oscilloscopes were available, it
was decided to use the Nagard DT 103 double-gun model which
has D.C. amplifiers with a gain of 10°, a noise level of
about 50 w.vep.p. and bandwidth up to 250Ke/s, giving a
sensitivity of 0.25 m.v./cm. It has the convenient features
that the YB amplifiers may be switched to the XA plates
for Lissajous figure type of presentations, while at the
same time the time-base may be used to control the length
of duration of the brightening of the spot after it has
been triggered on by a pulse from the timing unit. This
facility was used to display two-component pictures of the
ground motion. A‘G;E.C. tube was later fitted to give a
smaller spot size. -

Timing marks were put onto the record as small breaks
in the trace of the oscilloscope spot by means of the
timing pulses which were passed from the timing unit via
a valve amplifier to the brightness modulation input. It
is necessary to have a 60v., amplitude to completely darken
the spot, which was the reason for the use of a valve and
not a transistor amplifier. A 0.01 uf and 1 meg ohm RC
circuit across the output‘of the amplifier was used to

vary the time break width.
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2+.25 Camera

A Shackman AC 2/25 Oscilloscope recording camera was
chosen mainly because of the reasonable cost and conbtin~
uous range of speeds available up to 34 inches per second,
found to be constant and reproducible to within 1 per cent
at a given speed. A possible future improvement to the
apparatus may be the use of a better quality camera with
facilities for using wider film and the Polaroid-~Land fast
processing technigue for single shots.

2.26 Timing unit

Mason (1951) used an electromagnetically maintgined
vibrating reed working from the mains 50 c¢/s supply.
This is guaranteed by the Electricity Aubthority to be
accurate to within 1 per cent and was in fact found to be
accurate to within about 0.3 per cent at most times.
However, for the timing pulses to be accurate throughout
one second to an accuracy of one millisecond, it is neces-
sary to have a timing standard accurate to 1 in lOBu This
accuracy may be achieved with some difficulty using L - C
oscillator circuits but for greater accuracy it is neces-
sary to go bto crystal oscillators. In view of the compli-
cation of the timing circuit which was envisaged, it was
decided to use a crystal standard providing a very versa-
tile accurate timing unit suitable for a variety of other

uses in addition to those connected with the present work.
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The requirements of the timing unit were that'it
should provide timing pulses every 0.1, 0.0l and 0.001
sec. accurate to at least 1 in loaland, for use in the
experimental method described in 3.1, also provide an out-
put delayed with respect to the input for a time up to
about 1 second, which may bg set, with the above accuracy,
to the nearest 0.0l seconds.

A unit was built to do this using the Venner Elec~
tronics Ltd., plug~in units, and is shown in figures 22
and 2% and also as part of photographs 6 and 2%; The T.8.5
crystal oscillator provides rectangular timing pulses,
accurate to 3 in 106, which are gated by the T.8.16 elec~
tronic gate and passed'into the T.8.10 and T.S.l11 decade
dividers and selectors. (The prefix 'T.S.' has been
omitted in figures 22 and 23). After successive divisions
by ten, outputs are available giving pulses every 1, 0.1,
0,01, 0.001 and 0.0001 sec., and at the same time, the
T.8.11's are used in conjunction with T.S.6 selector
gates and diode meshes to give the required delayed out-
put, the delay time being set to the nearest O.Ql sSec.
with the crystal accuracy by'two selector knobs. The
working of the gate is controlled by a pulse from the
triggering geophone which is first amplified by a T.S.3
wide band amplifier and then passed through a T.S.14 pulse
shaper‘and T.5.2B binary unit before being passed to the

T.S5.16. Records nos, 452-62 (not illustrated) show that
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this can be done with an accuracy such that the timing
pulses start less than 1 millisecond after the weight hits
the plate. The second T.S.2B binary unit shown in figures
22 and 2% was added later for use with the first in con-
nection with the portable seismic application of the
equipment described in 2.31. The use of two binary units
in this manner, known as 'interlock action', ensures that
only the first and not subsequent pulses open and close
the gate when applied Go the appropriate on and off points.
The timing pulses werc passed to the brightness modulation
oi the oscilloscope via a valve amplifier as described in
2.24. The amplifier used was made by adapting the ampli-
fiers used by Mason in his triggering and timing circuit
(see Mason 1951, p.27).

' The timing unit 1s transistorised, portable and uses
Of2 amps from a small 12v Ni - Fe battery.

2.27  Control circuit

This is shown in figure 24 and is used Lo control
automatically the sequence of operabtion of the experiments.

Switch A is the master switch which, (a) resets the
timing circuit for future use (so that the beam may not be
triggered off before the experiment by random seismic
noise), (b) switches on the shutter or motor circuit
(depending on the position of switech C) if switeh B ig up,
otherwise does not affect this circuit, and (c) operates

slug relay (1) after a time up to about 1 second, depending
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on the value of the variable resistance in its circuit.
When this relay operates, it (a) works the shutter or
motor according to the positions of switches B and C as
before, and (b) operates slug relay (2) after a time up
to about 1 second depending on the variable resistance
in its circuit. This second relay then bturns off the
shutter or motor.

Hence the weight is dropped and the camera or shubtter
‘not operated until the weight has nearly reached the
ground (about 0.15 sec. beforehand) thus saving film or
paper. The camera may however be started directly the
weight is dropped and is au#omatically turned off when
the experiment has finished,.

A 12v battery is used, and although the timings sre
not very accurgte (10 per cent) the circuit has proved to
bg very useful.

2.28 Weight dropping equipment

Mason's tripod and bomb relgase were used, the latter
being later replaced due to wear. The weights used were
1%, 50 and 300 pounds. The weight falls onbo thg ground
or more usually onto a baseplate weighing 75 or 800 pounds.
A triggering geophone is buried dipectly below the plate
or point of impact with the ground. Towards the end of
the series of experiments a winch was fitted onto the front

of a Liand Rover and used for weight lifting.
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2.3 Additional apparatus

In addition o the apparatus degcribed above which
is essentially for recording, the additional eguipment
described below was used.

2.31 Portable seismic equipment

Mooney and Kaasa (1958) describe a transisborised
portable seismic equipment which wgs demonstrated ab
Silwood Park on March 1llth, 1959, at the time when the
timing unit (2.26) was being constructed. By the addition
of a box containing three meters to indicate the time,
and with a little re~wiring, the timing unit was adapted
for use as a portable seismic equipment very similar to
Mooney's but with the advantages that the reading is dir-
ectly on the decimal system, not on the binary systemn,
to a greater accuracy. The three figure reading may be
taken to the nearest millisecopd or, more usually, to the
nearest tenth of a millisecond. The circuit is shown in
figures 22 and 23, and a phobtograph of the complete equip-
ment, including hammer and base-plate, ready for use is
shown in figure 25. It would be better if the additional
plug-in unit for adaption to the portable seismic applica-
tion of the apparatus were incorporated in the main bining
unit box as this would be more convenient and not much
more bulky. (That shown on the right of the timing unit
in Fig. 25 is larger than it need be).

The working is essentially that the gate is opened by
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the initial shock caused by an explosion or hammering a
plate and is closed by the first arrival at the'geophone
which is amplified and shaped as described in 2.26. The
number of 10 K ¢/s timing pulses passed through the gate
between the opening and closing times is counted and indi-
catéd onh the dials. The amplifier gain is adjusted by
means of input and output potentiometers to be just below
the yalue needed for the ground noise level to close the
gate. Two T.5.% amplifiers are usually used Dbeyond about
150 feet, and it is best for them to have their own power
supply. With increasing distance from the source (depend-
ing on the signal to noise ratio), the triggering point

on the first arrival pulse becomes later with respect to
the beginning of the pulse because of the slower rise tinme,
and eventually is only reached on a later pulse of greater
amplitude, from the surface waves for example. The magni-
tudes of these errors, which increase Withlthe distance
from the source, are difficult to estimate. Nevertheless,
the equipment was useful for a number of refraction surveys
and velocity logs when it was possible to obtain an inde-
pendent check of the first break times from the normal
records and fill_in the details with the portable seismic
equipment (see 3.51). The agreement was found to be good

(see for example the time distance graph of site 2 }
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2.%2 Curve follower

A double beam curve follower developed by Dash (1959)
was employed to change stralght records into two-component
records. Two straight records of two mutually perpendicu~
lar components of the amplitude of ground motion recorded
against time in the usual manner were traced onto separate
strips of paper and passed into the curve follower which
produced push~pull electrical outputs of a few volts on
either side of a 200 volt D.C. level which were passed %o
the XA and YA plates of the oscilloscope. The resulting
picture of a section of the ground mobtion was bhotographed.

One advantage of the system was that the curves were
followed slowly, thus permitting'a particular section of
the record to be studied closely. The main difficulty
was the inaccuracy due to timing, tracing and following
the curves. A similar system without the need of the
curve follower could be used if the records were on magnetic
tape.

Usually the two~component pictures were obtained by
dirept recording av the time of the experiment as described
ip Sele

2.%% Photographic equipment

The recording hut was used also as a dark room so
that records could be developed immediately for quick
analysis. Kodak DX80R replenisher used as an ultra rapid

developer, AM33 rapid liquid fixer and Kodak hypo-cleafing
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agent were used for processing, and the records could be
examined in the light after(about one minute. Kodak RP30
recording paper was used, though RP35 would be a little
better but it was necessary, at that time, to order in
fairly large quantities. A number of different films

were tried (Kodak R60, R55, R20 and Ilford 5B52) and even~
tually R60 was used as this permitted a duller, and there-
fore smaller spot. This fact outweighed the disadvantage
of having to work in almost complete darkness as the
important factpr for good definition is the ratio of spot
to screen size. Tor enlargements Kodak D19b deﬁelope;

and WSG#S extra hard Bromide printing paper were used.

2.34 Cables

Four-core coaxial cable (B.I.C.C. ’AD') was used for
the geophone leads and found bo have'a sufficiently low
capacity (giving 10° phase shift at 800 c/s under working
cpnditions) and to provide good 50 ¢/s shielding.

2,35 Hardware

In.addition to the usual spades ebc. used for work

. of this nature, 1" , 4"and 6" augers were used for making
boreholes for geophone burying, velocity logs and geolo~-
gical interpretation. The greatest depth augered Wasa15;5
feet with the 4"auger (in sandi at the bottom of a 10'
hole to find the water table at site 1).

2.4 Equipment Testing

Various means were used for testing the apparatus
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described above, both when under construction and in the
field.

2.41 Pulse tesbing

A simple circuit was made for measuring the geophone
response to a step function. The response curve can
theoretically, by Fourier analysis and measurement of
voltage levels, be used to give the complete frequency
response and sensitivity, but in fact was only used to
give fo and h which can be obtained simply from the shape
of the curve. This was because TFourier analysis would not
give accurate information about the high frequencies, and
voltage measurements on an oscilloscope are only accurate
to about 3 per cent.

By solving the differential equation (6) with the
particular initial conditions of a step function, it may
be shown that the ratio of amplitudes of successive peaks
of the damped vibration resulting from a step function

when h < 1 is given by

+ hrx
Yy VIn
7
Vs
and if Ll = loge VE
Ll
then h = —————1
2
(7[2+L12)

and the volbtage is zero abt times given by
5 = K
n —
wo(luha)2
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When h > 1, the decay is oscillator > the form
~hw & +\/h2~l.m t ~JhP-l.0 t
V=V e ° (e 0 Le )

and beyond the time when the second term is negligible,
which is roughly at the maximum oubput voltage, it may

be seen that_, wot

. VvV e ... F.o.. "
vVt _ o 1 o BT
V. e ©
0
k w At
= @ %
()
If L, = log = k w Ab
2 © Vbt at ©
'Lg A
then k= m
Q

and hence h may be calculated from the value of k which
is found by measuring L2 for a particular At, knowing W
Por simplicity, & curve of k‘against h was prepared and
used to give h for a given k. Curves of vl/v2 against h
were also drawn and used to find h by measuring Vl/V2
when h < 1. Figure 26 gives these curves.

Pulse tests were applied during field experiments
before using the low frequency geophone to ensure that
the coils were free, as it may be shown that a horizontal
geophone must be levelled to within an accuracy of ﬁo,
where ¢ is given by ﬁﬁ% and 4 is the maximum toler-
able displacement of the coil from the zero position

permitted by the stop. ¢ in this case is aboutb 20, which

is difficult to achieve under field conditions. The
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possibility of applying a DC correcting current to the
coll was considered, but eventually found to be unneces—
sary. It should be noted that the small displacements
from the true equilibrium position of the suspended mass
of a horizontal geophone due to inaccurate levelling may
affect the natural frequency, fo' This is because the
springs are working at a different point on the load/
displacement graph (see figure 14). This fact was used
to adjust the responses of the three compongnts of the
IF2 C geophone to be similar (see 2.214(f)).

Figure 27 shows photographs of pulse tests of the
three components of the low frequency geophone in position
for measurement showing the degree of similarity of +the
responses and the calculation of fo and h. Tests were
usually carried out at a displacement of about 0.0l cms.,
which was about the greatest likely to be measured during
the experiments, and also with a displacement such that
the output was only a little more than the ground noise
level. Results similar to those shown in figure 27 were
obtained for both positive and negative pulses of various
amplitudes.

In the laboratory, 32 was measured by plottipg RL
against h for values of h greater and less than 1l.

Using the formula

R® . 1 . 1
h = ( + )
2w m Bty RN
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Ry could be found from the intercept, and was found to be
5.5 x 10™% ohms. This value of R, gave values of h which
agreed well with those found experimentally for geophones
with windings similar to the one on the geophone used for
finding R2. However for different windings the theoretical
and experimental values of h differed by as much as 20 per
cent, For the LF geophone h = 0.45 experimentally, which
agrees fairly well with the theoretical values of 0.35

and O.44 which are found by taking fo as 4,15 ¢/s and

3.3 c¢/s respectively. |

2042 Other geophone parameters

The frequencies at which the geophone voltage and
current were in phasg when driven by a sinusoidal voltage
input gave fo and fl. By measuring the DC current needed
to keep the coil in the zero position for various valges
of an added mass it is possible to find a value for K.
The application of this method is difficult and less
accurate for the horizontal g%bhones.

As stated above, the variation of L with f was mea-
sured by a resonance metpod using various known series
condensers (see figure 28). Knowing L, fl’ fo and m, a
value can then be calculated for K. This was found to be
the most accurate way of measuring X, giving a standard
error of about 2 per cent, and had the advantage that it

could be used equally well for the horizontal geophone.
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2.4%  Shake~table measurements

Two shake-tables were built, one very rigid and one
very elastic (see Washburn, 1942). The rigid shake-table
was found to be unsatisfactor& because of inherent reson-
ances, but the elastic shake-~table worked well and is
shown in figure 29 for a horizontal geophone.

A small Goodmans vibrator capable of producing a
21b. thrust was bolted rigidly to the geophone under test
and the whole suspended horizontally or vertically, as
required, from the frame. The geophone was also bolted
rigidly to another Goodmans vibrator which was fixed
rigidly to the frame, and this was used as the detector.
The output of this vibrator used in reverse gave the
motion of the geophone case with respect to a point fixed
in space, as long as the frequencies used were well above
the natural frequency of the vibrator when loaded with
the geophone which was true in this case. The vibrator
produced a motion of the geophone (and itself) which was
measured by the detector. The geophone output was compared
on an oscilloscope with the measured geophone motion by
means of a Lissajous figure presentation to give thg
amplitude and phase characteristics of the geophonse. The
results of the shake-table measurements were found to
agree quite well with the calculated frequency response
for lMason's geophone (see figure 30), and the frequency

responsges of the other geophones were therefore assumed
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from the calculated values.

An advantage of the shake-table is that it can be
used to show up isolated resonances due to the construc-
tion, both electrically or when examined with a strobo-
scopic light source driven by a supply working at the
same frequency as a current used to drive the geophone.

If a larger Goodmans vibrator with the necessary
power amplifier were available, a shake table similar to
that described above could be bullt to test the complete
response of the recording system, including the geophone-
ground coupling, by placing the geophone in a box of
egrth which is shaken.

2.44  Calibration oscillator

This useful piece of apparatus was built by Mason
(1951)'and used to measure noise levelsland gains. It
prpvides’VOltage outputs between 10 p.v. and 10 m.v. ab
40.2 c/s. The outputs were compared with a standard cell
and found to be accurate to within 3 per cent, although
this measurement did not allow for possible changes in the
oscilloscope amplifier gain between 40 ¢/s and D.C.

The outputs however were only at the correct levels
when the battery was not run down, and, during analysis
of results, some inconsistencies in sensitivities were
found. These were probably due to variations of the
calibration oscillator output when used in the field, and
a mains operated voltage standard would be far more satis-

factory.
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CHAPTER _3

EXPERIMENTS

This chapter deals with the experimental techniques
which were used, and describes the main experiments at the
two sites. A number of additlonal experiwments were carried
out to supplement the main results, and are also described
here.

3.1 Experimental liethod

For tho main experiments various weights were dropped
according to the particulsr study and encrgy required,
usually using a base~plate for better reproducibility of
results. When the bose-plate had bedded down after = few
drops, the resvlts of ropeated experiments were so similar
that differences were almost indistinguicshable. The 50 1b,
welght was used whenever possible as 1t gave a good pulse
when dropped from sbout 4 to 7 feet onto elther base-plats.

The geophones were buried by hand at the depth requlired,
and either the source or the geophones moved along the
traverse. It was more usual to move the source due to the
difficulty of levelling the low frequency geophone under
fleld conditions (seoc 2.41), and the fact that the geophones
had to be packed by hand as the coupling was not good at the
bottom of an auger hole. It was also pogglble by this means
to obtaln a constant frequency response unaffected by changes

in coupling.
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The sequence of operations of an experiment was
controlled by the control circuit. After each experiment
the filwm or paper was cut off and processed. The experi~
ments were usuelly repeated three times and recorded on
photographic paper in the normal manner as a variatlion of
amplitude of two of the components with time. In addition,
about fifteen two-component records were taken on film, -
the three components again being taken in three pafis of
two. Bometimes only one component wag recorded on each of
the three normal records on paper becasuse this facilitated
the technique of compounding two~component pictures using
the curve follower as described in £2.38. Both veloclty and
displacement were usually recorded in the normal manner on
paper, and only velocity for the two-component records on
film.

By setting the delay of the timing uwnit to any
particular value picked from the straight records, it was
possible to delay the brightening of the oscilloscope spot
with respect to the tivie of impact (+=0) by any tiwme up to
0,99 sece It was also possible to set the time for which
the spot stayed bright by merns of the oscilloscope time
base, not with great accuracy (5 per cent), but the exact
duration could be read frowm the timing marks on the record.

Hence it was possible to select any particular section of
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the record desired, and this technique was used extensively
to simplify the otherwise complicated two-~component
pPletures. Each drop therefore had to be repcated about £0
times to get a complete picture of the motlon, and hence
the need for a base~-plate to glve good reproducibility.

The galn or source energy could be incrcased to study a
particular section of the record more closely.

When working beyond about £00 feet, the experiments
were usually done at night because of the lower ground
noilse level at that time. The amplitude of ground motion
produced is roughly proportional to the square root of the
energy, and a reductlon by a factor m of the amplitude of
ground nolse permits a reduction by m® of the energy.

This 1s a strong argument for choosing experimental sites

in quiet places.

3ec Experimental Sites

The experiwents were carried out in the ground of the
Imperial College Filecld Station, Silwood Park, Ascot,
Berkshire. On the higher ground over much of the area the
geology consists of 0 feet of Bagshot Sands overlying
about 400 feet of London clay, both with negligible dip.
At site 1 onpraxinnbely Bt ~f gravel and &' of top soil

pverlic the puke. sond at the surface and the water table
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was at 26 feet at the tiwme of the experiments. River
erosion hag cut into the sand and in the lowest parts of
Silwood Park the clay 1s exposed below the top soil with

the water table at a depth of about £' during the oxperiments
on this slte.

The two experimental sites chosen wcre on the sand (8ite
1) and on the clay {Site £). Figure 31 shows the positions
of the traverses and the geology of the area. Site 1 was
chosen as 1t had been used by Mason (1951) and was suitable
for near souisf investigations, and Sitc 2 because it was

thought to bejunusually uniform wedium,

The trensition from sand to clay was traccd along one
of the hillsides with the portablc soclsmic equipment,
confirmed where possible by auger holes, thus giving a

geological cross-soction of the arca (scec Fig. 32).

3.3 Site 1 Experiments

The preliminary experiments at this site were malnly
%o test equipment. It was possible to decide on require-
ments and test the sultabllity of each plece of apparatus

as it w as bulls.
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331 Nolse Levels

Overhead 50 ¢/s power cables induced currents into
the ground which flow ed through the geophone and gave rise
to a large 50 c¢/s noise level particulerly when the soil
wag damp. This could be almost completely eliminated by
insulating the geophone from the ground and, together wlth
good earthing and shielding, the 50 ¢/s noise level was
kept below the level of the emplifier noise. At one tiwme,
a balancing circult with double~gided geophones and
amplifiers was tested, but the capacitors needed for phase
balanecing introduced significant phasc shifts and the method
was abandoned. A hum-bucking coll was also tried, but was
not used ag the electromegnetic field in the geophone scemed
to vary too wuch to allow sufficiently good cancecllation to
be achieved.

The variation of noilse level with time of day and depth

of geophone was investigated.

3.3¢ True Ground Motion

The first experiments were concerned with the accuracy
of recording ground motion. Various btypes of ggophones
were buried next to one another and their records compared.
Those used were the Willmore,GAA, Hall-Sears, Mason and

low frequency geophones. The offects of loogse and tight
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packing, different frequency responses and filtoring were
investigated. By thls means it was possible to obtain
similar records from two geophones with sufficlently wide
frequency responses, well packed ncar one another. The
effects of g tunnel or hole made for the purpose of burying
the geophones were Investigated to determine whether they
significantly affected the records and nceded to.be filled
in before the experiments. The conditions needed to obtain
what seemed to be o reproducible truc record of the ground

motion were thus found.

3433 Source Pulses

The pulses originating from various types of plate and
weight were lnvestigated and a picture of the pulse arising
from each type of gource obtained. The bounce times of the
welght wore weasurcd for varlous drop heights, weights and
base~plates so that the source could be chosen to have a
bounce time afteor any wotlion of inteérest on the record.

The 800 1lbs. base-plate was usuvelly used for produclng a
largce bounce time.

The variastion of pulse shape and smplitude with depth
and source energy was studied. This was used to obtain
the variation of amplitude of ground motlion with energy at

a given depth, and with depth for a given energy, and alsgo
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to indlicate where the amplitudes were great enough to
introduce non-lincarities. The graph of ground velocity
versus source energy gave a stralght line at low source
energies, but velocities were found to fall below the line
for energies greater than a critical value at which it was
assumed that the behaviour of the ground was non-slastic.
Fourler analysis was used to glve the change 1n frequency

components of the pulse.

3«34 lotion near the Source
The dry sand above the water table ot Site 1 was

convenlent for studles of motion near the source. By usc
of a tunnel which was dug 10! in from the bottom of a 10!
hole, it was possible to meosurc the passage of the pulse
travelling vertically through undisturbed ground. To do
this, tho geophone was buried at the end of the tunnel and
woll packed with sand. The weight wes then dropped onto

a plate approximately 10! vertically above.

330 Trgversc Measursments

(el e

A traverse was complebted up to 300 feet. Measurements
were made with the geophone at a depth of 1% feet with the
source moved to distances of 50, 100, 200 and 300 fecet.

Mason completed a traverse on a similar site over the same
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distance wlth the geophone on the surface taking readings
at €0 foot intervals. Recordings were taken in the present
experiments on the surface at disbances of 80 and 300 feet

to check the agrecment with Mason's results.

%.4 _Site £ Experiments

The experiments at site 2 were similar to those at
Site 1; noise levels, geophone-ground coupling and wotion
near tho source for pulse shapecs and amplitude studios
were investigated, but the main emphasis was on the
traverse records. The rcason for this was that the geo-
logy was thought to be simpler so that the results from
this traverse would be simpler to interpret and provide a
gtarting point for the wore difficult interpretation of
the results of the traversce records at Site le In fact,
this did not prove to be cntirely the case, as the records
from this site took longer to interpret than had been
expected, and a detalled interpretation of the traverse
results at Site 1 will not be given, but may be attempted
at a later date.

The 50 1lbs. weight dropped frowm 4 and 7 fcet onto the
800 1lbs. base-plate was used for all the traverse experl-
ments at Site £. The 300 lbs. welght and 75 lbs. base-

plate were occagsionally used to get more energy at greater
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distances or for comparison of gsources. Moasurements were
made at o, 15, 50, 100, 200 and 300 feet with the LF3C
geophone burled by hand at 6'' and 5' and with the HS3C
geophone in a borchole at 15!, packed as tightly as possiblo
with a probe. For comparison between explosive and dronning
wolght sources detonators were exploded about 6'! below the
ground surface and recorded with the 5! and 15! geophones
at 0!, 15!, 50!, 100t, 150t, 200!, 250! and 300!.
Detonators were also exploded in a borehole and in a 3!
cavity just below the surface to investigate the effects
of source conditions. At each geophone-source combination,
records were taken as described in 3.1 (except that two-
component pictures were only taken for some of the experi-
ments using detonators).

A velocity log to a depth of 14! and a portable seismic
traverse to 300! were completed using the portable seismic
equlpment to give the velocity conditions (sec Figs. 34 and

36 pp 105 R U2
).

340 Suppnlementary Experimonts

501 Portable geigmic equipment surveys

The portable selsmic squipment was used for refraction
surveys and velocity logse The positions of the refraction
surveys are markod on the goological map of Silwood Park,

Fige 3l. They are two long surveys at Sites 1 and & up to
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220 feet and 300 feol respcctively, and a number of shorter
traverses up to about 100 feet to find the geological
structurc of the hillside shown in Flg. 3% and when
ttreverse shooting't at site 2 to determine dip. These
surveys were usod to give velocities and depths by the
refraction methods. Each geophone location had to be
surveyed to the nearest inch as the recording points were
closely spaced and times were measured to the nearest
tenth of a millisccond for the purpose of showing up small
variations in wvelocity.

The variations of velocity down auger holes at sites
1 and 2 werc also measured. These were confirmed by normal

records at a number of depths.

%.52 Denslty Logs

Using the S0il lechanics Ltd. gamma-ray denslty logger,
the density variation with depth was wmeasured at siftes 1
and & down to 18 fcob, to an accuracy which is cleimed to be

one per cente.

3.53 goil Analysis

With the help of Dr, Aubrascys of the Soill Mechanilcs
department of Imperial College, wabter content, particle
size distribution and elastic constant moasurements, were
made at both sites uwsing the holes which were dug for

burying the geophones.



CHAPTER 4

RESULTS, A1 INTZRPRITATI IR

4,1 ntroduction

More thicn a thousand normal peper records and a larger
number of two-cowmponent particle motion records were taken
at the two experimental sites, using the mcthods described
in Chapter 3 and the apparatus described in Chapter &.

The experiments were not concerned with ony
particular line of research, but were designed to study
a8 many os possible of the mein topics of interest out-
lined at the end of Chapter 1. By this means it was
hoped to be able to decide which topics were mogst sultable
for study, ond to meke suggestions for futurc investigations
which might seem promising.

LAlthough 1t was expected that a lerge proportion of the
results would not be studied thoroughly, it wes decided to
take o comprehensive set of records at both sites while
the equipment was in use in the field. It i1s hoped that
some of the aspects which have becn dealt with only bricfly
may be studied in detail at o later date, using the records
which ere cvallable.

One topic of particular interest to selsmologists at
the present tiwme is the dispersion and attenuation of body
and surface waves. For this rcason, and clso beccuse &

computer was available to perform the Fourier analyses,



this subject received thc greatest attention in the
analysls of tho troverse records at Site 2 (see Sections
4.9 and 4.10). A%t Site 1, the troverse records were

meinly considered in o gqualitative manner (Section 4.8)

and greater omphasis was placed upon tﬁe more limited
topics of noilse levels (Scction 4.4),tho true ground wmotion
(Section 4.,5), sourcc pulses (Section 4.6) ond motion near
the source (Section 4.7).

First, however, the rcsults are given of a number of
supvlementary coxperiments to determince the volocity
conditions arnd obtain gquantitative measurements of the
propertics of the ecrth materials (Section 4.2). 1In
Section 4.3, somo dotails acre gilven of the method of
analysis, particularly in connection wi th the Fouricr

cnelyscse.

4.2  Supplementary Results

Figurcs 33 cnd 34 show the varictions of wverticel
travel time with depth as measured in bore-holes using
the portable seismic cguipment. The results of the

density logs are given in Figurcs 35 and 36.

4,21 Velocity and Density Logs

The vertical trovel times are sccurate and

reproducible to gbout the nearest 0,0002 sec., and as
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the total travel tiwme at 14' at Sitc < ig only ebout

0.006 sces., *he accuracy of the Site 2 wmeasurements may

be taken as about 4 per cent. The velocities found give
reasonable agreemont with the refraction rcsults (Figures
37 end 38) both with regard to vclocitics and depths. The
bore-hole velocitics tend to be lower than those found by
refraction, but if thcsce values arc uscd in the cclculation
of the depth by »cfraction, thec depths give cven better
cgrecment with the valucs which heve been determined more

cccurately by other wmeaons.

4.22 BSoil Ansnlysis

Pigurc 39 gives the porticle sigze distribution graphs
for Site 1. Those for Sitc £ werec not rccorded. The
positions frowm which the sawples were taken arc shown in
Figure 40. It moy be seen that the send 1s porticulerly
uniform. -

i number of expoeriments were carried out to determine
Young's IModulus B by loadlng a suall plato which was carec-
fully placed on the surface of the sand and measuring the

resulting deflection. The wmethod, however, did not prove

sufficiently accurate. The ronge of velucs of B debermined

ab Site 1 was 250 %0 400 kgm/om©,

The water content, w, at Site 1 was also mcasurcd by

welghing o carecfully tekon sawmple before and after drying
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in en oven. The woter content was found %o be 6 per cent
in the body of the sand at a depth of approximately 1361
below the surface, although the value incrcosed to 28 per
cent irmediatoely below the grovel bed at an approximate
depth of 7 fect. This is bocausc the finer sonds which
were found at this dopth (sce Figurcs 39 and 40) were locss
verucaeble to water cnd gave rise to o thin layer of
seturated sands. Calculations of the degrec of saturation,

“, may be made frowm thesc figures in conjunction with

othcer data regarding bulk density, vold ratio, etec. It is

found that when w = 6 pcrcent S = 24 per cont, and when

w = &8 por cont S = 99 per coent.

4.23 Time-distgnce Graph
These were determined using the portablce seismic

equivment and arc shown in Figures 37 and 38. In Figure

38 a number of relevant tilwes picked from the normal records

at 8itc & are shown. It may be seon that there 1s good

agreement betweeon the P wave velocitlcs found by the two

methods. Besldes the oir wave and P waves shown in

Figure 38, o possible S wcve veloclty in the lower medium

is also shown. Thls was determined both frow the trens-

verse wotion measurcucnts which were indefinite and open

to misinterpretation, and also from the initial motion

of the long period Love and Raylcigh waves. Another
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m- LS o
particularly marked foaturc on the reocords wes the initial
arrival times of the higher modes of the Love and Rayleigh
wavese. Theose may bo scon clearly in Figure 44, c.g. on
rocord 1347 at 0.197 scc. These initial arrivals probably
correspond to maximun velucs of the group volocitics of
the highor modes and, for cxample, the valuec for the
Reylelgh waves 1s in roeansoncble agrccwent for the maximum
group veclocity of the M, wave, glven by Kanal (1951, p.5%,
Pig. £9) as 2.4 xB, whenBE/Ll = 5567

The dzpths celculated fron tho‘refraotian results for
She P waves are 23! and approximatoly 58" at Site 1 and
%.817 ond approximetely 15! af% Site 2. Thoso agree with
interpretations of the geology arrived at by othor means
apart from the 15' boundary ot Site £ betweon modia of
velocities of 4,500 ft/scc. ond 5,000 ft/scc. whose
cxlstonce wcs not confirmed,

The times of thoe pecks and troughs of the surface waves
which werc used for computing tho group veloclty data
graphically, werc detcrmined from the normal records bub
are not éhown herc. They meoy be eesily secn from the

pho tographs of sowe of the records, Figures 48 and 49.

4.3 Methods of Analysis

4.31 Goenersl

Amplitude measurements were made on the photographic
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recording paper, or on enlargements of the filus, to the
nearost'o,ol cm;ysting cnlargements of a number of two
component bictufés of o small portion of the reocord it
was possible to unravel detalls of o record of the
complete motlon. Figures 46 and 47 show some coxawmples of
two~component particle motion pictures obtzined in this

wanner.,

4,32 Fourier Anslyses

Mr. Micheclson of the Mathematics Department of
Imperial College very kindly wrote a programme for
performing Fourier analyses, using the London University
Ferranti ' ~cury!! electronic digital computer,

The awmplitudes were reand at the appropriate time
intervals from the records (a process known as ""digitising'!
the data) and then punched on to paper tape using a Creed
tape punch which converts numbers into a five-~hole code in
a form sultable for prcesenting to the computer. The date
topes were token to the London Unilversity Cowputer Unit,

40 Gordon Square, N.W.l., wherc the computer 1s situated,
and the actuel onalysis performed there. A total of cbout
four hours of cowputing time was used.s It would be possible
to reduce the computer time in future by about 30 per cent
by re~writing the progravme. The computor could also be

programmed to do more of the analysis of the results, now
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that a procedure Ffor interpretation has becen developed,
and may thon be wade to plot thoe results.

Computer oubtpui tapes, '"played back'! at the Mathe-
matics departuent rescarch laboratory, were converted into
results! data sheebts. Figure 50 is an cxample of the
results of Lhe Fourier analyses of the verticcl component
of ‘"~ Dayleigh iMode at Site 2 as roecorded on the LF =
geornaone at a depth of 5'. The harmonics in this example
are of a fundamental of 1 ¢/s so that tho numerical value
of the harmonic 1s equal to the freguency. The hormonic
labhelled "O" refers to the value of the constant term.

A repeating function £ () wmay, subject to certain
cond.tbions which ~nre Tulfilled in fhis case, be reprosented
by the gum of a semies of sine and cosine terms of varying
amplitudes, and of freguencics which are multiples of the
fundamental frecueney 1/T, where T is the time of repetition’

of the Tunction. ¥once £(t) wmay be written as
» o

)]
15

o < e e e
o+ ~apcos 2T r t + 2-b, Sin 2T r &

s hp—

L T 1 T

(%) =

e}

Tf%), the Fourior seriecs of f(%).

The valucs of the ewplitude coefficlents a, and by may be
found by wultiplying £(t) by Cos Zg: . t or Sin iz . %,
for any pariticular hocrmonic v, andlintegrating fggm -~ T/%

to + T/%.



FIG50  HARMONIC ANALYSES.
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50 100" 200’ 300’

¢ _
FREQUMYAMPLITUDE  PHASE  AMPLITUDF  PHASE AMPLITUDE  PHASE AMPLITUDE  PHASE

'Y %e 50 180 0.83 180 3.13 o 1.17 °

1 te04 =113 1e43 -55 3e48 =144 3.32 ~a9

3 Te31 ~46 0.81 60 1e59 54 1.82 -64

3 e 5¢ a6 0e4S to7 fe 56 166 I.1o <133

4 196 10} 1.09 =178 3e60 -6 137 122

3.26 =178 Ie -6 +80° ~168 337 60

2 3.2 -103 3.33 42 3.;; 25 5-96 17

7 3.28 =35 4e4S 166 14008 ~11g4 8466 ~34

8 2456 34 Seg6 =73 19+ 59 105§ 11.06 =63
- 3-46 88 7e€0 5a 24047 -33 13.79 =103

10 463 161 9e 41 178 27.74 -168 13+ 56 ~341
11 5e718 =133 1te27 -53 3Beg9 59 13028 180
13 6e57 -47 13.77 79 38.33 -4 .13e.00 140
I3 7+37 a8 13637 <~147 26.18 1§s 9096 100
Ig - 8e 36 103 1370 -1 3310 as 7+49 39
I 354 1 1073 ia 1Qe © -1 4G9 16
1 : xg.§7 -xz? 7.35 -xog x?.?? xgg 2-83 -34
17 10468 -19 489 . 34 l1a.1l0 2 I.40 ~r01
13 10049 65 3e13 137 ‘8e49  ~13§ 1.07 169
10 TR 146 339 ~133 $e13 106 ’ 1«19 104
a0 7030 =136 3e75 -9 3.39 -3 1.06 59
az Se49 =67 3.58 1a6 018 170 0e71 a1
a3 4073 -6 3.87 -97 1.12 ~109 0.28 -3
a3 484 59 2. 96 40 1.64 110 0e17 78
34 4096 133 l1.18 174 Te71 -35 e 39 70
as 460 =150 0073 EE 1.63 171 0+48 41
a6 377 -2 4 o.€0 7 1.48 2t 0e46 10
a7 3.8 -3 0e63 ~-156 leXg -135 Oe35 24
a8 3e13 59 0.68 -16 0e77 96 ©e33 =69
ag I.90 116 068 119 033 -24 ©s17 =145
30 :..89 179 Oe612 ~I14 e 32 -25 0036 146
3z 1.83 =113 OeS4 1 064 162 0+38 103
33 169 —44 0e5S 108 0e85 . a3 0e45s 6s
33 e 56. a3 0s6S  ~I39 " 0e8§ =131 0e43 3z
34 le49 91 0.73 ~18 0e63 92 0+32 ~-o
I.40 161 0e73 10 31 -~ 0e16 ~-18

3 8.29 -128 o.%i —x;i Z.is g; OeIl 43
37 le17- 58 Oe 54 -19 0.78 ~100 0¢36 40
38 1+09 13 0. 5O 88 0e92 113 0435 10
39 le02 86 Oe 53 -160 Ce86 -38 036 -24
40 Cepa 162 Oe SI -40 073 162 0e27 -59
41 0.78 -1323 0e 43 8o 0«67 -2 Oel4 -93
43 0.62 -47 0e33 -167 0e64 ~160 0403 -15
43 0» 5O a3 . 0e37% -63 0e 54 44 Oel3 -3
44 0v44¢ 94 Qed§ 44 0e4I ~II4 939 =39
45 Oe 40 17 0ed3 150 0033 86 oel9'’ -28
40 0+33 -9 0e33 -1l0 Oed§ ~-56 Oel§ =230
47 Oe24 F . 0e29 -3 " 0elg -160 0409 -168
48 0e16 128 0e33 131 0e38 108 - 0e0§ 136
49 Osl4 “1I§ 0e33 =-j07 Oe 43 -18 0+04 94




It may be shown that

g (T e
we=% | £(t). cos 5 t.as.
"0
and
2 "’T . 2”1’:
be =% | £(t). sin T - t.dt.
O
Alternatively, the amplitude and phase of each component

ney be eveluaoted using

R S RN
.'...-Lf. - J LLI‘ I u:.,,

1 -1 ¢ h..
\’;jI’ = -tal’l * 1 ;h‘ )

Lamam

i

In the progromme which wos used, the sums of the products
of the sine amd cosinc torms with the valucs of f(t) at =
aumber of discrcoue values of t were ovaluated, This
strictly speaking is a harmonic analysis rather than a
Fourler snalysis, but the first aporoxiuates to the second
when o sufficicnsly large nuuber of points on the curve 1is
token. The extra tine to sebuelly eveluate the integrals
would not be justified.

A number of pulscs whose spcectra were known were
anplysed to measure the cccuracy of the av~Lysis. The
pulses chosen were (a) o sguarc wave using 100 points,

(b) two of ths pulses given by FeDonal ct. a2l. (19568},
~1ad (e¢) & pulse which had previously been anclysed using
o desk caleulating wechine. Case (b) was chosen because

it was of interest to find dotails of the smount of



dispewsicn of thx body wave pulscs given by XeDonal. Good
agreement was found In cnses (b) and (e). More quantitatively,
Tor case (a), 1t wap found for cxample that the 31lst harwonic
of tle fundamentel fregquercy of the sguarc wave differed from
its “Toovrtical value by an amount cqual to 0.57 per cont of
the amplitude of the wmaxiwum harmonic cowmponcent (the funda-
niental in +22 35 case). The phagse differed Ffrom Sho thooretical
velue by an amcunt which agrocd exectly with the valuc which
was worked out for this portlcul T degree of approximation.
There arc a number orf foctors to be considoroed when
deciding uvpon the optiwirm number of voints n and the time
ntervel, t. Theso arc firstly that the time taken by the
computer is royghly oroportional o n® when n > 50, and
geccndly that the consiructlon of ths computer liwmlts tho
pogsible valuc of n so that 1t is nccessery to have n < 478,
Thirdly, since at lcast 4 poinbs are needed to define one

cycle swificiently ~ccurately, the highest frequency which

[

1.

v be invesbigeted ig aporoximately T Finally, the

lowess harmonic N is de*ernined by both Tthe reuuiremonss

of tho amplisude and phase spectra.

The anplitiude of the fundamental freguency must be
holow Lthab of the lowes!. frequency of Interest In the
ewplibude Specbruvul ol the pulsc. For the phase spectrumn,

the harmonics should be choscn sufficicntly close togother
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to define the phase of each harmonic uwniquely. If the
phase betwecen harmonics differs by rore than about 180
degrecs, 1t 1s easily possible to make an error in the
integral number of cycles for that particular phase angle,
as the computer results con only give the fraction of a
CyCcLlea

It was nccessory to analyse again some of the spectre
used fTor the gurface wave dispersion studies because of
the possibility of misinterpretation of the phase. The
closely spaced points shown in Figure 51 are the results
of the second analysis, and the morc widely spaced points
werc retained once the dircction of thc phase/frequency
line ho'l been uniguely determined, because the first
analyses were more accurate for the highor fregquencics.

A total of 87 Fourier (or harmonic) asnalyses were
performed, 31 of body weve pulscs, 55 of gurfacc waves,
Loth of complete records and parts of records for

particular phases, and 1 of = squore wave.

4o Noise Levels

Measurements were made from time Lo time of the
cegigmic noise of the ground, and sone aporoximate figures
obteined for its variation with time of day and with

depth of geophone.
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The approximatc D.77.8.noise lovels at the two sites

were
maxirum = 3 x 107° cm/sec.
average = % x 107% on/sec.
s s ) _ o -5 .
minimum = 3 x 10 cu/scc.

Ka)

The average noise was lower by a "nior of approximately
£ at a depth of 15'. The winimum noise levels were found
at night between 1 a.me and 6 a.m. and evpcared to be
mainly in the frecquancy range of 5 ¢/s to 10 ¢/s. The
maximurl noise levels were ccusel Dy aeroplanes which gave
approximately 3 times the meximum ncisc consistently fourd
from other sources, such as cars on nearby roads. Aero-
plane noise was approximately 3 times greoter on the
vertical component than on the horizontal sor-rnents, and
had a dowinant frewency of cbout 100 c¢/s with beats,
probably caused by thce ceroplancs having more than one
engince.

The question of noise is also important for qucstions
of determining the detectibility of nuclear explosions,
and its variation with position and depth would be worth
studying closcly by prospechting seiswologists to allow a

reduction in charge si-e.
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445 True Ground Motion

As described in Scction 3.3%2, the unsaturatced sand,
overlain by a 5' bed of sond and gravel under the topsoil
ot 8ite 1, wes utilised for a series of experiments to
study the cmditions needed to record the true ground
motion. A number of geovhoncs were employed and the
effects of instrumental filtering, geophone packing and
geopnonec freqﬁoncy response were investigated. Figure 40
illvstrates the experimental layout.

Welghts were dropved on to the surface and the ground
motion recorded by geophones pleced at the end of a tunncl.
By this means thc geophones and their packing could be
changed after each experiment without disbturbing the
ground through which the waves had to pass.

The results of a number of experiments recording the
motion produced by a 50 1bs. weight dropped from sbout 2

on to the ground are shown in Figure 41.

4,81 Instrunental Filtering Effects

als

Records (a) to (d) were boken with two similar
standard G.A.A. vertical geophones (frequency response
50~500 c¢/s.) They were placed neer one another and well
compeocted with sand. The output frow one of thew was

possed through various filters while the other output was



\ 25/250 FILTER
— !

[} 25/600 FiL
d J fx_/ TER

!

F N

i \é g
. / \
s Ao
l / "W
[V '
\i "y
4
" o
Ill
J‘ N\fﬁ-—-\’\w !
J | /
\11

o ) o1
-

1 1 1 1 ] 1 1 L 1 -

t(secs)

FIG. 4. siTe | RECORDS TQ DETERMINE
THE TRUE GROUND_ MOTION.

RECORD NOS. BETWEEN |79 24!



recorde”. on a widc filter setting (0 ¢/s to 250 Kc/s).

The filter settings chosen for the first geophone wcrc as

followss-

Record (a) 0-250 Ke¢/s. This shows the similarity of
pulses.

1" (b) 0.16-600 ¢/s. Showing that tho normal
precamplifier setting does not affect thg pulse
shape.

1 {(c) &5-250 c¢/s. This shows the marked change in
pulse shape.

1 (d) 25~600 c¢/s. The similarity to (c) suggests
that the 250 c¢/s high frequency filter used in
(¢c) had 1little effect on the pulse shape.

Successive nigh and low frequency filtering at 10 c/s
intervals wes applicd and the effects noted. It wasg found
that 170 ¢/s was the lowest high frequency filter to affect
the pulsé noticeably. Figure 41 (e) shows the record using
a 50 ¢/s to 170 c/s filter (3 d.b. limits given unless
otherwise stated) on both channels. The darker line in

the figure in thi s case is the record of a vertical Hall~—
Sears geophonc, while the lighter line of greater

amplitudce corresponds to onc of the original GAA geophones.
The difference between the HS record and that shown in (j),

G
which ishsimilar record unfiltered, should be noted.
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4,52 The Effect of Packing

Records (f) to (h) illustrate the offoct of packing.
The HS and GAA geophoncs were placed, uncompacted, on the
sand at the end of the tunnel and records taken with a
0.16 ¢/s to 600 ¢/s brosd filter. (f) is the record with
the geophones uncompected, (g) with slight packing, and
(h) with tighter packing. It may be seen that the light

packing produces more resonancce than no packing.

4.5% (eoohone Freguency Response

Recovrds (a) to (h) show that two geophones with
different Ifrecuency responses and the same filter setting.
or giwmilar geophones with different filter settings, give
very different records of the ground motion.

Pigure 41 (i) - (k) shows records taken using the HS
vertical and LFZ geophonos with wide instrumental filters.
These two geophones have frequency responses which,
althovgh different, are theoretically flat over the
necessary range (sec Pigures 3 and 4). Record (i) was
taken with the geophones not packed and (j) when they werc
both well packed, The resulting simileority is a good
indication that this is the truc ground wmotion. (k) is a
record of a pulse of grcater ener~y taken on a lower gain

setting.



~ 1£1 -

During ths experiment, iason's two-cowmponent geophone
and a number of Willmore geophones were used when investi-
gating theeffects of packing. It was not found possible
to obtain similar results from any palr of theu.

The effects of filling in the tunnel were studied.

It was found thet the wrecord did not change noticeably in
charocter after the tunnel had becn filled in up to aboutb
3 feet from the end -7t which the geophone was placed (see
shading on Figure 40).

The gecophone was also put at the bottom of the hole
shown in PFigure 40 at a devpth of 1! and the hole was
filled in %' at a time. Records were taken with the
gource on the surface at a distance of 200', at each
different hole depth. Theoretically wavelengths less
than about 3 times the hole diameter should be affected
and this was found to be approximately true.

Records 818-83%9 (not illustrated) indicated thet the
hole had some slight effect on the records, which was most

noticeable with the higher frequency surface waves.

£.6 BSource Pulses
The d fferent pulscs preduced by = number of
different sources were studicd. In Figure 44, the records

nos. 12974 and 18124 are respectively of a 50 1lbg. weight
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falling from 4 fcet on to an 800 1bs. base plate,and of a
detonator expioded 6 inches below the surface of the ground,
both being recorded using the LFZ geophone 5' below the
surface vertically underneath the source.

The spectra of these pulses are shown in Figure 42
together with the spoctra of =z pulse recorded similarly
using a 75 lbs. base plate (record 1327).

The difference hetwoen the spectra of the pulses
using two differcnt base plates is very pronounced and
showa a marked difference in pulse shapes. The greater
high frequency components of the pulse produced with the
70 1lbs. base plate results in its greater efficiency in
nrocuclng body waves which were recorded at the traverse
points. This is becavse the transmission properties of
vhe ground acted as a band pass filter for frequencies
around 55 c/s.

The explosive pulse had an unexpectedly low dominant
frequency (30 ¢/s.), with a large transverse motion
(record 121%B). Record 1297B is a displacement measure-
ment of the pulse of which record 1297A gives the velocity.
By careful examination of records 1212 and 1297, it may be
seen that the first 4 milliseconds of the motion in both

cases isg of gmell emplitude (1.5 and 5 per cent of the

maximmm amplitudes respectively), but in a direction



AMPLITUDE (ARBITRARY UNITS)

—143—
FIG 42 AMPLITUDE SPECTRA OF PULSES RECORDED
| . 5 VERTICALLY BELOW THE SOURCE. SITE2

SEE ALSO FIG.3 p.24
Rﬁwrd Analysis  Source Baseplate
s

No.

1297A29 7450 feips. 8OO0 ibs.

12124 | DETONATOR 6 DEEP

1327 21 4 x50 %elbs. 75 \bs.

ALL RECCRDED ON
LF2(5) GEOPHONE

- -

FREQUENCY C/S



towards the source. The reason for this phenomenon, which
was nobiced on a number of records at both sites, is not

clear.

L.,7 Motlion near the Source

4.71 pmplitude Studies

fmplitude studies of the wmotion near the source were
aade at both gites by recording pulses due to different
sources at the surface, using geophones at various depths
in a bore-hole down to a maximum depth of 16 feet.

It may be assumed that the amplitude of particle
velocity, Ag is connected with the energy of the source
E by a law of the form

L = KEY
The theoretical value of N at large distances frowm the
gource lg 0,5 and 1t was of interest to find how close to
the source this applied. The law of variation of
amplitude with depth was also cosidered.

The curves of variastion of amplitude with energy‘for
various geophone depths at Site 2 are given in Figure 43,
a similar series of curves was obtained at Site 1 but the
values of the constants N and K were different. A typical
curve from Site 1 for the 50 1lbs. weight is shown in

Figure 43.
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The Site & curves were obtained using the 800 1bs.
plate and the Site 1 curves using the 75 lbs. plate. An
oxperiment was carried out to obtain a conversion factor
for changing from one plate to another to be used in
enerzy calculabions. The factor was found to be £ L 0.5:
This was the ratio of energies using the 800 lbg. and
75 1lhs. hngsplatezs tc give the same ground ampl!tude.

The values of N determined from Figure 43 are all

approximately ecual to 0.5 (% .03), whereas at Site 1 the

+
values for N for the ikwee Jdiffcront welghts were 0.6 ~ .01
for the 0 1lbs., weight and 0.%25 : .03 for the 300 lbs.
welglhbs There is 1little flattening of the curves at highcr
ground amplitudes duc s0 non-linearities at the range of
working of the present experiments.
It was also found thst the larger weights were more
cffenrtive becausc of thelr greater weight to baseplate
woight ratio. The relative cffoctiveness of the 300, 50
and 1% 1bs. weights were in the rabtio 1.6:1.3:1. The
calculations needcd to give this ratio are theoretically
complex, but for the 3CO lbs., to 5C lbs. weights ratio,
the simplc Zocbor nf 800 _+ 300 = 1.2 is in fairly good
800 + 50

agresment wlth that found. Figurc 45 shewg three grapns
tha of ground velocity

of the variation of .geound amplitude&w1th depth for

nergies of 3, 50 and 1,200 ft. 1bs.

SoUrco

.
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The amplitude variation with depth, d, is assumed
to obey a law of the form
4 = cal
For the 1,200 ft., lbs. energy, the curves are secn to
tend towards the theoretical value of M = -1 as d

increases, but for small d and for the other curves the

amplitude 1s sceen to die away more rapidly with depth.

4,72 ZEpergy Relationships

The numerlcal values obtained from the amplitude
studles described above are only very approximate,
because of the varlations in the materials of the ground
near the surface, bad geophone coupling with the bore-~
hole walls and numerous other variables. However, this
scomed the best mcans of obtalning a knowledge of the
cnergy relationships between the various theoretical
source cnergiles and the energy which is actually converted
into selsmic energy in the ground, a problem which is
always difficult.

Considcring the case of 50 1lbs. wcight dropped from
1! on to the 800 155, base plate, the peak to peak
amplitude of ground velocity at a depth of &' is found

to be £ cm/sec., and at 15' to be 0.05 cm/sec.
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The onergy of the source, 50 ft. lbs. using the 800
lbs, baseplate is equivalent to &5 ft. 1lbs. when a 75 lbs.
baseplate is used. As it has been found that the use of
the 75 lbs. baseplate produces about the same ampllitude
as when a weoight 1s dropped directly on toc the ground,
this is taken as the source energy.

Source ehorgy:k €5 ft. 1lbs.?= 34 joules.

"The computation of the total seismic energy from
records of the ground vecloclty variation with depth is
difficult. The approximate approach used was to consider
the sourcec to radlate uniformly in all directions and to
consider the energy to be spread over a hemlsphere of
radius equal to the pulse length (30' at this depth).

The value of velocity was assumed to be constant over
this volumec and earal to the RMS value at 15'. This
assumption no doubt leadé to considerable error. A morc

elegant method would involve integration over a number of

see lFF
hemispherical shelli. Using a ground density of 2 gms/cc

the approximate secismic energy is found to be 50 joules.
In splte of the approximations made, this indicatecs that
a large part of the source energy is converted into
seismic encrgy from a dropping weight‘ggurce.

A comparison wasgs madec of the officiéﬁcies of

dropping weights and explosive sources.
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Considering mcasurcments made at a depth of 5' below
the surface with the sources vertically above, from rocord
1215, Figurc 44, the amplitude of vertical ground veloclty
1s found to be 1.2 cm/scc. This corrcesponds to a 50 1lbs.
weight dropped from agbout £'6'' on to the large platc.

The rclative cffectivencsses were also comparcd by
measurements from surfacce wave roccords. The maximum
amplitudes of the P and R waves arc given below for
rocords taken at 300! gnd 50' wilth the LFZ Geophonc 5!
decp, both for detonators exploded 6" beolow tho surface

and also for dropping welghts glving roughly thc same

amplitudes.

Max. Amp. Max. Amp.

of P wave, of R wave,

Rocord cm/scc. cm/sec. R _anp.
Dlstance Source Number (p.p.) (p.p.) P omp.
5001 Doto- 1231  £.0x10"%  g8.o0x107% 4
nator

300! . 7x50 1206  4.7x107%  zex107% 7

ftelbs. 1209

501 Doto- 18240  6x10°° 48%107° v
nator

501 4%50 1121 1.3x107° 77x10"0 60
ftolet

Thesc results indicate that a detonator gives about

the same scismic encrgy as a 50 lbs. weight dropped from
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a height of £' but the figurcs above give a mcasure of
the variations from this figure with dlstancc.

The chemical cnergy in each deotonator was 1,850
calorics or 5,100 joules. This must be multiplicd by a
Tactor of between 3 and 10 to allow for the cncrgy of
the cxploding aluminium case. Calculations using thesc
figurcs indicate that a dropping welght is about 1,000
times as efficient as an cxplosion in producing scismic
energy. It must be stressed that thosc figures are only

accurate within an order of magnitude.

4.8 Traversec Meaosurements at Site 1

Figurc 48 shows examplcs of records taken at 300!
distance at Site 1. The detalls of the records arc

given bclow.

Geophone Sourcc cnergy Cocmponents

Record No. depth (75 1b. baseplate) A B
931 ok 50 x 2% ft.lbs. HS3 HSEZ

932 ot 50 x 2% ft.lbs. HS1 HSZ

814 181 300 x &% ft.lbs. HS1 HS3

815 12t 300 x 2% ft.lbs. HS3 HS2

9373 121 300 x 7 ft.lbs. HS1 HS2

934 12t 300 x 7 ft.lbs. H33 H3Z



One cms on the original records is equivalcent to 1O~5

cm./sce. amplitude of ground motion. Because of the
photo reduction used for producing Figure 48, 1 cm. of
the original has been rcduced to approximately 0.43 cms.
The Rayleigh waves which dominate the records of the
motion at the surfacc are shown by two-componont pictures
to have true ellipical partlcle motion, although the
major axcs of the ce¢llipses are inclined in most cases at
anglcs up to 45 degrecs to the vertical. It 1s obvious
that they are much more disperscd than at 300' at Site 2
(Figure 49), which indicates that the largest frequency
componcnts of the amplitude spcectrum have wavelengths
which fall on the steep part of the group veloelity curve.
This is to be expécted as the dispersion is coused by a
layer which 1s considerably thicker than that at Site <.
The rccords of motion at a depth of 12! gshow a more
marked changec in the record character, as compared with
the surfacc motion, than at Sitec 2. The Rayleigh waves
are much reduccd in ampli tude, while the arrivals betwecn
0.5 sec, and 0.50 sce. arc only changed in shape. The
first arrival of the P wave at 0,090 scc. agrees well
with the time distance graph of Figurc 37 and lecnds
support to the 6,000 ft./sec. refraction velocity

tentatively shown there beyond 1807,



No further dctoils of the results of the traverse

experiments at Sitc 1 will be given here.

4.9 Dispersion and Attcnuation of Surface Waves
af Site 2 ‘

.91 Introduction

For reasons which werc statecd in the introduction to
this chapter it was decided to concentrate on thc study
of the dispersion ond attenuation of surface waves at
Site 2. Even in this rolatively narrow ficld it was
nccessary to confince most attention to one mode of onc
wave typc. That chosen was the primary or Raylcigh mode
of the Rayleigh wave. This is the best developed featurc
of the rccords at Sitc £ which are shown in Figurc 49.

FPigurcs 46(a) to (f) and 47 (a) to (d) show two-
compenent plcturces of the total surface wave motion at
depths of 5! and 15!, Rccords 46 (g) and (h) give
examples of body wave motions at 100', and also show the
direcction of first motion of the surface wave low frequency
components.

The goophone ccmponent directions arec:-

l. Longitudinally away from the source.

Ay

Vertically upwards.

3. Transversely to the lecft as seen by an observer

with his back to the source.



It may be scen that the particle motion has changed
from the retregrade elliptical motion fouﬁd at the surfacc
to prograde clliptical motion at depths as shallow as o ft.
as may be expected for a layer about 4! thick (Sezawa and
Kanai, 1935).

The greatoer the distance from the sourcc, the more
arc the difforent modes scparated from once another. There
will nover be crmplete scparaticn cxcept at very low
frecguecneies below the higher mode cut off frequoncics,
whon the lowest frequency componcnts of the first mede
will arrive first, bubt may be affected by bedy waves.

The first four rccords of Figure 44 show the initial
arrivals of the lowest frequency components of the first
mede of the Rayleigh wave. Study of these arrival times
may be used to give the Rayleigh wave velocity in the
lowegt medium. Thoe amplitude sepctra of the Raylcigh
waves are gcod indication of the amount of rverlapping
of higher modes., Whon this cccurs interfercncc boetween
different modes shows up as maxima and ninima in the
cmplitude spectra. PFigurc 5% shows that therc is some
interfercnce »f the higher modes at high frequencioes

and this incrcascs at closcr distances to the source.(p.163)
At distances less than 50! 1t was not possible to

separate the modes by inspcction of the records.



4,92 Methods of Study of Surface Wave
Digpersion and Atbcnuation

Most work in the study of dispersion of surface waves
has been done by carthquake scismologilsts. They arc more
conccrned with dispcersion than attcnuation which 1s in
any case very low at the froquoncics which they consider
(Bullen, 1959, p.98).

There are a number of methods used to study the
dispersion of surface wavess These arc listed below.

For phasc velocltics:
1. By Fourier analysls (Sato, 1955)

2., By other forms of spectral analysis (Ewing ct. al;
1959

3. The methods used by Press (1956) in which a wave 1s
followed over the area studlcd by rccording at points
separated by distances roughly equal to the wave-
length of the wave. It 1s necessary to have a well-
dispersed wave train, and for the periocd of the wave
not to change significantly.

4, From obsgerved group veloclty curves when the shear

wave velocitics are knowne.

For group veloclties:
5+ The method usually used is the graphical pcak and

trough method. The peaks and troughs arc numberecd
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serially, and their arrival times plotted against
serial number. The slope of the resulting curve at
a particular arrival time gives the period for that
arrival timc.

6. Indirectly from an observed phasc velocity curvce.
Because of the undispersed nature of the surface
waves for this particular combination of layer thickness,
gource pulse and layer parameters, Method 1 was most suit-
ablc and a2lso more accurate than Method 5 which was also
useds The Fouricr analysis phasc spectra werc used for

dispersion and the amplitude spcctra for attentuation

coemputationss.

4,93 Dispergion

Curves 2§ﬂ§h@ phasc ¢'wore plotted ageinst fregquency
f. Figurc giygiows the curves obtained for the vertical
component of the Raylcigh mode rccordced at distances of
50', 100!, 200' and 300! by geophones at depths of 0!,
5' end 15'. For records at greater distances, the Fouricr
analysis harmonics would have to be taken at closer
intervals for unambiguous determination of the integral
number of cycles in the phase values.

The detecrmination of phase vclocities was at first

carried out using the phasc differences at each frequency
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between the 200' and 300! phase/frequency curves and

using the formula

A= 100 x 26 = 100
INVERRNYG

WhereW=the phasc angle in radians, and(ﬁ in cycles.

Then c=£f +A

The phase veloclty curves thus determined did not
agree cven approximately with the known condltionse.e It
was rcalised that the reason for this was that the
theoretical curvesg arc worked cut for planc waves, and
this approximation does not apply in this case. The phasec
angles were then plotfed agalnst distance for a number of
selected frequencies} The phase/distanco curves for the
records taken by the geophones at the surface are shown
In Figure 52, Smooth curves werc drawn for cach freQuency
and the curves were produced until 1t was cstimated that
they had flattcened and the slope of the flat part of the
curves was taken; This was assumed to be the sloﬁe at
infinity. The method was agaln inaccurate, but the only
one thot appecared to be sultable, However, the curves
for frequencics beyond 30 c¢/s had bocome flat within 300!
and also an approximate value was known by other methods
of the shear wave velocity in the lower medium giving the

glope of the lowest frequency curve.
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The wavelength is given by the relatlonship

0 1

0X A

1/

Values of ¢ plotted against " A arc shown in Figure
03, The total wvariation of values of ¢ determined for
the three depths is shown in Figure 53. It varies from
55% at the lowest frequencies to about 5% at the highest
frequencics. It should be noted that the values detecr-
mined for the highest freoquencics showed significant
differences in the curves for the threc depths of the
recording boint which were not within the oxperimental
- error, but this rcsult might have beon ocxpected (see
Jeffreys 1935), |

The theoretical dispersion curves given by Kanal
(1951) for a one-layerced medium, when Poisson's reclation-
ship holds true, werc drawn on log-log graph papcr.
Velues were ggggg;ﬁi:g;& from Kanal's curves for values
of B2/;31 of 5, 8 and 7 which are grecater than the greatest
value (J/20) given by Kanai. The best fit was obtained
with the curve for ﬁ2/{31 = 6 by sliding a traclng of the
obscrved curve on similar graph paper over the master
curvess This thon gave Bl = 270 ft/scc., B2 = 1,600 ft/scc.
and H = 3.6!. These are in agrccment with the value of

H found by refraction of 3.8', or a similar thickness of
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the low veloeity layer given by Figurc 34. The value of
P2 found from Figurc 38 using the first arrival times of
the low frequency components of the Rayleligh wave 1s
1,200 ft/sec. In Figurc 53, the curve corresponding to
Kanalt's case of 52/61 = 4.47 is also shown. This gives a
value of H of 4£.4'. Deviations from the theorctical curve
may be oxplained by the fact that */8 is not equal to /3,
the value taken for the calculation of the thcoretical
curves, P, direcctly determined (Figure 38) is 1690 ft/sec.
o 1200 {4 /5.
The analysis of higher modes of the Rayleclgh wave
and of the Love wave modcs was also attempted but not
completed. The phase veloclty curve determined for the
primary mode of the Love wave agrccd well at the lower
frequencics with the theorcetical curve which was calculated
from the nomogram given by Sato (1953). The phasc velocity
at the higher frequcncics was grcater than the theoretical
value. From the records of Figurc 49 it wmay be scen that
a large proportion of the higher mode cnergy of both
Rayleigh and Love waves must be contained in frequencles
which lie on the part of their group velocity curves
corregponding to inversc digpersion, becausc the higher
froguencieos arrive first. Thce maximum group velocltics
thus obtaincd agrec approximately wlth the theorctical

valuos.,
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ASteonuation of SurTace Waves

The vertical component records of the Rayleigh mode
used for the dispersion sbtudies described above were also
used to study the attenuation of surface waves. Reliable
meegsuremonts werec only obtained at frcequencics at which
therc were amplitude components not less than about & per
cent of the maximuﬁ,

Three factors which made inbterprotation difficult
were, firgtly the small variations in the gain setting at
different distances as mentloned in Section £.44.
Secondly, the higher modes interforroed at the higher
frequencics. This 1interfercnce was least for the
gurface geophone, as may be expcected from theorctical
considerations, and hence the LFE (0') geophone gave the
most reliable results. Thirdly, the usual correction for
the geometrical divergence appeared to be inadequate at
distancecs less than sbout 100'. Figure 54 shows the
amplitude spcectra of the Rayleigh mode recorded at a
depth of 5'. The corrections for geometrical sprcading
and differing gains is not shown. The interfcerence of
the higher modes shows up clearly in this casc,

The attenuation which was computed from these
curves for the narrow frequency band which does not show

marked interfercnce ls shown in Figure 55 curve l. Tho
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game figure also shows the calculations made using the
records of the geophone at the surface (curves 2 and 3).
With a certain amount of smoothing out of the spcctra to
clinminate the effects of higher mode interference, the
measurcments were extended to higher frequencies as shown.

The values found for attenuation are in some cases
lcss than 0. This is the result of the differing gain
gettings. Thec attonuation is shown to exhibit a linear
variation with frequency having an average value of about
6 d.be per 1,000! per c¢/s. beyond about 10 ¢/s, and a less
reliable figure of 1.7 d.b. per 1,000' per c¢/s. is found
below about 10 ¢/s. McDonal ct. al. (1958, p.424) give
a valuc of attenuation of shear waves at 1.0 d«b. por
1,000' per c¢/s. Their figures apply to the much harder
Pierre shale and the mcasurements were made at a depth of
several hundred foet. In view of these facts, the agree-~
ment 1s within resson.

The cause of the reduction of attenuation at lower
frequencies may be due to the fact that the longer wave~
lengths penetrate dceper into the medium and give a
measure of the attenuation of the decper materials which
might be oxpected to be less than the value for those

near the surfacc. The wavelength at 10 ¢/s is 100,



4,10 Attenuastion of Body Waves

The filtering effects of multiple reflections within
the surface layers was calculated using a theory based on
a mothod given by Officer (1958). For a layer 3.8! thick,
and with the average velocity conditions which have been
determined above and below the layer lower boundary, the
filter was shown to have a pass band from approximately
50 ¢/s to 100 ¢/s (and also lower and higher pass bands).
The exact calculations were very sensitive to variations
of ¥1/H and it was oventually decided that it was not
pogsible to calculate an accurate correction for the
filtering effects due to rmltiple reflection. No
allowance had been made for other layers, and the
attenuation of the low frequency components of the pulses
shown in Figure 42 was not explained.

Examples of the body wave pulses are given in Figurc
44. They show the "ringing" effoct which indicatcs a
narrow frequency spectrum. In particular, rccord 1346 is
of two records at a distance of 100! from the source.
Curvo A was produced by the geophone at 5! while curve B
was a record of the output of a gecophone at 15' deep.

The spectra of these pulses is shown in Figure 56
together with that of a similar pulse recorded at the

surface (record 1364 A). The selective absorption of
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frequencies on eithor side of the pass band central
froquency of 70 ¢/s even in passing from 15' to 5% is
well shown. The pass band in this instance is approx-
imately 50 ¢/s to £ c¢/s.

Records 1364, 1374, 1378 are of surface records of
body wavesat distances of 100!, &00' and 300! using the
75 lbs. baseplate at the sourcc. The alrwave is well
developed on the gurface records.

With grcater refincment of the methods of applying
the necessary corrections for determination of body wave
attenuation from these experiments, it may later be
possible to obtain the order of magnitude of its value

for comparison with the suwrface wave measuroments.
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CHAPTER 5
SUMMARY _AND CONGCILUSIONS

5.1 Summary

In Chapter 1 the historical background of thc present
work has been reviewed and it has been pointed out that it
is desirable that more of the information which is
contained in a seismlc record be used.

Controlled experiments have therefore been carried
out designed to obtain a better understanding of the
processcs involved.

In Chapter € the design of recording apparatus is
described. The aim has beon to develop a high fidelity
system which will give a faithful record of the motion
of the ground so that corrections do not have to be
applied for ingtrumental distortion. Speclal broadband
geophones and amplifiers were designed and constructed
and a mothod 1g also described of applylng integrated
feedback to roduce the offectlve natural frequency of a
geophonc. Thig could possibly be applied in the future
for getting wilder gcophone frequency response.

An accurabe timing unit was also consbtructed which
had the particular featurc of providing an equally
accurate declayed output for use when rocording two-

component pictures of particle motion. By applying
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this techniguec it was possible to study in detall any
vrarticular secction of the record in the form of particle
motion dileograms without the complication of the over-
lapping pattern caoused by the remainder of the record.
L number of other pilececs of equipment were constructed
and used to control cxperiments and help with the
wccorllng proccss in gonerals

The ficld procedure is described in Chapter 3 to-
getuey with the varilous eoxperiments which were carried
out. The first slte was used to develop thils experimontal
teelmique and test apparatus as 1t was constructed. Most
of the experiments were very near the source and were
concernod with mecsurcments of truc ground motion, ectc.
Although a traverse was completed to 300!, the results
vere not iaverprected in detall because 1t was decided
that the cxperimental site conditions were too

coriplicated. The main traverse reosulits were computed

oy,

from Site & experiments on the clay. This represented a
much simpler medium which conslsted of about 41 of low
veloclty material over%jpping about 400' of clay.
Fefraction messurcments indicated that the veloclty of
the clay incrcascd from about 4,500 ft/scc. to about

5,000 ft/sec. at a depth of about 15'.
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In working out the results of these cxperiments a
digital computer wag used to perform Fourler analyses.
This was found to be of considerable help for attenuation
and dispersion measurements and also for studying the
frequency content of a number of pulses from dropping
woights and explosions.

A large number of cxperiments were performed to cover
as broad as possible a range of the research topics listed
in Chapter 1., This was done because it would have been
impracticable to return to the field site to make further
measurecnents, and also so that it could be decided which
were likely to justify detalled study by small scale field
work of this nature.

In Chapter 4 the recsults are presented of a small
proportion of the experiments described in Chaptor 3.
These fall into two main groups. Firstly, general reéults
of mecsurements of noilse levels, source types and the
conditions affecting true ground motion are degcribed,
together with the results of the near surface amplitude
variations, with depth and source encrgy. These experi-
ments were mostly carried out at Site 1 and are not
directly applicable to seismic prospeccting.

The second group of results from Site % are concerned

with the study of tho attenuation and dispersion of body
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and surface waves. It is concluded that reliable results
cannot be obtained regarding the body waves without
accurate knowledge of the near surface conditions and
detailod calculations to allow for their effects. These
could probably be done at a later date using the computer
but the offort involved may not be justified unless the
near surface attenuation is of interest. Otherwlse 1%
would be possible to design experiments which would make
the corrections simpler as long as moasurcments could be
made in borcholes with good borehole geophones in a manncr.
similar to that uscd by McDonal et. al. (1958).

The experimonts were particularly suited to the study
of gurface waves and the analysis of the primary mode of
the Rayleigh wave is given in detail, both with respect
to attenuation and disporsion. Once the method of dealing
with the dispersion of surface waves had been decided upon,
the results were found to be in good agreement with the
theory. With wmore time, analysis of the higher modes of
the Rayleigh waves and also of the Love wave modes should
prove o be instructive.

Group velocity curves obtained in the usual mannor
from the phase volocity curves determined at a particular
distance by taking the slope of the phase/distance curves

at that distance gave results in roasonable agreemecnt with



those found graphically by the peak and trough method.

5.2 Conclusion

A method has been developed for carrying out small
scale fiecld studies on seilsmic wave propagation with
particular emphasis on the control of the experimental
conditlons and the accuracy of rccording the ground
motion. Although from the point of view of interpretation
the rcsults arc hampered by the near source and near
surface nature of the problem and consequent complication
which they introduce, it has becn possible to galn a good
knowledge of a number of aapects of the seismlc process
and more particularly to work out in detall dispersion
and attenuation figures for the primary mode of tho
Raylelgh wave,

The most significant feature emerging from the results
ls the possibility of the use of surface wave dispersion
a8 a means of studying subsurface structure,

A number of authors (Sato (1959): Press and Takewchi
(1960): Press (1960): Dorman, Ewing and Oliver (1960)
and Brune, Nafe and Oliver (1960))have recently enthused
upon the possibility of applylng this method to the study
of erustal structures, and from the results of these

cxperiments it seems that usc could be made in secismice
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prospecting to delineatc smaller sgtructures, particularly
as 1t 1s possible to obtain accurate dispersion curves
over a wider frequency range than that used by earthquake
scilsmologists,

Somec of the advantages and disadvantages of the use
of this method are given below.

Advantages:

l. It permits the use of a much greater portion of the
sclsmic record than that used at the present time. For
this reason, more information can be obtained from any one
record. For phase vclocity measurements it is only neccssary
to record at two points which should be sufficlently closec
together to enable phase velocities to be determined
uniquely at all frequencies used. For group velocities
only one recording point lIs needed. Because of these
facts, the method may be suitable for use in arcas of
difficult topography.

€. Because of the slower reduction in amplitude of
surface waves relative to body waves due to geometrical
divergencc, and their conscquent greater relative
amplitude with increasing distance, surface waves studies
do not require such large source energles as those needed
for body waves. If records wore taken at two gain gettings,

then the refraction first breaks could also be recorded,
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and, with filtering, reflections could also be identified.
To obbain sufficicent signal to noise ratio in the latter
case 1t would be necessary to increase the charge size or
work in particularly quiet areas.

3+ The possibility of broadband rccording and the uso of
compubers for analysils of results should enable very
accurate dispersion curves to be obtained when the two
recording distances are far enough from the source.
Allowance for curvature of wave fronts could be made as
described above, as the time of origin of the shock is
exactly known in seismic prospecting. Alternatively, the
time of origin need only be known roﬁghly (within a minute)
as long as the timc scalos at the two noarby stations are
accurately correlatéd.

4. The Rayleligh wave dlspersion curves depend on Py. %, B and
H lof each layer, so that when a curve is found that
agrees with the theorcetical curves, a knowledge of
Polsson's ratio may also be obtained, thus giving an idesa
of the type of materials.

In view of the faét that amplitude spectra would also
be obtained from the analysils, attenuatlon measurements
might be used to give information regarding the nature of
the rocks and possibly the variation of attenuation with

wavelength and hence with depth. Interpretation of the



- lY7 6 Py

Love wave data depends only on g, p and H. The
possibility exists of finding as much about the nature
of the subsurface rock as the use of the geismic method
permits. In this conncction the applicability to soil
mechanics might be considered.

9. Avorage values of the veloclty variations are given
by dispersion methods. It has been found that Rayleigh
waves sound deeper structures than Love waves of the same
period (Dorman, Ewing and Oliver (1960) p.l05). The group
veloclty data gives the large scale average between the
shot and recording points, whereas the phase velocity data
gives smaller scale average values between the two
recording points.

6o A velocity decrease with depth may be detected by
this moethod,

7. Small scale as well as large scale measurements could
be made. The scale factor between the present experiments
and the earthqguake case is about 1 to 3 x 104.

Disadvantages:

l. Tho main disadvantage is the difficulty of inter-
pretation. This has hitherto prohibited the use of
surface waves, but with the greater use of computers it
1s now possible to calculate dispersion curves for the
most complicated cases and also to compute the observed

curves very accurately.
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The problem of interpretation 1s stlll essentially
indirect and non-unique., The method would be to prepare
a large number of theoretical curves of increasing
degrees of accuracy so that one could step by step
eliminate those which do not apply. Other methods of
climinating inapplicable solutions could be used, such
as the knowledge of the I and S wave veloclties possgibly
measured by other methods, or in other arease.

Press (1960) talks of the problems of quantifying
the uniquencess. For Love waves, less varlables are
involved and it may be possible eventually to develop a
more direct interpretational method, which could be used
in conjunctlon with the more difficult problem of inter-
pretation of the Rayleigh wave data (possibly for more
than one mode).

2. The results will always be less accurate and less
detalled than the refraction or reflection results,
There are no means at the moment of determining the angle
of dip of the strata, othor than by using the variatlons
of depth found between a nmumber of palrs of recording
points.

3« In some cases 1t would be necessary to record over
greater digtances than for refraction work because of

the need to use plane waves for gimpler interpretational
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procedures. Greater distances are also needed for
geparation of the higher modes.

4., It would be necessary to have good low fregquency
geophones, For a regional survey, for example, the
frequencies needed to define the steep part of the phasc
velocity curve might be roughly between 1 and i/1o cyclos
per secce ( which is also the reglon of waximum micro-
soismic noilso),

It 1s suggested thercfore that the possibility of
using surface waves for seismic prospecting should be

further examined.
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