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ABSTRACT 

The identification of civil engineering hazards such as cavities, mine 
shafts, etc., is an integral part of site investigations carried out 
prior to· the construction of roads, tunnels and other civil engineering 
structures. The use of geophysical methods to identify these hazards is 

becoming increasingly important. 

An investigation into the effectiveness' of three seismic methods to 

delineate the possible anomalous ground conditions associated with the 
presence of cavities has been evaluated. The three methods are: surface, 

interborehole and a single hole method. 

The surface seismic method (refraction) was used successfully over a 
disused railway tunnel to" identify the presence of a cavity, and a 
technique was developed to generate images of a theoretical model, which 

can be compared to a field survey. 

The interborehole seismic niethod was used across a disused railway 
tunnel to study the'effect of a cavity on changes in seismic parameters, 
such as compressional wave velocity and attenu~tion. Both of these 

. parameters were sensitive to. the presence of a large cavity, and the 

s~ccessful application of the technique is demonstrated in the Maidstone 
survey, wh~re the presence o~ l60sely packed sand (due to 'sinkholes in 

the vicinity) was located under a house. 

The use of the single hole method for detecting cavities is a new 

technique (ACDER) in seismics, and it· is analog'ous to methods of radar 

detecti on. A sparker source, di recti ona 1 recei ver and associ ated 
instrumentation were developed in the laboratory before field trials at 
East Fl eet. 

Of the three methods, the interborehole technique was the most 
successful, followed by the surface method. The single hole method looks 
promlslng but requires further work in the design of directional 
receiving transducers, followed by more field trials. 
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INTRODUCTION 

With the i ncreas i ng demand for suitable 1 and, areas whi ch have been 

previously considered dangerous for fear of subsidence, as a result of 

hazardous ground condi ti ons a'ssoci ated with the presence of a cavity, 

are becoming important. Tunnels are often required wherever the 

topography is unsuitable for surface routes or where the ground surface 

is already occupied by existing works. Thus tunnels for roads or 

rai 1 ways are requi red to be dri ven under ri vers or beneath areas of 

urban development. The scope for a conventional civil engineering site 

investi~ation is severely limited by the same physical conditions which 

render a surface route impractical. 

The extracti on of raw materi a 1 such as coal, ironstone etc by 

underground mining has always been a hazardous occupation. The 

possibility of a disaster occurring if the tunnelling or mining machine 

intersects a ,disused tunnel or cavity is always present, especially if 

the disused tunnels or cavities are filled with water or slurry. An 

example of this type of disaster occurred at the Lofthouse Colliery, 

where a disused mine shaft was penetrated by the face cutters, causing 

the flooding of the mine face and the loss of lives. 

Geophysical techniques (Refs 1, 2) have been used successfully to 

delineate large geological discontinuities such as faults, oil 

reservoi rs or mi nera lore deposits. The effecti veness of most 

geophysical techniques diminishes as the physical dimensions of the 

discontinuity become smaller. In particular the geological variations 

within the stratified deposits may have greater influence on geophysical 

measurements than the presence of a small discontinuity. The extractio~ 

of useful information from the background geological variations will 

depend on the selection of an appro~riate geophYsical technique to 

enhance the identification of the discontinuity from perturbations 

generated by the geological variations. 

Of all the geophysical techniques available for investigating small 

geological discontinuities, the seismic method, appears to lend itself 

most readily for manipulation because of the number of seismic 

propagation parameters available for interpretation, such as velocity, 

amplitude, reflection etc of compressional and shear waves. 

- 2 -



The possibility of adopting standard seismic site investigation 

techniques to the working face in mines and tunnels has been discussed 

previously (Baria, 1974; Ref 3). It was suggested that it may be 

possible to use the customary exploratory horizontal boreholes on the 

cutting face to carry out interborehole seismic, borehole to cutting 

face seismic, and the development of a 'single hole reflection seismic 

technique. These methods have been investigated in this research 

programme and the single hole method has also been partially developed. 
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2 CAVITIES 

Cavities by definition are hollow spaces in a geological formation, 

formed either·by natural processes or by man. Cavities can be air filled 

or i nfi 11 ed ; in the 1 atter case in part i cu 1 ar a great danger may be 

presented to the safety in a mining env.ironment. Near-surface cavities 

can be hazardous for civil engineering installations, in particular, 

when large structures are constructed above or near it. Severe change in 

weather, such as a very dry summer followed by a torrential rain, or 

excessive· loading above an unknown cavity, may cause the' ground to 

subside and create a hazardous situation. The discussion on cavities is 

classified in terms of their formation, as either man-made or natural. 

2:1 Man-made cavities 

Man-made cavities are generally created by mining for raw materials or 

civil engineering works such as tunnels and basements. Legislation to 

register. plans of mine workings was not made compulsory until 1872 

(Littlejohn, 1979; Ref 4) and it is estimated that over 30 000 

unrecorded workings exist from operatirins carried out before the 

legislation. Old civil engineering structures can be demolished without 

legislation to compel registration of the plans of the demolished work, 

which also poses a great danger to subsequent civil engineering 

construction on the same site. 

2: 1 : 1 Mining tunnels and excavations 

The need for valuable earth materials has produced numerous underground 

work i ngs over the centuri es. Not until 1872 was it made compu 1 sory in 

Britain for detailed plans of mine workings and shafts to be submitted 

to the local authorities; up until this time, it has been estimated that 

a total of 4 000 000 000 tons of coal, ironstone and other economi c 

materials have been extracted. Removal of such large quantities has left 

many areas where workings are liable to collapse, producing subsidence 

at surface. Unfortunately, these workings are the most difficult to 

locate because no records of their existence survive, and are hazardous 

because in these early times workings were necessarily shallow (Table 

2: 1 ) . 
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TABLE 2:1 RECORD OF COLLIERY SHAFTS IN THE EASTERN DISTRiCT 
OF SCOTLAND IN 1873 (AFTER MAXWELL, 1975) 

Depth Downcast Shaft .Upcast Shaft Total 
of shaft 
( m) (f) (%) (f) (%) (%) 

.( 30 60 )Ei 69 22 19 

30-60 116 . 33 91 ,29 ' .31 

60-90 67 18 64 21 20 

90-120 49 ' 13 36 ,"2 ' 13 

>120 71 
,-, 

20 45 16 11' 

~oa1 mini,ng ,de~elopment in Britain was,~ike)y to have followed closely 
~ " " . , .. ~ .. 

that of Scot 1 and .. of whi ch Maxwe n (1971; Rei" 5): has made an extens,i ve 

study. T~e '~a;l i,est kno.wn met'hod '~f worki ngcoaJ ·(.ap~rt .from open '~ca,sf)",' 
'was pillar ~and room, and it was 'not until 1867 that',an' improved methCld, 

.. introduced: 'from, 'Newca~t 1 e, ~.a~ . i n' ge'n~ra 1 ~se >F'or the ~ Newcast"~ method, 

large' pi.liars ,:were ' left "behind', by a Jir,st 'working,; and ... then . '. 

systematically 'reduced by' a ,second working, 'for greater co.a'l yield. Both 

,-methods ·were. similar a~d 'left' nu~erous' int~'r~onilected· ~oids, .. ' bu'~.t.he,' 
Ne,wcastle.rqoms ,were c9nsist'ent1y"larger:th'an 'thos'e ,of' the ~'~de'r,'met~od':'; 
(Tat>le 2:2). 'This meant that' the. smaller pi'llars remaining. in the 

,,: .. 

Newcastle: Q1ethod were in many cases unab1~'to ,suppor:.t the roof of the 

working, with subsequent collapse· .. · 

Once a mine could no longer produce coal economically the shaft was 

abandoned and ·se.a 1 ed, and the co 11 i ery area was 1 eve 11 ed by fi 11.i ng in 

any small pits. It was commoh practice to block the shaft just below'the 

surf ace with a wooden platform, and fi 1'1 the rem'ai ni ng small space with 

waste material. 

The popular use of steam engines after about 1725 at colliery works 

produced large quantities of ash, which are magnetic, probably because 

of their iron content and heat of formation. Fortunately, the ext~nsive 

use of this magnetic material for capping the shaft: and' its 

sha 11 owness, make it possi b 1 e to locate abandoned shafts with 

geophYSical methods (Maxwe11, 1975, Ref 6; Jackson. and Suddaby, 1979, 

- 5 -
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Ref 7). A magnetometer is used to measure variation in the earth's 

magnet i c ' fi e 1 d inn uenced by the magnet i c i nfi 11. In' Scot 1 and, the 

majority, of mine shafts were wooden lined, whereas those of England and 

Wales 'were usually brick lined, and these bricks can aid detection of 

each shaft because of their magnetic content. 

TABLE 2:2 PROBABLE AREA OF GROUND. WORKED'BY PILLAR AND ROOM METHODS 
IN SCOTLAND PRIOR TO 1873 (AFT.ER MAXWELL,1975). 

Prior to' 1760- 1800- 1850-
1760 1800 18,50 1872-

Conjectura'l output (tonnes x 10) 30 30 145 260 

Conjectura 1 output of pi 11 ar and 
room workings (tonnes x 10) 

i Old method 30 . 25 100 -0. 
i i Newcastle method ,0 0 26· , 130 . 

Conjectura 1 area of pi 11 ar and" 
, , room work i ngs (hectares) 

i Old method 300.0 2500 '10000 0 
i i Newcastle method 0 0 11 00 7000 

-Conjectura 1 area of pi '11 ar and 
room workings (120m deep, 
(hectares) -

:j 01 d m~thod' , ,3000 2500 9000 0 
i i Newcastle method 0 0 500 2000 

Assumptions: Average,thickness Amount of 
of seam worked seam extracted 
(m) : (%) 

) 

1 Old method . 1.25 -60. 
i i Newcastle method L 75 +80 

2:1:2 Solution mines 

Controlled solution mining is popular in many countries for obtaining 

valuable minerals from the evaporite horizons; Cheshire is the most 

important salt producing area in Britain. The basic method (Collins, 

1969; Ref 8) 1S to introduce water under sufficient pressure into 

- 6 -
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evaporite horizons to dissolve it and raise the evaporite solution to 
surface. The pumping is carefully monitored for cavities of 
predetermined size and shape to be formed, so that the remaining shaft 
wi 11 produce suffi ci ent support for the overburden and thus prevent 
collapse. Each cavity is developed over several years and left free of 
saturated brine once the maximum size for safety is reached. The size 

I 

and spacing of these solution cavities is related to the thickness of 
beds being worked, and it is claimed that they can be made permanently 

stable. 

The knowledge gained in controlled solution mining ,has been utilised in 

another equally important field of storing toxic materials. 

Environmental pressures to dispose safely of ·toxic waste (including 

radioactive substances) have led to new methods of waste disposal 
(Horner, 1971 ; Ref 

evaporite horizons so 

toxic waste. Salt 
i mpermeab i 1 ity, and 

controlled. 

9) • 

that 

is 

the 

Cavities are now produced artificially in 

they can be used for the storage of fluid and 

idea 1 for storage because of its hi gh 
formation of cavities can be carefully 

Before the introduction of controlled solution mining, the method of 

salt extract'ion consisted of mining and wild brine pumping; in Cheshire 

only one salt mine is still active and wild brine pumping has been 
discontinued because of its often catastrophic results. 

Salt mines prior to the twentieth century had a life expectancy of 

thirty or' forty years, and flooding and eventual collapse followed their 

abandonment. 

Wild brine pumping consisted of sinking wells to where the circulation 

of natural groundwater dissolved the salt at the wet rock head, often at 

depths greater than 70 m; the brine was then~pumped to the surface. With 
the increasing demand for salt, water was pumped down to increase the 
dissolution. Unfortunately, this often led to uncontrolled cavity 
formation, much of which became extensive; and without the required 
overburden support, subsidence at the surface often resulted. 
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Frequent collapse as a result of mining and pumping operations was 

common by the end of the eighteenth century in the industrialised salt 

extraction centres of Cheshire. The last catastrophic collapse in 

Cheshire was at the Adelaide mine in 1928; since then, the increased 

safety standards and improved methods of salt extraction have greatly 

reduced serious subsidence, although gentle settling occurs in some 

areas. 

2:2 Natural cavities 

The predominant form of natural cavity results from solution of suitable 

deposits. Cavities in limestone (eg, Carboniferous limestone of South 

Wales) and chalk are formed by percolating groundwater acting as a 

carrier of dissolved oxygen and carbon dioxide, together with various 

aci ds and organi c products deri ved from the soil. The aci dity of such 

~olutions derives mainly from the dissolved carbon dioxide, which slowly 

dissolves in turn the calcium carbonate, to be removed as sodium 

bicarbonate. Over extensive periods, the continual passage of acidic 

groundwater along joints and bedding planes can create extremely large 

cavities (eg Victoria Cave, Yorkshire). The surface opening to the 

passage of underground water often ·becomes enlarged in favourabl~ areas 

and funnel shaped holes, known as swallow or sink holes, are developed., 

Limestone areas which have been extensively eroded by solution, with 

large depressions resulting from the collapse of cave roofs, and 

underground drainage in places of surface streams, are known as karst 

regions. 

Cavities may be produced in evaporite deposits as a result of the action 

of circulating groundwater to dissolve and remove large amounts of the 

evaporite. The prolonged dissolution of such deposits is usually 

accompani ed by a gradual sett 1 i ng of the overburden to produce 1 arge 

surface depressions which, in Cheshire, may be as large as 600 ft in 

diameter. C911ey (1963; Ref la) has noted topographical depressions in 

parts of Iraq several ~iles across and sometimes over 40 m deep, which 

are consi dered to be the resul t of the 1 eachi ng away of anhydri te, 

followed by the collapse of the cave roof; it is possible that large 

cavities in the same area exist which have not collapsed. 
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A form of natural cavity which does not result from solution is the lava 

tube. As 1 ava flows down, a slope, it loses heat from its surf ace by 

'radiation until/eventually a crust forms. Flow continues beneath the 

forming crust and, in some cases, molten lava may flow completely away, 

leaving a thin crust covering a tubular cavity known as a lava tube. The 

formation of large lava tubes is fairly rare, but some have been known 

to be over 1 km in length. 

It has been noted that cavity collapse can be related in some cases to 

the falling of the water level of an area, with the result that the,void 

of the roof can no longer support the overburden. Cases have been 

reported in South Wales (Waller, 1972; Ref' 11), for example, where 

regions which have previously been unaffected ,h(l.ve suddenly, been prone 
, , 

to cavi ty collapse, because the groundwater 1 eve 1 had been lowered to 

enable limestone to be quarried n~arby. Similar disastrous effects have 
, . 

been noted (Snowdowne, 1968; Ref i2) following the drainage of mining 

1 eve 1 s some 1000 m deep in South Afri ca. The drai nage accelerated the 

collapse of cavities in dolomite near the water table some 100 m below 

the surface. Ten years after the pumpi ng commenced, 1 arge depressi ons 

began to appear at the surface, the largest of which, was 120 m in 

diameter and 40 m deep. 

- 9 -



3 SEISMIC WAVES IN SEDIMENTS AND SOFT ROCKS 

The word 'seismic' is derived from the Greek word 'seiein', which means 

'to shake', and as the word implies seismics is a discipline of 

geophysics which deals with vibrations associated with an elastic body. 

A major proporti on of sei smic theory was developed before suffi ci ently 

sensitive instruments were available to permit significant measurements 

to be made. 

Earthquake seismology preceded its applications in the exploration 

field. Attempts to measure seismic velocities were made by Ma-llet as 
, , ' 

early as 1845, while Knott developed the' theory 'of refraction and 

reflection at an interface in 1899, and Zoeppritz and Wichert published 

their findings ~n wave theory in 1907. 

Applied seismology is used primarily for exploration of natural 

resources, such as oil and gas reservoirs in sedimentary regions, but it' 

also offers an'" effective' and most economi'cal tool for evaluation of 

dynamic elastic moduli, as, well as measuring the thickness of different 

geologfcal layers of ground requir-ed for site· investigation in civil 

engi neeri ng . 

Velocities of seismic wave propagation ih the field can be determined by 

measuring travel times of single elastic pulses along well defined wave 

paths, using refraction, reflection or ·borehole transmission techniques. 

The simplest type of wave propagated in a homogen~ous, infi~ite, elastic 

medium consists of alternating 'compressions and rarefactions, during 

which process adjacent particles along any liene in the direction of the 

waves are, respectively, closer together or farther apart than normal. 

Such waves are referred to as compressional waves, and their particle . , 

motion is in the direction of propagation. 

For shear waves, particle motion is perpendicular to the direction of 

propagation. Shear waves can be polarised in both vertical and 

horizontal directions. Those produced by particle motion in the vertical 

mode are called vertical shear (SV), while shear waves with particle 

motion in the horizontal mode are called horizontal shear (SH). 
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In addition to body waves, there are also surface waves which in 

principle are plane waves, in which strain energy travels along the 

geological interfaGe. Surface waves are defined as either Rayleigh waves 

or Love waves. The distinction between the two is in their particle 

motion: in Love waves it is horizontally polarised and transverse to 

wave propagation, whilst in Rayleigh waves it is -elliptical and 

retrograde with respect to propagation, ,and vertically polarised. 

There are two fundamental parameters for sei smi c wave propagati on. The 

first is the time taken for a P wave to travel a specific distance, 

referred to as the vel oci ty of propagation, and the. second is the loss 

of energy ,over a specific distance, which is loosely grouped under the 

heading of attenuation. 

Both of these parameter~ are affected by geologica'l, variations, 

discontinuities and relative geometry of the geological formation; 

Variations in seismic properties may be used to' identify zones of 

discontinuity by selection of an appropriate source and receiver 

geometry. 

3:1 Relationship between elastic constants and seismic velocity 

Derivation of compressional and shear wave velocity using Hooke's law , 

for elastic solids has been comprehensively discussed by Telford et al 
. -

(1976; Ref 13), White (1965; Ref 14), Dobrin (1976; Ref 15), Grant' and 

West (1965; Ref 16) and many others. 

Seismic velocity depends mainly on compressibility and shear resistivity 

of the propagating medium, which is the geological formation. Two types 

of elastic waves propagate through an infinite, homogeneous, isotropic, 

perfectly elastic medium: compressional and shear waves. Velocities of 

these waves are related to their dynamic properties by 

Vp = ~().. + 2 )/p - (3. 1 ) 

and Vs = ~ III p - (3.2) 

- 11 



where Vp compressional wave velocity 
A Lame's constant 

~ shear modulus of the medium 
P = density of the medium 

The bulk modulus k is given by 

k - (3.3) 

Substituting equation (3.3) into (3.1) gives Vp in terms of k and ~ 

Vp = ~(k + (4/3)~)/p - (3.4) 

For a given fluid media where the shear modulus (~) is zero, the 

compressional wave velocity in fluid,Vf can be expressed by 

Vf = -.J (kip) , 

= -.J (l/pp) 

For a fluid ~=O in which case k=A from equation (3.3) and 

Vf = -.J Alp 

- (3.5) 

- (3.6) 

Vp and Vs can also be related to Young's modulus 'and Poisson's ratio. 

Lame's constant is related to Young's modulus and Poisson's ratio by 
equations 

E = fl(3A + 2 ~) I ( A + fl ) (3.7) 

and v O. 5AI ( A + ~ ) - (3.8) 

where E Young's modulus 
v = Poisson's ratio 

From equation (3.2) 

1.1 = Vs 2 p - (3.9) 
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Using equations (3.4) and (3.2) 

k P (Vp2 - (4/3)Vs2) 

From equations (3.3), (3.7), (3.8) and (3.9) 

v 

(Vp/VS)2 - 2 

2(Vp/VS)2 - 1 

- (3.10) 

- (3.11) 

Following the derivation of the relationship of the seismic waves in an 

isotropic elastic medium, the theories which attempt to' d~scribe the 

propagation of seismic waves (and/or acoustic) of natural materials 

have been reviewed on the basis cif three distinct approaches. The first 

approach considers the velocity of compressional waves propagating in a 

fluid containing suspended solid particles of variable size and 

concentrations. The second approach considers a porous,solid medium 

consisting of a solid framework with pores. Finally, the wave 

propagat i on through the materi a 1 has been exami ned by cons i deri ng a 

'model' packing of elastic spheres in contact. 

3:2 Wave propagation theories for suspensions 

The seismic velocity through a fluid medium is related to the elastic 

constants of the medium as defined by equation 3.5. Solid particles 

suspended in a fluid behave like a fluid as long as these particles do 

not interact with each other either by contact or e1ectrochemica1 

forces. As the .shear modulus in a suspension system approaches zero, the 

equations (3.5 & 3.6) used for.defining the compressional wave velocity 

through a fluid are also applicable to suspensions. 

An equation relating acoustic velocity to suspensions was originally 

developed by Wood ( 1940 Ref 17). Wood's equation for acoustic velocity 

rep 1 aces bu1 k densi ty and compressi bi 1 i ty by component terms for the 

water and mineral fractions, each component contributing to the bulk 

compressibi1ity and bulk density of the suspension in proportion to its 

volume concentration in the suspension. 
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P = npw + (l-n)pm - (3.12 ) 

P = n pw + (1 -n ) pm - (3.13) 

where Pm = mineral density 

pm = mi nera 1 compressi bil ity 
pw water density 

pw = water compressibility 

n = fraction porosity 

When equations (~.12) and (3.13) are substituted into equation (3.5), 

the acoustic velocity in suspension becomes 

Vf 
= [(npw + 1 -n pm) ( n. P + 

. 1 

l-~ pm,]' - (3.14) 

Equation 3.14 predicts that the acoustic velocity of a suspension can 

be lower than the individual components (ie water. and ·minera1s). 

Equation 3.14 is known as Wood's emulsion equation. The validity of 

Wood's equation was demonstrated by Urick (1947; Ref 18, 1948; Ref 19) 

and Urick and Ament (1949;· Ref 20) by laboratory measurements using low 

concentration suspensions of kao1inite. Hamilton (1956;Ref 21) carried 

out in-situ measurements at sea which showed that the velocity through 

the high porosity muds were three percent lower than in the overlying 

water. Although the above measurements agree with.the concept of Wood's 

eqation, the measured velocity was found to be higher than predicted by 

the equation other than for very high porosity sediments. This suggests 

a possible lower limit for the acoustic velocity through most sediments 

rather than describing it. 

The absorption of sound in a suspension of immobiJe particles was 

reviewed by Epstein (1941; Ref 22). He concluded that Sewell's (1910; 
Ref 23) treaties on fogs was inapplicable to aqueous suspensions 

because of the greater particle densities involved. Sewell's treaties 

were extended by Lamb (1945; Ref 24) for rigid, incompressible 
particles, able to move freely within the sound field. An equation for 

the attenuation~~of a compressional wave in a suspension of equal 

diameter spherical particles was derived by Urick (1948, Ref 19) as 

follows 
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[ k'r' + k ~ 
2 

S' +((:. /Pw ) +T)'] 2 = Co -- - (3.15) 
6 Pw 

where r particle radius 

Co = concentration (number of particles per unit 
volume) 

k = wave 'number ( 2rr/)... ) 
)... = wavelength 
S = (9/4Br)(1+(1/Br)) 

T = ~+(9/4Br) 

B = ~ (w/2q) 
_w = angular frequency 

q = kinematic vi scosity of fluid 

The above equation was ,applied by Urick (op.cit.) to homogeneous, 

aqueous susp'ensi ons of sand and kaolinite, of various sizes, 

concentrations and vi scositi es, and in a frequency of 1 -1 5 MHz range. 

The absorption can be explained by the viscous' loss~s at the surface' of 

the part i c 1 es because of the re 1 at i ve moti on of the soli d and fl ui d 

,phases, represented by the_ second term on the' right of the above 

'equat,ion, and scattering losses generated as the wavelength, approaches 

the particle size. The scattering losses are represented by the first 

term on the right of the above equation. 

At high frequencies, large particles remained almost stationary in the 

sound ,field and produced a loss which was proportional to the square 

root of frequency. At low frequency the small particles tended to move 

with the fluid to generate a loss proportional, to frequency squared. 

Ahuja (1974; Ref 25) reviewed the work relating to the derivation of, 

relationships describing the acoustic properties of deflocculated 
liquid-solid mixtures with a porosity of 60-100 percent. The properties 
considered were compressibility, density, thermal conductivity, shear 
viscosity and surface tension. The suspension theories described here 
only take into consideration the losses attributed to the viscous 
interaction between the solid and liquid component of the mixture. 
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During early developments, Urick and Ament (1949; Ref 26) found a 

discrepancy ,between the theory and the experimental result as the 

particle concentration of the suspension increased above 30 percent. The 

failure of equatiQns (3.14) and (3.15) was caused by inter-particle 

contact, and acoustic dissipati9n by inter-particle friction. lIrick ' s 

(1948; Ref 19) absorption,~quation has been the basis of the discussion 

by McCann, (1969; Ref 27) and Gultepe et al (1977; Ref 28) fQr .clay, 

suspensions of high concentration: 

-
3:3 Wave propagation theories for porous solids 

The theories relating to the propagation of acoustic wav~sin porous 

. medi a was provi ded in a quantitati ve basi s by Lord Rayl ei gh (1878;Ref 
, . 

29). The ,earqy, theories (Morse & Bolt, 1944; Ref 30, Scott, 1945; Ref 
, , 

31, Beranek,1947; Ref 32, Z~ikker & Kosten, 194~; Ref 33) were mainly 

concerned with room acoustics and the acoustic attributes of various .. 

porous materials.,' 

Biot (1956a; ,'Ref 34; and 1956b; Ref 35) gave "th'e first comprehensive 

theory descriBing the ,propagation of e1,.astic waves' in the 

fluid-saturated porou$ solid. The theory'discusses a range of systems in 

" whi ch 'water withi n the pore spaces either di d or' di d not, move in 

response' tQ the' stre,ss filduced by the passage of an acoustic wave., 

,Elastic moduli of- the solid, the .fluid and the porous skeleton wer'e 

combined'to describe'the coup'le motion 'of two ,phases. Biot (1956a;"Ref 

34) initially considered low frequency propagation and. assumed that the 

flow through the pores was Poi seuill e type. The theory pred,i ets th~. ' 

presence of two compressional waves and one shear wave. The phase 

velocity of the first type of compressional wave had, negtigible 

dependence on frequency with an absorpt i on coeffi ci ent proport i ona 1 to 

the square of the frequency. The second type of compressional wave was 

highly attenuated 'when the pore fluid was of low compressibility. The 

propagation of this wave was considered to be that of B diffusion wave 
. . . . 

and an,a 1 agous to heat conducti on. The phase velocity of the shear wave 

increased slightly with frequency and absorption coefficient was as 

above. 

In the second paper he extended the mathematical treatment to high 

frequency ,at which Poiseuille flow is not considered to be applicable. A 
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'structure factor' concept was introduced into the treatment which 

represented the effect of si nuosity and the shape of the pores. The 
phase velocity was found to increase with frequency for the first type 
of compressi ona 1 wave with the absorption coeffi ci ent proporti ona1 to 
the square root of the frequency. The shear wave velocity was also found 
to be more frequency dependent than the low flow case. The absorption 
coefficient was found to be proportional to the square root of the 

frequency. 

In subsequent papers Biot (1962a; Ref 34; 1962b; Ref 35) extended his 
acoustic propagation. theory in porous media to include inter-particle, 

viscoe1astic and isotropic media. Biot's work was verified by numerous 

researchers (Geertsma and Smith, 1961; Ref 36, 'Wyll ie et al, 1962; Ref 

37) and was also used as a basis for further theoretical analysis of 
porous solids (Hsieh and Yew, 1973; Ref 38, Mengi and Niven, 1977;- Ref 

39) . 

3:4 Wave propagation theories for granular media 

Biot's theory on the static and dynamic response of porous material was 

discussed in the previous chapter. Gassmann (1951; Ref 40), based on the 
earlier theory of porous solids, considered the elasticity of a 
hexagonal matrix of closely packed spheres which were deformed at points 

of contact because of the applied stress. The velocities of elastic 

waves for packing, which was considered as anisotropic and 

inhomogeneous, were calculated for interspaces either evacuated, filled 

with with fluid or gas under two sets of conditions. 

In the first condition, which was regarded as an 'open system', the 

hydrostatic pressure of the pores was considered to be constant but the 
pore fluid was allowed to circulate through the pores. The second 
condition, which was regarded as a 'closed system', did not allow pore 
fluid to circulate and was analogous to stress variations in the earth's 
interior due to earthquake waves. Gassmann's theory obtained an 
expression relating sound velocity to the sixth root of the depth of 
burial which predicts the variation of velocity with depth. This was 
also observed experimentally by Faust (1960; Ref 41). 
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Gassmann's theory was extended by White and Sengbush (1953; Ref 42) and 
Duffy and Mi nd 1 in (1957; Ref 43) to i nc 1 ude tangent i a l forces between 
spheres. Brandt (1955; Ref 44 and 1960; Ref 45) deve loped theoret i ca 1 
equations for acoustic velocity to include the effect of pressure and 
liquid saturation in an aggregate of randomly arranged spherical 
particles of different sizes. 

White (1966; Ref 46) modified the expression derived by Duffy and 

Mindlin (1957; Ref. 43) to include both static and dynamic friction 
. (sticking and sliding) of spheres at the point of contact. The 

attenuation coefficient was shown to be a function. of the tangential 

forces between the spheres and di rect ly proporti onal to frequency. 
Gassmann's theory on the 'c 1 osed system' was u'sed by Hami lton (1971 a; 

Ref 47, 1971b; Ref 48, and 1972; Ref 49) to predict the acoustic 
properties of water saturated marine sediments using an elastic or 
nearly viscoelastic model. 

3:5 Compressional wave measurements in sediments and'soft rocks 

Considerable amounts of data have been published in laboratory and field 

studies of compressional waves through sediments (Laughton, 1954; Ref 50 
and 1957; Ref 51, Hunter et, al, 1961; Ref 52, Morgan, 1969; Ref 53, 

Shumway, 1960a; Ref 54, 1960b; Ref 55, Hampton, 1967; Ref 56, McCann and· 

McCann, 1969; Ref 57, McCann, 1972; Ref 58, Buchan et al, 1972; Ref 59, 
Akal, 1972; Ref 60, Hamilto~, 1970; Ref 61, 1972; Ref 49, 1976; Ref 62, 

and Jackson et al, 1980; Ref 63). 

Laughton (1954; Ref 50, and 1957; Ref 51) made 1 aboratory measurements 
of compressional wave propagation in marine sediments and found a 

vertical gradient in the acoustic velocity with compaction pressure in 
deep-sea cores. Acoustic measurements made in the laboratory by Shumway 
(1956; Ref 64) and in-situ by Hamilton et al (1956; Ref 21), on 
shallow-water fine sands and silts, showed that generally the acoustic 
velocity decreased with decreasing grain size and increasing porosity. 
Shumway (1960a; Ref 54, and 1960b; Ref 55) obtained acoustic 
measurements on 111 unconsolidated marine samples which range from 
deep-sea clays to shallow-water sands. The range of velociti,es obtained 
were from 1474 m/s for red medium clay to 1785 m/s for medium sand. 
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The most significant parameter affecting the variation in the acoustic 
velocity was found to be the porosity, which varied between 36 to 86 
percent for the above samples. Sediment rigidity, related to the 
predominance of coarse grains in samples, was found to be the second 
most important parameter. The analysis also considered other parameters 
such as pressure, the compressibi1ity of the grain aggregate and 

temperature. 

Othe~ parameters such as the confining pressure, the grain 

characteristics of the sand size materials and the moisture content were 

considered by Brandt (1960; Ref 44), Harding and Richart (1963; Ref 65) 

and Gardner et a1 (1964.; Ref 66), who concluded that porosity was the 

most significant parameter which determined t'he acoustic velocity in 
sed i ments. Hami 1 ton (1968; Ref 67), after the assessment of 1 aboratory 

test data for shallow and deep-sea samples from the North Pacific and , 
Carjbbean area, suggested that a generalised curve which relates 

acoustic velocity to various ~edimentary parameters should be 
superseded by curves and equations involving specific environments. 
McCann (1968; Ref 68), Schrei ber (1968; Ref 69) and Morgan (1969; Ref' 

53) also concluded from a mu1tiva~iate statistical ana~ysis of core data 

that sediment porosity was the most significant parameter affecting the 
acoustic velocity. 

The porosity of the core samples for the above study varied from 

approximately 35 to 85 percent covering a range from fine sand to. si1ty 

clay. The change in the acoustic velocity with porosity followed the 
curve1inear trend as represented by Wood's (1940; Ref 17) equation (eqn. 

3.14); thi s corre 1 at i on has been observed by several authors. Other 

parameters which indirectly affect the acoustic velocity and are linked 
with poros~ty are the grain size, sorting, shape and the 
interrelationships between sediment particles. 

The acoustic velocity. and porosity relationship was confirmed by Horn et 
a1 (1968; Ref 70) for fine sand to clay sized materials. The 22 core 
samples used were from the Mediterranean Sea and the Norwegian Basin. 
The sorti ng, the skewness and kurtosi s of the grai n si ze frequency 
distribution were shown to be useful tools in predicting the acoustic 

velocity with bimodal sediments, although the acoustic transmission was 

not directly affected by these parameters. The correlation between 
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compressional wave velocity and either dry sediment density or shear 

strength was found to be insignificant. The statistical appraisal of a 

large amount of data by Buchan et al (1972; Ref 59), Anderson (1974; Ref 

71), Taylor Smith (1974; Ref 72) a~d Hamilton (1975; Ref 73) concluded 

that variability of sediment acoustic velocity and impedance generally 

required consideration of a number of geotechnical parameters (such as 

sorting, ,porosity grain size, specific gravity of, solids, ,carbonate 

content, liquid and plastic limits, shear strength etc) in a 

multivariate solutjon, although the most ,p,redominant parameters 

affecting the acoustic velocity were considered to be sample porosity 

, and sediment grain size. 

3:6 Attenuation measurements in'sediments and soft rocks 

Hamilton (1956,; Ref 21) reported the attenLiation coefficient for silt 

and fine. sand to be 1.5 dB/m and 16 dB/m respectively at 30 kHz. The 

attenuation results, in sand sediment alone, did not appear to be 

re lated to ,porosity or mean grai n di ameter. Compressi ona) wave 

attenuation (at 1 MHz) was found to be relatively greater in coarse 

gr.ained sediments than in sediments o~ smaller particle size by Sutton 
, , 

ef al (1,957, Ref 74), Hunter' et al (1961; Ref 75) ~nd Hall and Richart 

(1963; Ref 76). The absorption maximum of ,sediments of intermediate 

porosity (45 to 60 percent), and, intermediate grain size (24) to 54> ), 

reported by Shumway (1960a;' Ref 54) was confi rmed by McCann and McCann 

(1969; Ref 57).-

The values of constant K were investigated by Hamilton (1972; Ref 49) 

for various porosities and mean grain size; the relationship was, 

- (3.16) 

where 0< ,- absorption coefficient (in dB/m) 

f frequency in kHz 

n = exponent of frequency 

The attenuation (K) increases with decreasing grain size in sands, 

reaching a maximum between 3.5~to 4.5~and then decreasing in silts and 

clays. The variation of K with porosity was similar to the grain size. 

The highest K values were found in sands and silts, with the porosity 
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range between 50 and 54 percent. A correlation between the attenuation 

coefficient and the percentage of sand sized particles was reported by 
Shumway (1960b; Ref 55) and Buchan et al (1972; Ref 59), although in the 
early work Buchan et al (1967; Ref 26) suggested that the attenuation of 
a compressional wave;-n mar.ine sediments was susceptible to a change in 
a complete range of par.ameters rather than in only a single parameter. 

3:7 Conclusions 

Acousti c waves through water saturated sediments are affected by the 

mechanical properties of the fluid, the individual sediment particles 

and the skeleton formed by these particles. In suspension, when the 

particles are not in contact, the acoustic velocity is described by the 
product of the compressibilities and densities of the solid particles 

and the pore fluid, multiplied by their respective proportional volume 

in the total volume. 

When the particle concentration is increased, the particles either make 

physical contact (eg. non-cohesive sands and silts) or are joined by 

electromechanical forces 'such as clay minerals. The interaction of 
sediment par~icles generates a rigidity modulus and a frame modulus into 

the velocity equation. This is in excess of the bulk modulus computed 

from the suspension component alone, (Hamil,ton 1971b; Ref 48). The two 

rigidity components, associated with particle interaction, comprise the 
'effective rigidity' (Shumway 1960b; Ref 55), and are affected by the 

sediment packing, the type of inter-particle contact, and the degree of 

interlocking and friction between particles. Therefore, the most 

important parameters that describe' the sediment and the acoustic 
velocity variation, at a given confining pressure, are sample porosity, 

grain size, mineralogy, and the angularity and sphericity of particles. 

Attenuation in marine sediments can be generally attributed to three 
mechanisms. These 'are: Rayleigh scattering, solid-friction attenuation 

and viscous energy losse~. Rayleigh scattering occurs when the 
wavelength approaches the grain size diameter. The attenuation caused by 
scattering is related to the fourth power of the frequency. The 
solid-friction attenuation is caused by inter-grain movement, similar to 
the losses in polycrystalline rocks (Mavko and Nur, 1979; Ref 77; Toksoz 

et al, 1979a; Ref 78; 1979b; Ref 79). These losses are represented by a 
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1 i near vari ati on of the attenuati on coeffi ci ent with frequency. Vi scous ' 

los~es are derived from the relative movement of solid and 'liquid 

particles in the sediment and water mixture. Attenuation causedby 

vi scous .losses' is related to the frequency squared or the, square root of 

the frequency, depending on the size of the pore-space (Btot, 1956a; Ref 

34, and 1956b; Ref 35). 

In s~diments" viscous and solid-friction loss mechanism~are expecte~ to 

operate to a varyi ng degree (Buchan et a 1, 19-72; Ref 59). The overall 

. effect is an "apparent increase in attenuation, over a range of grain 

. size fr:-om coa.rse s,ands to clays, reaching .a maximum around 4.0 <P -to 

5:0 <P. The attenuation caused by. solid-friction is reduced ·;'n relation 

to a reduction 'in sediment rigidity. Further reduction in :grain size· 
" . 

can 'Gompli.cate the issue as inter-particle attraction occurs, which 

reduces. the re lat i ve mot i'on between the· soli d pq.rt i c·l es and the fl ui d '. 

caus'ing a reduction i.n the contribution to the viscous dissipation. 

McCann an~. ~dCann (l969,Ref 57) found 6 <P as the grain s.ize at which 

'inter-particle forces became dominant; 
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4 SURFACE SEISMIC METHODS 

Surf ace sei smi c methods are wi de 1y used in oi 1 exp 1 orati on and ci vil 

engineering site investigations. In oilfield exploration, they have been 

developed to a high degree of sophistication for the selection of sites 

for exploratory oil wells. Their main advantange over other geophysical 

methods is that they are capable of achieving greater penetration 

coupled with 'higher resolution and precision. Their main use in the 

ci vil engi neeri rig fi e 1 d 'i s the the determi nati on of the depth to the .. 

bedrock and the mechanical properties of the first 50-100 m of the 

natural material, in order to estabHsh the safe loading on the 

foundation for the i'nsta11 ation of 1 arge structures such as a tall 

building, nuclear power station, a ,dam etc. 

The two predominant surface seismic techniques used are the refraction 

and the reflection methods. Of the two methods" refraction is the most 

common method used in civil engineering site investigation because t,he 

data acquisition, processing and interpretation is relatively less 

complex. The results are cost effectiv~ for the relatively small' area 

normally investigated. 

Surface sei smic methods can on' occasi ons suffer from hi gh attenuati on 

caused by the surface deposits, which in some cases exhibit 

; compressional wave velocities less than that of water. This is caused 

by the presence of ai r in the pores i nf1 uenced by the ,geology, water' 

table and other local drainage conditions. This lower velocity layer is 

sometimes called a weathered zone and may vary from' a few to 50 m in 

depth. Weatheri ng of natural materi a 1 s is very complex and beyond the 

scope of this thesis but one of the predominant interactions is 

between the so 1 ub 1 e oxygen or the free hydrogen ions in the water and 

the minerals in rocks and sediments, causing alterations in the mineral 

constituents and the fabric. 

Weathered zones can also be responsible for the loss of energy at hig~, 

,-frequencies. Similarly, an intrusive structure (such as an air or 
~ 

sludge-filled cavity) in a homogeneous rock mass exhibits an effective 

increase in bulk porosity in the path of a propagating wave, which in 

turn exhibits a slower velocity for that particular path, depending on 

source wavelength, velocity in formation and source receiver geometry. 
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Whenever a seismic wave encounters a sudden change in elastic 

properties, as when it arrives at a surface separating two geological 

beds, part of the energy is reflected and remains in the same medium as 

the original energy; the remaining energy is refracted into the second 

medium (with higher velocity), with an immediate change in direction of 

,propagation occurring at the interface. Refraction and reflection 

seismics are used extensively in exp10rati'on seismology, but inter

boreho1e seismics is also gaining popularity, particularly in 

engineering seismics where more detailed seismic results are achieved by 

moving away from the weathered zone on the surface. 

4:1 Seismic refraction method 

As early as 1923" the seismic refraction technique was responsible for 

the spectacular success of geophysics in finding a great number of 

shallow Gulf Coast salt domes associated with' oil deposits (Dobrin" 

1976; Ref 15). The first seismic technique used in petroleum prospecting 

was the refracti on method, although sei smi c refracti on pri nci p 1 es had 

been applied for some time by earthquake seismologists in determining 

. th~ structure of the Earth's interior from earthquake records. 

The use· of the seismic refraction method has diminished in the oil 

industry over -the years, but the method has found i ncreasi ng use in 

engineering geophysics for site investigation. The method becomes a 

valuable investigative toO"l when used in conjunction with information 

from exploratory drilling. 

The refracti on survey method is well estab 1 i shed and i nterpretati on of 

the data is reasonably straightforward for most cases. The layout of the 

geophone array can be changed to allow judgment and i magi ~at ion in 

obtaining and handling of raw data. Like other indirect methods of 

subsurface exploration, there are no rigid, inflexible approaches to 

making sense of data, nor are there any handbooks that can infallibly 

di rect a geophysi ci st to the correct answer. Know1 edge of the site 

conditions and understanding of what is geologically plausible will 

always help in deriving a meaningful interpretation from the data. 

Various authors (Black et a1, 1962, Ref 80; Bush and Schwarz, 1965, Ref 

81; Hobson, 1970, Ref 82; Grainger et al, 1973, Ref 83; Cratch1ey et a1, 
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1976, Ref 84) and others have successfully used seismic refraction 

techniques to assess geological stratification, large weathered zones 

within the rock mass and other larger geological variations for civil 

engineering site investigation. 

4: 1 : 1 Theory and principles 

The refraction method consists of measuring (at known points along the 

ground surface) travel times of compressional waves gen.erated. by an 

impulse energy source. The energy source 'cou1d be a small ex.p10sive" 

drop we·ight or any .impu1se source that imparts seismic' energy into the 

ground. Received seismic energy ~t each sensor. on the surface' is 

amplified and recorded using an analogue or digital ,refraction 

instrument. The raw data therefore -consists of travel times ,and . ' 

distances, and -this time-distance information is then manipulated to 

convert 'it ~nto a format based on velocity variati,ons with depth. 

'Propagatibn of, seismic energy through the rock mass is described 
. ' . ~ 

essentially by the same laws that govern ,light ray propagation through 

transparent med,ia. The refraction or angular deviation that a 1-ight ray 

or seismic pulse undergoes when passin'g from one medium to another 

depends' upon the ratio of, the transmission velocity of the 'two., 

materials. The fundamental law that describes refraction is Snell's Law. 

which, with the phenomenon of critical incidence, forms the foundation 

of, seismic refraction surveys. Snell's Law and critical incidence. are 
. , 

shown in Fig 4:1:1, which illustrates a medium with velocity V, 

under:-1 aid by a medium with a highe~ velocity Vz. Until th~ critical 

angle of· incidence is reached, almost all compressional energy is 

transmitted (refracted) into the higher velocity medi~m. When the 

critical angle is exceeded, the energy is almost totally reflected, and 

no energy is refracted into the hi gh-speed 1 ayer. Thi s 'phenomenon takes 

into account only compressional waves, ignoring shear wave energy and 

the transformation of 'a portion of a compressional wave into a shear 

wave that can occur at boundaries. 

Critically refracted rays travel along the boundary between the two 

media at the higher of the two velocities, continually generating 

seismic waves in the 10wer-ve10city (upper) layer that depart from the 
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boundary at an angle of critical incidence. These waves are normally 
referred to as head waves. 

/Construction of time/distance graphs, and their interpretation using 
different techniques, has. been discussed by various authors - Dobrin 
(1,960; Ref 15), Musgrave (1969; Ref 85), Telford et al (1976; Ref 13) 

and others, but a derivation of a general equation is shown below. 

A formula is derived expressing arrival time in terms of geophone 
spacing, depth and velocities for a simple case of the two-layer medium, 
as shown·in Fig 4:1 :2. Telford et al (1976; Ref 13) has shown that for a 
geophone at a point R, the travel time t can be expressed as 

where 
and 

t = (X/V2) + t. 

= (2z cos e. ) /V • 
-1 . 

sin (V./V2) 

(4~U 

A general i sed .equat i on that can be app 1 i ed to any number. of 1 ayers was 
developed by Telford et al (1976;. Ref 13) from a consideration of the 
three-layer case. The horizontally three-layered model, 'with 
compressional wave velocities of V., V2 and V3 respectively, is shown in 
Fig 4:1 :2. 

It can be demonstrated that .for a geophone at pOint R, the travel time' t 
can be expressed as: 

t = (X/V3) + (2Zz/V2 )cose + (2z ./V. )cos e. 

where 

The equation can be generalised for n beds in the form: 

where 

t = 

9. = 
1 

(x/V) + I.(2z./V.)cose. 
n 1 1 1 1 

- 26 -

- (4.2) 

- (4.3) 



refracted 
ray 

- 27 -

incident ray 

velocity = Y1 

veloci ty = Y2 

'Snell's law: sin Q - ~ 
Sin P Y2 

/P 
critiCally 
refrtlc ted ray 

crtical angle of 
incidence 

FIG. 4:1:1 SNELL'S LAW & REFRACTION AT AN INTERFACE 

o 

o Q 

M" 

R 

I 
I 

a.' 

slope= L :r 
s Y3_-.., 
~---'f----

\ 1 
slope=V-

2 

R' 

P" 

FIG. 4:1:2 TRAVEL-TIME GRAPH FOR TWO LAYER MOOEL 

( after Telford et al, 1976; Ref 13 ) 



Equation 4.3 can be used to calculate the thickness of a series of 
horizontal refracting beds, each with a constant velocity increasing 
wi-th depth. Each bed must make a sufficient contribution to the 
time/distance graph to enable its velocity to be determined from the 
slope of the appropriate straight line section of the graph. The 
generalised equation does not include tbe effect of a dipping interface, 
which has a considerable influence on the time/distance graph - a 
comprehensive treatment of this more complex situation is given in 
Telford et al (1976; Ref 13) and Dobrin (1976; Ref 15). 

The geological situation described by equation (4.3), where the beds are 

horizontal and have a constant velocity and thickness, very -rarely 

arises in practice. In many situations large thicknesses of non-uniform 

drift· deposits overlie the geological strata of interest and this 

results in a reduction in the resolution that can be obtained with a 

standard seismic refraction survey. Many modifications have been appl-ied 

to the standard interpretation method based on equation (4.3) and the 
following approaches are of particular interest: 

a Thornburgh's wavefront diagrams (Thornburgh, 1930; Ref 86) 

b Gardner's constituen-t delay time construction (Gardner, 1939; 
Ref 87) 

c Barthelmes ' continuous "profiling analysis (Barthelmes, 1946; 
Ref 88) 

d Slotnick's multi layer refraction analysis (Slotnick, 1950; 
Ref 89) 

e Baumgarte's graphical ray-stretching method (Baumgarte, 1955; 
Ref 90) 

f Hales ' and Tarrant's tangent plotting of varying refractor 
interfaces (Hales, 1958; Ref 91 and Terrant, 1956; Ref 92) 

g Hagedoorn's plus-minus method using reversed refraction profiles 
(Hagedoorn, 1959; Ref 93) 
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4:1:2 Seismic refraction survey at Cocking 

A disused railway tunnel was selected as an air-filled cavity to examine 

how this type of discontinuity in the rock mass affects seismic and 

other geophysical techniques. 

The selected site is about 1.5 km southwest of Cocking village in Sussex 

(grid reference 870 160 on 1 :50 000 sheet 197). Access to the site was 

via a lane off the A216 Cocking to Chichester road (Fig 4:1 :3). 

The geology of the area is characterised by a fractured chalk bedrock. 

with an overlay of loamy soi 1 about 0.25 m in depth; fracturi ng of the 

,cha 1 k decreases with depth be low the surf ace. T,he tun ne 1 is about 14 m 

below the surface, 5 m wide and 5 m high, ,(Fig 4:1 :4). Initial 

i nvesti gati ons had shown that the tun'ne 1 was constructed by a bori ng 

technique, so that it was positioned in a rock mass consisting of fairly 

solid chalk. However, further investigations carried out when the 

geophysical results did not fit the above model showed that the southern 

end section of the tunnel, over which most of the' geophysical 

investigations h~d been carried out, was constructed bY,'the cut and'fi11 

method. 

The state of the rock mass in the immediate vicinity of the tunnel in 

this section was thus more complex to determine than initially 

envisaged, because of the heterogeneous nature of the mixture of chalk 

and clay in the backfi11 material. This is evident in the fracture log 

of the cores obtai ned from the boreho 1 e dri 11 ed for the i nterboreho 1 e 

acousti c measurements whi ch are shown in appendi x I. These show fi ne 

'c1ay'bands up·to a depth of 15 m and other gradations ofda1k' structlfre 

up to a depth of 19 m. 

Sei smi c refraction surveys were carri ed out in para 11 eland across the 

centre 1 i ne of the tunnel at Cocki ng to assess the rock mass conditi on 

in the vicinity of the tunnel. 

The survey W?S carri ed out with a 24-channe 1 ,ABEM sei smi c set with a 

fall i ng wei ght sei smi c source. Three sei smi c 1 i nes, were se'l ected, as 

shown in Fig 4:1 :5. Seismic lines SL1 and SL3 were in parallel with the 

tunnel, while line 4 was perpendicular to the tunnel. 

- 29 -



FIG. 1:1:3 

, 
I 
I 
I 
I Line of 
f/Tunnel 

I 
I 

Scale of metres 

50 

COCKING SURVEY AREA 

- 30 -

100 



w 

Distances and depths in metres. 

FIG. 4:1:4 COCKING SURVEY AREA - LAYOUT OF 

. BOREHOLES L TUNNEL DIMENSIONS 



SP2<p 

/ 

I 
/ 

/ 

I 
I 

Line1/ 

I Tunnel-
i~entre line 

SP2(B)G21 

I 
..: G20 

I 
..: G19 

I . 
..: G1B 

!G17 
I 
..: G16 

! G15 

Line3' 
/ 

..: G14 , 
/ . I 

I ..: G13 
I ~ 

/ . 
"t---" _WE~ ___ ~~L_EAST_h_Line4_ 

FIELD . I FIELD I G12 . 

I ..: G11 

I ! G 10 

I / 
I I 
I ..: G9 

I / 
I I . 
I ..: GB 

I I 
I I 
I ..: G7 

I I ..: G6 

": BH60 !G50BH2 

/ I >< G4 

BH10 

I / 
I ><G3 

I 1 G2 

I SP1~G1 

OBH5 

Scale 
o 10 20 metres 
~I ~'~'~'~I~I~,~,~,~,~I ____ ~ __ ~I 

FIG. 4:1:S COCKING TEST SITE - POSITION AND 

LAYOUT OF SURFACE SEISMIC LINES 

- 32 -



Seismic lines 1 and 3 were 24 m west and 12 m east respectively of the 
centre line of the tunnel. The geophone spacing for seismic lines SLl 
and SL3 were i dent i ca 1, as shown in Fi g 4: 1 : 6. Twenty-one geop.hones were 
used, with shot poi nts SPl and SP2 for each 1 i ne occupyi ng. geophones Gl 
and G2 respectively. The geophones were buried just below the surface to 
reduce the environmental noise, while the strike plate was placed .at the 
bottom of an 18 cm deep hole to provide good coupling to the rock mass. 

Seismic line SL4 was perpendicular to the centre line of the tunnel. The 
l·ine covered 23 m on either side of the tunnel with geophone spacings of 
2 m. Twenty-four geophones we~e used, with shot points SPl (at· east) to 
SP24 (at west) occupying geophones Gl to G24 respectively, as shown in 
Fig 4:1:6. 

A sei smograph record of each shot poi nt for a gi ven 1 i ne was obtai ned 
and the time break for each of the tr~ces on the seismogram was measured 
for each series of shots. The results were used to plot time/distance 
graphs, as shown in Figs 4:1 :7, 4:1:8 and 4:1 :9. The slope of each line 
section gave the compressional wave velocity for each se,ismic layer 
(l/v = t/d)~ The thickness of each layer was' calculated from the 
measured velocities and the line intercept value obtained, extrapolating 
each straight line (representing a velocity) until it cuts the time 
axi s. 

The generali~ed equation (4.3) describing the time/distance curve for n 
layers was used to find the thickness of each of a series of horizontal 
refracting beds, each of constant velocity. 

For the three 1 ayer case, it can be shown that: 

Z. = [V I T .I2J [l-(V I/V2 )2J ~ - (4.4) 
1 

Z2 = [ (V 3 T /2) -Z I ( (V 3 /V I ) 2 -1) iJ / [( V 3 /V 2 ) 2 -lJ i - (4.5) 

where ZI = thickness of layer 
Z2 = thickness of layer 2 

VI = compressional wave velocity in 1 ayer 
V2 = compressional wave velocity in 1 ayer 2 
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V3 compressional wave velocity in layer 3 
T, = time intercept for layer 1 
Tz = time intercept for layer 2 

Substituting the above equation for shot points SPl and SP2 for seismic 
lines SLl and Sl3, the following models for the chalk mass beneath the 
shot points were computed. 

4:1:3 Results and discussion 

The models of the chalk mass as computed from the refraction surveys for 
\ . 

the two seismic lines SLl and SL3 are given below (Table 4:1). 

Seismic records indicate that there are lateral variations in the chalk 
mass. 

TABLE 4:1 

Seismic Shot point Depth to Compres s i on a 1 wave 
line interface velocity V 

( m) (km/s) p 

SPl (south) 2.79 0.59 
9.29 0.97 

1.708 

SP2 (north) 2.76 0.58 
11 .26 1.08 

1.87 . 

3 SPl (south) 3.30 0.420 
11 .31 1.09 

2.06 
SP2 (north) 2.89 0.47 

1 [). 52 1.05 
1.89 

Records for seismic line SL1, which is 24 m west of the centre line of 
the tunnel, show that surface material varies in thickness from 2.79 m 
(at south) to 2.76 m (at north) with compressional wave velocities of 
0.59 km/s and 0.58 km/s respectively. The second interface of the 
fractured chalk is at 9.29 m (at south) to 11.25 m (at north), with 
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I.: compressional wave velocities of 0.97 km/s and 1.08 km/s respectively. 
The compressional wave velocity below the second interface varies from 
1.7l km/s (at south) to 1.87 km/s (at north). 

Seismic line SL3 is only 12 m east of the centre line of the tunnel and 
is therefore more representative of the rock mass in the vicinity of the 
tunnel. Records show that the surface material varies in thickness from 
3.3 m (at south) to 2.89 m (at north), with compressional wave 
velocities of 0.42 km/s and 0.47 km/s r~spectively. The second interface 
of the fractured chal'k is at 11.31 m (at south) to 10.52 m (at north), 
with compressional wave velocities of 1.09 km/s and 1 .05 ~m/s 
respectively. Compressional wave velocity below the second interface 
varies between 2.06 km/s (at south) to 1.89 km/s.(ai north). 

The resu It of the sei smi c refract ion 1 i nes and 3 show that the near 
surf ace· chalk mass behaved 1 i ke, a three 1 ayer velocity case. The P' wave 
velocity layers are related to the engineering gr'ades as dicussed by 
Ward et al (1964; Ref 94) and not bedding or any other, stratigraphical 
features. The engineering classification of the chalk estab.lished 'by 
Ward et al (1968; Ref 94) is given in Table 4:2. Grainger et al 
(1973; Ref 83) correlated the P wave velocity layers' with the 
engineering chalk grades based on the seismic refraction survey data as 
shown in Table 4:3. 

The result of the refraction ~urvey line SL1, which was 24 m west of the 
centre 1 i ne of the tunnel, shows three velocity 1 ayers. The average 
velocities of the three layers are 0.6 km/s, 1.0 km/s and 1.8 km/s 
respectively and are comparable with those identified by Grainger et al . , 

(1973; Ref 83), ie 0.7 km/s, 1.1 km/s and 1.7 km/s respectively. The 
result from refraction line SL3, which was 12 in east and therefore 
relatively closer, also shows similar average veloci~y layers except for 
the marginal reduction in the value of the first layer to about 
0.45 kml s. Thi s,· may have been caused by the inhomogeneity of the rock 
mass above the tunnel or better drainage conditions influenced by the 
presence of the tunnel. 
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V 

IV 

III 

II 

I 

,tABLE 4:2 

(after Ward et a1 1968; Ref 94) 

A description of the grade of chalk shown on the sections 

Structure less melange. Unweathered and p~tially-weathered angular 

,chalk blocks and fragments set in a matrix of deeply-weathered 

remoulded chalk. Bedding and jointing are absent. 

"Friable ,to rubbly chalk. Unweathered or partially-weathered chalk 

with bedding and jointing present. Joints and small fractures 

,closely spaced, -ranging from 10 mm apart to about 60 mm apart. 

Joints commonly open up to 20 mm and infilled with weathered debris 

and small unweathered chalk fragments. 

Rubbly to blocky chalk. Unweathered medium to hard, chalk with 
" 

jOints 60 mm to 200 mm apart. Joints open up to 3 mm, sometimes 
" 

with secondary staining and fragmentary infi lUngs. 

Medium hard chalk with widely spaced closed joints. Joints more 

thail' 200 mm apart. When dug out for examination p~rposes this 

material does not pull away along the joint faces but 

irregularly. 

Hard, brittle chalk with widely-spaced, closed joints. 

for Grade II but here the chalk is harder. 

TABLE 4: 3 

(after Grainger et a1 1973; Ref 83)' 

velocity 
layer 

V
l 

V2 

V3 

V 
4 

A correlation of the velocity layers 

with the engineering chalk grades, 

based on seismic lines 1-3 and 6-10 

Range of values Mean value Chalk 
Km/s Km/s grade 

0.65 - 0.75 0.7 v 

1.0 - l.2 l.1 IV 

1.6 - l.8 1.7 III 

2.2 - 2.3 2.3 II 

- 40 -

fractures 

' Details as 



Grainger et a1 (1973; Ref 83) also observed that the reduction in the 

depth of the water table increased the velocity of the P wave from 

0.7-1.1 km/s for the unsaturated state to 1.95 km/s for the saturated 

state. Therefore, in a porous material such as chalk, the depth of the 

water -table significantly influences the P wave velocity. The water 

table at the Cocking site was below 30 m, as observed during the 

dri 11 i ng of the fi rst four boreho 1 es, and it was estimated that the 

level dropped as low as 70 m during the exceptionally dry summer of 

1976. In thi s case, the i nf1 uence of the water tab 1 e on the measured P 

wave velo.city layers may be marginal as the the depth of investigation 

was considerably' shallower, although the 'inhomogeneous nature of the 

infi'11 ~nd the local drainage conditions (because of the presence of the 

cavity) ·may influence the P wave velocity. C1e~r1y there is a need for 

care in the interpretation of seismic velocity solely in terms of the 

state of fracture. 

,Seismic line SL4 was laid perpendicular to the tunnel on the surface, 

wit.h 12 geophones on each si de of the centre 1 i ne of the tunnel. Thi s 

gave a reasonable spread of geophones to study the ~ffect of the tunnel 

on the sei smi c refract i on survey. Twenty-four shot poi nts were taken, 

with ~ac~ shot point replacing a geophone in turn. Shot point.SP1 was on 

the east of the line replacing geophone 1, while shot point SP24 
" 

replaced geophone 24 on the west side of the line. A seismogram of each 

shot point was obtained and the time break for each of the traces on the 

seismogram was ·measured. Results were used to plot time/distance graphs. 

The time/distance graphs from the seismic line in parallel with the 

tunne 1 (SL3) were compared with the sei smi c 1 i ne across the tunnel 

(SL4), as shown in Fig 4:1 :10. The figure shows that the data from the 

sei smi c 1 i ne that is para 11 e 1 with the tunnel fall on a sect i on of the 

stra i ght 1 i ne, as expected in the normal refract i on survey, but data 

from the seismic line across the tunnel (SL4) only partially fall on the 

straight line sections. Comparisons of the time/distance graphs for SL3 

and SL4 are reasonably good at points closer to the shot point and the 

far end but the travel time graph for SL4 clearly indicates that the 

trave 1 ti mes associ ated with the geophones in the mi ddl e of the 1 i nes 

are affected by the tunnel and the surrounding rock mass. It is 

interesting to note the comparison made by McCann et a1 (1982; Ref 95) 

using resistivity traverses on line SL4 and lines 100 m further north 
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(Fig 4:1 :11), which show that there was a greater reduction in the 
background noi se on the 1 i nes 100 m away from SL4 (Fi gs 4: 1 : 12 and 
4:1 :13), indicating that the chalk mass below these lines had not been 
excavated. The authors concluded that the greater backgound noise in the 
resi sti vity measurements near the mouth of the tunnel may have been 
caused by the variation in the water content of the infill material, as 
might be expected for a cut and fill site. 

Although the standard method does give an indication of the presence of 
the cavity and 'the di sturbed ground associ ated with it when used in a 

comparati ve mode, the presentati on is not sati sfactory because of the 
, -

effect that the,superficial deposit could have on the data. Two separate 

approaches were attempted, to unravel the eff~ct of the superfi ci a 1 
deposit from that caused by the presence of the tunnel on the 'refraction 
survey. The first method is the time delay image enhancement method, 

which was devised so that a micro-computer can be used to smooth out the 
surf ace vari at i on and present the delay caused by the tunne 1 as on a 
contour map. The second method was the seismic velocity profile 
ca 1 cu 1 ated from the i nterboreho 1 e work to generate a sei smi c model, 
from which the geophones affected by the delay caused by the tunnel are 

identified using the ray tracing technique. 

4:1: 4 Development of the TIme Delay image Enhancement method (TIDE) 

this method describes a technique of processing the data from a seismic 
refraction line of n geophones using n shot points, where each shot 

point replaces a geophone position in turn. 

The time break for each geophone is displayed as a function of the 
position of geophone number and shot location to form a matrix. 
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TABLE 4:4 

GEOPHONE LOCNl'lON 

Gl G2 G3 Gu · · · · Gn 
1-- --

SI Tll T21 T31 Tlfl · · · · 'rnl 

S2 T12 T22 '1'32 'r lf 2 · · · · · Tn2 

:z; S3 T13 T23 '1'33 Tlf3 · · · · · Tn3 
0 
H 
8 
c:t: 

. · · · · · 
0 
0 
H . · . · · · 
8 
0 ::r:::. 
(J) · . · · · · 

Srn TIro T2ffi 'r3 rn · · · · · · · Tnro 

where n represents geophone number, in represents shot number and T is 
the time break. 

For example, 

T2) = time break from geophone number 2 from· shot one 
position in Gl position 

T43 ti me break from geophone number 4 from shot 
three position in place of geophone G3. 

The diagonal of t.he matrix (ie Tll, T22, T33 ... Tnm) represents zero 

time break as the shot point replaces that particular geophone. 

Now, if the time delay occurring in the superficial material is 
constant, the matrix will be symmetrical about the diagonal, ie 

T3l Tl3 

In practice this is not the case, because superficial material may not 
be a constant thi ckness and may. also be subject to 1 atera 1 vari at ions. 
This error can be highlighted by subtracting the column from the rows to 
form a new matrix (error matrix). 
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TABLE 4:5 

1-, 

GEOPHONE LOCATION .-~ 
G3 G4 Gn 

--
~----:--l 

-

...,.. 
"-. 

SI ( T 3 1 -'1.' 1 3 ) (T It 1 -'1'1 '+ ) (Tn l-'1'ln) 
0 
H 
8 
<r; 8 2 (.) 

(T32-T23) ('r',2-rr24 ) (Tnz-Tzn) o 
0 

I 
1-1 

E-i 83 
0 
::r:: 
(J) BIn 

0 (T43-T34) ( '1.'n 3 -'1' 3 n ) 

0 (Tnm-'rr.tIll) 

Since the two halves of the matrix differ onlY in -sign, it is only 

necessary to consider one half. Now, if errors are random, the summation 

of each row should be zero for a large sample, but any non-zero value 

would imply a system error, such as an incorrect geophone location, etc. 

Therefore, for row 1 the numerical error K is 

K I = 
n=1><: L n=l (Tn,-T,n)/n 

and for row 2 

A generalised equation for each row is 

where 

K = 
n 

n number of geophone locations 

m number of shot locations 

= average error for a row of n geophones. 

- (4.6) 

- (4.7) , 

(4.8) 

Once Kn is estab 1 i shed, a two-stage data smoothi ng process is carri ed 

out to enhance in-phase ,values but attenuate random values. The fi rst 

stage subtracts the average random error value from the ori gi na 1 row 

values to smooth random variation within a row (ie for a particular shot 

poi nt), whi 1 e the second stage makes use of the fi rst stage smoothed 
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values to average the value of the geophones' position of its mirror 
images in subsequent shot locations. 

Therefore, the first stage of smoothing can be presented as: 

TABLE 4:6 

GEOPHONE LOCATION 
----------,,----r-------! 

Gn 
r-4-----~-------I--------~-----------r+--------~---~-----------

8 
o 
65 Srn 

o 

T13-K 3 I 
T14-K~1 

TIm-Km I 

o 

'1\ I-K 1 TnI-Kl 

o 

o 

Tnm-Km 

The second and fi na 1 step in the smoothi ng of the data usi ng the two 
diagonal halves of the matrix (mirror images): 

TABLE 4:7 

GEOPHONE LOCATION 
~ 

Gl G2 G3 
-f--

I 

·-----1 Gn 

! 
SI' 0 (T2I-KI)i(T 12-K2) (1'_3 1 .-K 1 ) + ('I'l ,_-=':>(1:) ('1\:) --K 1 )+(T I4 -K lt., 

2 
(Tn 1 _KJ.l~~rl'I n-K!l:,)1 

2 2 

S2 0 (1.3 2 -K2 )+('rn -!(3) 
2 

S3 0 

Srn 
- -
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When the smoothed set of values is plotted as a half matrix, the time 
delay due to a seismic discontinuity is accentuated as a series of high 
values, and overall scatter in the values should be eliminated. 

The new value is represented as I t I and the new matri x wi 11 appear as 
shown: 

TABLE 4:8 

GEOPHONE LOCATION 

I 

Gl G2 G3 G4 Gn 
- ----_._-------

- . 

~ 3 1 0 t2l t31 t4l trll 0 
H 
8 
<I: S2 0 t32 t42 . tn2 Cl 
0 
H 

E-i Sa 0 t 43 tn3 
0 
~ 
Cl) tnrn 

The above smoothed data can be used to compare data generated from a 

theoretical model to show the effect of any irregulari.ti.es in field 
data. The theoretical model is constructed from the field dat~, bu~ only 

follows the general straight line contours of the time/distance graph. 

This theoretical model can now be used to generate a matrix ta represent 

expected head wave arrival time (M) at each geophone as shown: 

TABLE 4:9 

GEOPHONE LOCATION 
-

G1 G2 G3 GLf Gn 

SI 0 l.1 2 1 t.1 3 1 M41 M.'11 

:c::; 
0 3 2 0 M32 1'<14 ? Mn2 H 
8 
<I: 
u 
0 c' 0 M I.? Mn3 H L) 3 

8 
0 
~ 

Sm 0 fvlnrn Cl) 

I .-- " -
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The comparative test is carried out between theoretical data and 

smoothed field data by subtracting smoothed field data from theoretical 

. data to form a new 'comparative' matrix. 

TABLE 4:10 

GEO:?HONE LOCATION 

G] G2 G3 G" Gn 
-

Eh 0 !·12 1 -t2 ! ~h }-t 31 . HlfI--tlj1 !1n 1-tn} 

S2 0 . t.l3 2.""t 3 2 H11 2-tlf 2 Mnz-tnZ 

83 0 ·MtI3-t 43 fi1n3-tn3 
-

Srn 0 Mnm-tnm· 

If data from· the theoretical model and the field data are the same the· 

matrix will show zero numerical values, but if there· is some variation 
- . 

in head· wave arrival times due to a di.scontinui.ty in ve.locHy ·structure, 

the com~arison matrix will show non-zer?values at the relevant geophone 

position: Colour coding or contouring of the final triangle formed by 

the ~alf matrix. will give a good representation of any anomaly. 

A few exampl es are computed to show the effect of the time del ay 

enhancement pr.ocessing method (TIDE plot) on various models. The simple· 

case of the three layer model is considered, but other models can be 

used without difficulty. 

Case 1 

This c{lse (Fig 4:1 :14) cohsiders the effect .of a different velocity 

value for the superficial layers of the field and theoretical model 

respectively. The field model (which repre~ents the field data) consists 

of a three· layer case. with VFl = 0.55 km/s, VF2 = 0.72 km/s and 

·VF3 1.84 km/so The first layer is 3.5 m thick and the second layer is 

8 m thick. The theoretical model used for comparison is also a three 

layer case with VTl = 0.45 km/s, VT2 = 0.72 km/s and VT3 = 1.84 km/so 
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The thickness of the first and the second layers are identical to the 

field model. Fig 4:1 :14 shows the TIDE plot computed by subtracting 

field data from theoretical data. The diagonal of the matrix triangle 

represents the superfi ci all ayer and the apex of the matri x represents 

the bottom layer. The difference between the two models lies only in the 

velocity of the superficial layer and this is confirmed by the TIDE 

plot, since the contour gradient falls off towards the apex of the 

matrix triangle. 

Case 2 

ln this case (Fig 4:1 :15), the only difference between theoretical and 

field model is the compressional wave ve1oci.ty of layer 2 in the 

theoretical model. The TIDE plot (Fig" 4:1:15) shows that there is an 

agreement between top 1 ayers and bottom 1 ayer, but the second 1 ayer .-i s 

not comparable. The identical values of velocity in layer 1 are 

represented qn. the diagonal of .the TIDE plot by zero ·va1ues. The 

different velocity. values in layer 2 are represented by increasing 

values on the contour, while the identical values of velocity in layer 3 

result in constant delay values (ie 6 m/s) towards the apex of the 

triangle. 

Case 3 

In this case, . the velocity values in the third layer are different in 

the two models. This results in increasing values towards the apex of 

the TIDE plot (Fig 4:1 :16). 

Cases 4 and 5 

In these two cases, the three layer model is still under consideration, 

but the' t~ickness of the first and second layers is varied while 

velocity values remain the same. The TIDE plots for these two cases are 

shown in Figs 4:1 :17 and 4:1 :18 respectively. 
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Case 6 

This case illustrates the effect of a simple fault on the field data and 

hence the derived field model, as shown in Fig 4:1 :19. The contour lines 

are not parallel with the diagonal of the TIDE plot, indicating that 

there is a discontinuity in the velocity structure just below the 

superficial layer. In general, the effect of incorrect substitution of 

the velocity value in the theoretical model creates a relatively large 

spread in delayed time values in parallel with the diagonal, but an 

incorrect substitution of the thickness of a layer is displayed as .a 

very narrow spread in delayed time values in parallel, with the diagonal. 

The geophones' positions are represented, by the position of delayed time 
., '. 

values on the diagonals, and the depth from surface to bottom l'ayer is 

represented by the distance from diagonal to apex of the triangle. 

However, the relationship between the geophone positi,on and a particular 

discontinuity at depth in the field model has not been studied to give a 

correlation between the fi~ld and the theoretical models. 

~f irregular contours are to be identified' as the effect of cavities, 

then the theoretical model has to be adjusted so that parallel 

contouring is eliminated. Banding in the direction of 90 to the diagonal 

would represent such features as faulting, dykes, etc. The above method 

is most suitable for processing on micro-computers, which are used 

increasingly for on line field analysis. 

The TIDE method was used on the data obtai ned from the Cocki ng site. 

Data from the seismic line in parallel witn the tunnel (SL3) was 

compared with the sei smi c 1 i ne across' the tunnel (SL4). SL3 was used for 

the theoretical model, since ,it was the closest seismic line to the, 

tunne 1 and hence represented the vel oci ty structure of the i nfi 11 and 

bedrock material. SL4, which was used as field data, had a geophone 

spaci ng of 2 m, but SL3 had a different geophone separati on. The TIDE 

method requires geophone spacing to be the same, and it was therefore 

necessary to take relevant travel times for a 2 m geophone spacing from 

the travel time graph for SL3. 

Fig 4:1 :20 shows the TIDE plot of results obtained when SL4 is compared 

with SL3. The contour map of the TIDE plot shows that there is some 
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variation in delay caused by superficial material from the two seismic 

lines, represented by the variation in the numerical values at the base 

of the triangle on the longest side. There is a group of high numerical 

values contoured in the centre of the TIDE plot and numerical values 

reduce towards the edge of the TIDE triangle. The higher numerical 

contour va 1 u.es are presumed to refl ect delays caused by the presence of 

the tunnel and its effect on the surrounding mass. 

Data smoothing process of the TIDE method (using matrices up to 

Tab 1 e 4: 7) was used on the data from SL4 (across the tunnel) and SLl 

(para 11 e 1 wi th the tunne 1 ) . The smoothed data was plotted as 

time/distance curves, as shown in Fig 4:1 :21. The two curves follow 

similar paths until at geophone position G13, ~here the seismic line 

across the ~unne 1 shows a consi derab 1 e delay due to the effect of the 

presence. of' the cavi ty on the propag~t'i on of the sei smic pul se. Here 

again, a comparison is made between the data with the cavity in its path, 

to that without it, with the, data obtai ned wi thi n the confi nement and 

constraints of the' site. This approach enhances and' highlights the 

. differences in the two data sets. 

A ray tr,aci ng method was used to assess whi ch geophone wi 11 be the fi rst 

to encounter the delay caused by the presence of the tunn.e.l. The resul t 

shown' ·jil Fig 4:1 :22 indicates that G14 was the first geophone to 'see" 

the delay, which is· in agreement with the experimental 'data 
(Fig 4:1:21). 

This method is in its infancy and considerably more work is needed to 

understand and improve its' represent at ion, but it does provi de a very 

useful method of producing an image of gross variations ,in the rock mass 

which is relatively easy to visualise. 
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4:2 Seismic reflection method 

The seismic reflection method is by far the most widely.used,geophysical 

technique, particularly in the hydrocarbon field, for the determination 

of lithology and structure at great depths from velocity and attenuation 

data (Dobrin 1976) and for the detection of gas deposits on the basis of 

reflection amplitudes. The method has been developed to a very high 

degree of sophistication since the modern survey requi,res the use of 

multiple geophone arrays, tape recording, analogue to digital 

converters, complex digital filtering systems and computer analysis. 

The seismic reflection method comes closer than most geophysical 

techniques to providing a structural cross-section of the sub-surface 

geology, which can readily be interpreted by the geologist. its 

delle 1 opment and use in the fi e 1 d of ci vi 1 engi neeri ng is, therefore, 

extreme ly worthwhi 1 e s'i nce if the' practi ca 1 diffi culti es mentloned 

briefly below could be overcome there is no doubt that the method could .. ,' 
,provide information that, could be directly applied in a site 

i nvesti gati on. ' Hence, the method is consi dered in some detail even 

though its current application for the location of geological hazards, 

such as cavities,'is somewhat limited. 

The major problem associated with the use of the, seismic reflection 

method in shallow engi neeri ng problems is the balance' between opti mum 

resolution and penetration. The penetration of the. seismic pulse is 

contro 11 ed by the attenuating properti es of the materi a 1 and thi s is 

frequency dependent. thus, for de,ep penetrati on a fai rly low frequency 

seismic source should be used, such as explosives or an air-gun. This, 

however, inevitably results ,in an increase in the pulse length, which 

will result in a decrease in the resolution that can be achieved. If the 

thickness of a layer is less than half the wave length of the incident 

seismic energy, interference will take place between the seismic pulse 

reflected from the top and bottom i nterf aces of the 1 ayer and it wi.ll 

not be resolved. 

Most seismic reflection surveys are based on continuous coverage of the 

reflecting horizon and the. geophone spread must be laid out relative to 

the source such that the reflected signal is enhanced in some way to 

make it stand out, firstly on the seismic record and, secondly, in the 

final digital computation. 
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4: 2.: 1 Theory and pri nci p 1 es 

The principle of seismic reflection has been discussed comprehensively 

by Dobrin (1976; Ref 15) and Telford (1976; Ref 13) using Huygens' 

'principle and Sne11 's Law, which is normally' associated with optics. 

Applying Huygens' principle to the case of a plane longitudinal wave' 

impinging obliquely upon an interface between two elastic media having 

10ngitudin.al velocities of V, and V2, transverse velocities of VS1 and 

VS2 ' 'and densities of p, and P2, respectively (~ig 4:2:1). An incident 

wave front AB would produce a longitudinal wave reflection which will 

have an angle of reflection rL equal to the angle of incidence i, and a 

transverse wave which will make angle r T with t~e interface, determined 

'by the relation 

(4.9) 

In the case of normal incidence, the reflection .coefficient R is given 

by 

R = A2/A, =. ( P 2 V z- P, V , ) I ( P2 V 2 + P, V , ) 

= (Z2-Z,)/(Z2+Z,) (4.10) 

where A, = incident wave c3:mp1 itude 

A2 = reflected wave amplitude 

Z = acoustic impedance, the product of PV 

Reflected amplitude in this case depends on the contrast in the product 

of density and ve10ci~y ,(acoustic impedance) on opposite sides of the 

interface, from which the incident wave approaches., When the medium 

containing the incident wave has a smaller acoustic impedance than the 

medium across the interface, there is no phase change on reflection. 

When the opposite is true there is a 180 0 phase ~hift. Thus, a 

compression becomes a rarefaction upon reflection from a medium having a 

lower product of seismic velocity and density. 

Standard seismic reflection methods used for mapping geological 

structures, and interpretation of these methods, are discussed 

comprehensively by Telford et al (1976; Ref 13) and Dobrin (1976; Ref 

15) . 
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Geological structures are mapped using seismic reflection surveys by' 
measuring arrival times of pulses which have been reflected from 
interfaces between regions of different impedance. The general objective 
of the reflection method is to determine layer thicknesses and depths as 
well as associated irregularities. 

The seismic reflection method can best be explained by the example of a 
horizontal sedimentary layer overlying a basement rock of different 
thickness, as shown in Fig 4:2:2. When a seismic pulse is applied at 
shot point 0; the. pulse reflected at depth h and measured with respect 
to initiation time for geophone offset distance x, the wave path is 
governed by two parametric equations: 

a a relationship between reflector depth hand geophone offset 
distance x: 

x = 2h tan oc - (4.11) 

b an expression for travel time t: 

t = 2h/(V cosoe) - (4.12) 

Therefore, if angle 0< of emergence is known, depth hand velocity V of 
the stratum can be determined. When the geophone is placed close to the 
shot and the offset distance is very small, then vertical travel time 
(to) is of special importance. 

Velocity V in the first layer can be determined using equation (4.12) 
and with ~ = 0: 

V = 2h/to - (4.13) 

Time delay 8t between uphole time t and arrival time t, as a function o . 
of offset distance x (Fig 4:2:3), is known as the normal moveout. Many 
velocity analysis methods use normal moveout intervals, assuming 
straight line wave propagation within each layer of the ground. 
Considerable information on velocity anomalies, departures from parallel 
stratifications and multiple reflections can be obtained from the normal 
moveout measurements. 
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The normal moveout time del ay l1t can be derived using Fig 4:2:3 as 

l1t = t - t 
0 

- (4.14) 

where e t 2 +' (x/v) 2 (4.15) 
0 

giving l1t = (l/(t + to))(x/V)2~(1I2t)(x/V)2 (4.16) 

1 
- (4.17) and V ~ x/(2tl1t) 2 

The yelocity-time layer can be obtained by plotting x2 against e, as 
shown in Fig 4:2:4, where 1/V2 is the slope of a straight l.ine passing 

through the t 2 axis at point t o
2. 

For a dipping interface, as. ~hown in Fig 4:2:5, the time-distance plot 
is obtained by using the reflection laws of optics, which gives 

e = t 2 + (x cos i/V)2 - (4.18)· 
0 

l1t = 1I2t(x cos i/V)2 - (4.19) 

1 
V = X cos i / ( 2tl1t) 2 - (4.20) 

where = inclination angle 

For a stratified geological structure generating multiple reflections, 
as shown in Fig 4:2:6, a set of general equations can be shown as 

t = 2L~ (h. /V . ) (4.21) o,n 1 = 1 1 1 

tn = 2L~ ( h . /V . *) - (4.22) 
1= 1 1 1 

where V.* = . V. cos cC. • 
1 1 1 

n number of 1 ayers 

to,n = travel time of vertically refl ected waves 
from the bottom of the nth layer 

,tn = arrival time of slant reflections from the 
same interface 
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Offset distance-x will be related to the horizontal travel path by 

x 
n 

= 21:. h. tan QC: • 
1=1 1 1 

- (4.23) 

Vertical delay time ~tn between vertical reflection time t and slant o,n 
time tn can be approximated to 

- (4.24) 

The corresponding time de'lay t 1 for reflection from the bottom of the n-
(n-l) 1 ayer is gi ven by 

= x2 /I~-1 (4h. V . ) 
1=1 1 1 

Using equations (4.24) and (4.25), we can obtain 

(4.26) 

The nth layer thickness hn can be eliminated by use of the vertical 

reflection times t and to -1' ,o,n. ,n 

= - (4.27) 

The latter two equations 'allow computation of velocity Vn and thickness 
hn', when reflection arrival time and delay time'data are given for n 

successiye reflections. 

4:2:2 Case histories 

The use of the method for the location of cavities and other types of 
anomalous ground conditions is limited by the available sei?mic sources. 
When the wavelength of the incident seismic en~rgy is greater than the 
cavity diameter very little energy will be reflected back to the surface 
(see chapter 6:1 :4' for experimental result). In a shallow survey, 
reflections from the near surface interface are often completely 
obscured by the large amplitude of surface wave arrivals and are 
consequently difficult to identify. 
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Nevertheless, considerable effort has been made over the past decade to 

develop this method for use in the civil engineering field down to 

depths of 30 m. McCann et a1 (1~82; Ref 92) suggest that a high 

freq'uency energy source, operating in a 700-1500 Hz bandwidth used in 

conjuncti on with common depth poi nt ref1 ect i on process i ng, does have 

considerable potential. Greater resolution could be achieved with the 

use of multiple geophone or accelerometer arrays used in conjunction 

with digital stacking. 

Two case hi stori es are bri ef1 y descri bed to illustrate the problems 

associ ated with the sei smi c ref1 ectci on method when 1 ooki ng at shallow 

reflections. However, the overall usefulness of the method for studying 

deeper reflection should also be noted. 

a Standard seismic reflection survey at Onley 

As has been ment i oned above, the sei smi c ref1 ect i on method is not 

widely used in the engineering geological context and suitable case 

histories (McCann et a1, 1982; Ref 95) illustrating the use of the 

method are difficult to find. However, a standard seismic reflection 

survey carri ed out at On 1 ey near Rugby, Northamptonshi re, wi 11 be 

briefly described to illustrate the complexity. of the basic survey 

procedure. 

The di sused track of the old Great Central Rail way .to the south of 

Rugby was used for a standard seismic reflection survey to compare the 

performance of seismic sources, such as a boreho1e 

and a sparker, with that of ge 1 i gn ite. A complete 

work is given by Andrew (1979; Ref 96) and only 

air gun, a gas gun, 

description of the 

the results of the 

surveys using gelignite are discussed. The profile was marked out as 

shown in Fi g 4: 2: 7 and the common depth poi nt surveyi ng method was 

used. 

The data recorded during the survey were processed by Seismograph 

Services (England) Limited using their standard package on the Phoenix 

computer; the resulting time section is shown in Fig 4:2:8. This shows a 

very strong reflection at a two way time of about 140 ms, another strong 

reflection above it at 85 ms and several minor reflections, continuous 

above but somewhat broken below 140 ms, but all essentially associated 
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wi th horizontal refl ectors beneath the southern half of the 1 i ne. The 

character and cl arity of these refl ecti ons change dramatically under 

the northern half of the 1 i ne, the h:i gh frequency content havi ng been 

lost. On the southern part of the 1 i ne a low frequency event is 

observed below about 0.35 sec two way time. 

The presence of very strong reflectors at 86 ms and 136 ms two way time 

is confirmed by the profile obtained ·on the adjacent canal (McCann and 

McCann, 1983; Ref 97). The authors stirmise that the reflector at 86 ms 

i's, in fact, from' the top of the L i assi c basal 1 i mestone, known as the 

White Lias, at a depth of 17.m above 0.0. The authors suggest that the 

~eeper ·reflection is not a multiple and the overburden velocity is t.oo 

high. It is, therefore, _ reasonable to ide[ltify this as the 

Keuper/Palaezoic boundary at a depth of 81 m below 0.0. Two other 

reflectors, at 108 ms and 129 ms two way time, are indicated at 23 m and 

51 m below 0.0. respectively. The lower one may well be ·the top of the 

Keuper .sandstone, giving only 60 m fOr the thickness of the Rhaetic and 

the Keuper Marl. All the seismic and geological information from this 

area is summarised in Fig 4:2:9 which is taken from McCann and McCann 

(1983; Ref 97). 

b Seismic reflection survey over known cavities 

The results of several seismic reflection 'surveys have led Cook (1965; 

Ref 98). to believe that the variation in amplitude attenuation can 

successfully delineate suitable brine cavities in bedded salt at depths 

up to 500 m. Originally Cook expected to delineate the brine cavity by 

searching the seismic records for anomalous amplitudes associated with 

the cavity (Fig: 4:2:10). Due to the marked difference in reflection 

and transmission coefficients between the brine cavity and the 

surrounding undissolved material, strong amplitude reflections from the 

flat-topped cavity, and severe amplitude attenuation ('seismic shadow') 
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for those waves travelling through the brine solution, were expected. 

A speci alp 1 ate charge was devi sed to del i ver hori zonta 11 y po 1 ari sed 

shear waves into the ground. It was hoped that the high reflectivity for 

the shear waves at the brine interface would improve the chances of 

locating the cavity. Unfortunately, the seismic reflections obtained 

from the top of the salt horizon proved disappointing, chiefly because 

of predominant reverberation noise. Possible strong reflections were 

noted by Cook which could have resulted from refl ection at the top of 

the interface of the bri ne cavity, but better results are needed for 

reliable interpretation. 

Cook made a detailed study of seismic records sh9wing strong reflections 

obtained from another solution-mining area. Three strong reflections 

were noticeable and were designated A,'B and C: reflection B was thought 

to correspond to the solution mining horizon at an approximate depth of 

500 m. Various techniques were employ'ed to see' if there was a consistent 

amplitude variation in the reflections which would correlate with' the, 

presumed position of the brine cavities. 

By fa.r the most promising results were obtained when the amplitude ratio 

for refl ecti ons A and C were computed for each sei smi c trace with no 

automatic ~ain, control applied. 'On plotting the amplitude ratio AlC 

against geophone location, anomalous values were found to coincide with 

the approximate position of -the brine well (Fig 4:2:11). This was as 

predicted by simple theory, and was ,taken to represent 'shadowing' of 

the underlying reflector C by a seismica11y opaque object. 

In the mined out, flooded areas, the ratio A/C is highly variable, and 

Cook attributed this to diffraction from irregularities in the brine 

cavities roof and the possible local variations in longitudinal P wave 

transmissivity due to the presence of air pockets. Cook claims that this 

method attains a lateral resolution of 5 m (approximately h) for a 

cavity at a depth of 500 m, where Xis the wavelength of the i nci dent 

sei smi c wave. 

The size of the cavity may have been underestimated because the 

laboratory experiment discussed in Chapter 6:1:4 indicates that the 

diameter of the obstruction in the path of a wave has to be over a half 
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wavelength to produce a noticeable attenuation in the amplitude. 

, ' 

Despite the succe'ss of the method, it is seldom used because the fi e 1 d 

procedure for the resolution required for reflection from shallow 

boundaries is uneconomical; the geophone spacing must be small compared 

to the depth of penetration, which would ultimately limit the area 

covered. 

, 4:3 Seismic resonance method 

All systems possessing mass and elasticity are 'capable of relative 

motion,. If the motion of ,such systems repeat itself after a given 

interval of time, such a period motion is kno~n.as vibration. When an 

external' force is' applied' to the sys~em, it will oscillate at its 

natural frequency. But when the frequency of excitation is equal to the 
, , 

natura 1 frequency of the system" resonance occurs and the amplitude of 

Vibration will increase without bounds, being governed only by the 

, amount of damping present in the system. 

Long refraction seismic records in the vicinity of,cavities frequently . , 

exhibit constant frequencY oscillations 'for periods, up to four seconds 
. . 

after the shot instant. ,According to Watkins et al (1967; Ref 101), 

fo1l6wfng several field investigations, this phenomenon is, a result of 

oscillations being, excited, in', the cavity walls by an explosion near the 

ground surface. U~fortunately, the ,exact mechanism of the seismic 

resonance phenomenon is not, fu 11 y understood, and it is 1 i ke 1 y that 

present theori es' wi 11 I,mdergo constant amendment as more knqwl edge is 

gained. 

4:3:1 Theory and principles 

Initial interpretation of the cavity resonance phenomenon was based on 

theoretical work by Biot (1952; Ref 102). Biot showed, by consideration 

of radial oscillations in a cylindrical hole in an infinite solid, that 

minimum dispersion occurs for a wavelength approximate.ly equal to' one 

and a half times the cavity diameter (Fig 4:3:1). The sharp frequency 

cut-off shown in Fig 4:3:1 suggests that several comparisons can be made' 

between the characteristics of the cavity and electrical analogue 

circuits (Kinsler and Frey, 1962; Ref 103). It is a property of sharp 
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cut-off filters that ringing (reverberation) occurs in response to a 

step input pulse. By further analogy, the more rapid the energy loss 

from a cavity by radiation (ie for large d~spersion), the wider is the 

frequency spectrum radiated from it. In order to maintain the resonant 

frequency within a narrow bandwidth, the c~vity must be driven with a 

harmonic source of that frequency. 

According to the theoretical considerations of Biot (1952; Ref 102), the 

diameter of a cavity 0 (m), a shear wave velocity' Vs (ms) and a 

resonance frequency f are related in the following manner, for a 

cylindrical hole in an infinite solid: 

- (4.28) 

Although actual cavities are seldom of this idealised form, an estimate 

of the size can be made if the frequency ~ata are successfully retrieved 

from the field record, and provided the shear wave velocity is known, or 

can be ca 1 cul ated. , ,However, determi nati on of the resonant frequency 

requires that electronic, filtering and automatic' gain control (AGe) 

should not be used, as this may remove the characteristics of resonance 

which contain' the useful information. 'aecause Of the relatively long 

duration and narrow frequency band of the cavity oscillations, it has 

been suggested that the si gna 1 enhancement techni que be app,l i ed to the 

fi el d records so that the osc ill at ions may be i dent i fi ed, even in a 

noisy background. 

4:3:2 Case histories 

Initial experiments investigating seismic resonance were carried out 

over known cavities by Watkins et a1 (1966; Ref 101), and an outline of 

the field procedure and the results 'are given below. A large array of 

geophones were laid perpendicular tq, and centred over, the longitudinal 

axis of a small lava tube. An explosive source, with a broad frequency 

spectrum, induced oscillations in the walls of the cavity, which were 

recorded on these geophones in the vicinity of the cavity. The seismic 

records show that the domi nant fr'equency associ ated with cavity wall 

oscillations is relatively uniform with time, but due to the masking 

effect of the initial Iground roll I they are not observable until 

approximately one and a half seconds after the shot instant (Fig 4:3:2). 
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Based on the above relationship between diameter and resonant frequency, 

the diameters of the two cavities investigated (lava tubes) were 

calculated from seismic records and compared to their known value. In 

both cases the ca 1 cu 1 ated diameter was three times 1 arger than the 

actual" size. OJ course, errors are to be expected, because cavities 90 

not take the idealised form used in Biot's theory. Also, small errors 

are possfble in the experimental data, and it has been estimated that 

there is a possible 5% error in frequency at both sites, and as much as 

a 15% error in the shear wave velocity. Despite the ca 1 cul ab 1 e errors, 

it is still difficult to account for the 300% difference between the 

known and calculated diameters. 

A seismic resonance survey was carried out to determine the competency 

of a reservoi r site, and the results interpreted in conjuncti on with a 

gravity survey of the same area (Godson and Watkins, 1968; Ref 104~. The 

area was covered with a seri es of geophone spreads at 30.5 m (100 ft) 

intervals on a grid system; each spread consisted of 24 geophones -at 

intervals of 7.6 m (25 ft). Variations in size and depth of the 
) 

explosive charges indicated that cavity resonance appeared to be induced 

more frequent 1 y from a small shallow source than from a 1 arge deep 

source. As shallow charges are thought to generate larger Raleigh waves, 

these surface-waves are interpreted as the possible triggering mecha~ism 

that excites resonance. By careful examination of seismic records, 

traces showing cavity vibrations were graded poor _(P), fair (F) or good 

(G) on the basis of magnitude of amplitude and duration of response. 

These grade~ were plotted on the gravity map of the area, and were found 

to coincide roughly with the gravity anomaly (Fig 4:3:3). The presence 

of a surf ace crack in thi s regi on was thought to be the result of 

faulting, suggesting that cavity formation was associated- with fau-lt 

zones. 

A further investigation of the seismic resonance method was made by 

Richtien and Stewart (1975; Ref 105), who carried out a controlled 

experi ment over a near surf ace cavern with the pri nc i pa 1 objective of 

obtaining a spatial definition of the associated cavity resonance 

phenomenon. The work of Watkins et al (1967; Ref 101) and Godson and 

Watkins (1968; Ref 104) used only vertical geophones, and it is 

interesting to note that Richtien and Stewart (1975; Ref 105) did not 

record any events on their seismic records from the vertical geophones, 
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which could not be identified as standard wave modes of seismic wave 

transmission. It was noticed, however, that only horizontally polarised 

motion in the latter part of the seismic record could possibly be 

associated with a resonance phenomenon,. It was therefore concluded that, 

while seismic resonance was a promising and attractive method for cavity 

1 ocat ion, further work shou 1 d be carri ed out in the 1 i ght of the 

different find'ings of Watkins et a1 (1967; Ref 101) and Richtien and 

Stewart (1975; Ref 105). 

,In the experiments described above, explosives were used on both 

occasions to ex~ite the underground cavity. This is a transient ,seismic 

source, .which act~, in practice, as a step i.nput to the 'cavity so that 

it 'rings' at its natural' resonant frequency. It,is not unknown for this 

to happen, since reverberations of this type' !i'ave been observed during 

sei smi c' surveys usi ng a hammer and a plate sei smi c source over areas 

where ~avities are known to exist. Small cavities behind tunnel l'inings, 

particularly' on railways, are also 'located using the principle of 

1 i steni ng to the ri ng 9f a hammer b·10w on the bri ck 1 i ni ng. Ouri ng the 

interboreho1e measure'ments in the vicinity of a disused tunnel at 

Cocki ng, (Chapter 5: 1 : 2) 'ri rigi ng I or reverberati on of the tunnel was 

induced by a spark er , sourc'e ,when it was operated in a boreho 1 e close to 

the tunnel., It would, however, seem preferable to use a variable 

frequency continuous seismic source, since it is then 

resonate a cavity over a narrow bandwidth. 

possible to. 

Very l'itt1e information has appeared to date in the scientific 

literature on the practical use of the seismic 'resonance technique in 

the location of cavities. The apparent conflict between the result of 

Godson and Watkins (1968; Ref 104) and Richtein and Stewart (1975; Ref 

105), using a transient source, does not seem to have been resolved. It 

has, however, been suggested above that these resonant sei smi c events 

can be observed 'on seismic records and are used in practice to examine 

railway tunnel linings. A later paper by Ballard (1982; Ref 106) draws 

particular attention to the seismic resonance technique and refers to 

its practical use in a number of site investigations. 

The only commercial organisation in the UK who use the resonance 

phenomenon to detect cavities is Search Engineering Limited of 

Leatherhead. The system is called the 'SHRIMP' system (Savage and 
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Heierli Resonant Investigation Method Patented) and uses a 

continuously sweeping seismic source instead,of an explosive source. A 
brief description of the system and the method is given in Appendix 11. 

The 'SHRIMP' system was evaluated for site investigation by Baria (1977; 
Ref 107) during a field demonstration, and it was concluded that the 
technique was promising but was very slow and labour intensive. During 
the demonstration two cavities were apparently detected, as shown in Fig 
4:3:4a. Fig 4:3:4b shows a cavity in resonance at a discrete frequency 
of 28 Hz. However, the presence of these cavities was not confirmed by 
drilling into the formation after the demonstration .. 

It was cl ai med that a cavity of 1 m in di ame~er can be located at a 

maximum depth of about 25 m, but larger cavities may be detected at up 
to depth of 50 m. The on 1 y pub 1 i shed reference to the use of thi s 
system in a practical site i'nvestigation is in Arrowsmith and Rank.ilor 
(1981; Ref 108). In this instance, the method was used to attempt to 
locate and record mine shafts and workings along the proposed route of 
tbe Dalton bypass. The results obtained are reported to have been 
inconclusive and the work was terminated. It is, however, quiti 
possible that the infilling within the mineshafts and cavities resulted 
in a reduction of the peak am~litude at the resonanc~ frequency, so that 

it was difficul't to decide whether a resonant point was reached in the 
frequency scan. 
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5 BOREHOLE SEISMIC METHODS 

One of the difficulties associated with surface seismic methods is that 
it is often very difficult to carry out the required surveys because of 
obstructions on the ground surface. This is a particular problem in 
redeve 1 opment areas, where substanti al di sturbance of the near surface 
geological strata may have occurred in the past. Associated with this is 
.the presence of old foundations,· large buildings, etc., which often 
hinder the use of surface seismic methods. 

Thus~ the location of cavities, mine workings or anomolous ground 
conditions in this type of env·ironment is not very practical with the 

majority of surface seismic methods. However, m9st site investigations 
carried out for,civil engineering development are based on the drilling 
of boreholes to collect samples for engineering testing in the 
1 aboratory, to determi ne the geo 1 ogi ca 1 structure beneath the ground 
surface·. The availibility of boreholes on a site gives an access to 
investigation of t.he rock mass beneath the surface obstructions using 
borehole seismic methods. 

Information can be obtained on the engineering characteristics of the 
rock mass in situ using standard geophysical logging methods, and it is 

\ 

possible to extend the effective range of some of the geophysical tools 
used by making measurements between adjacent boreholes o~ from surface 
to boreho 1 es . I nterboreho·l e and surf ace to boreho 1 e sei smi c stud i es 
carri ed out at the BGS test sit,e at Cocki ng . are consi dered in thi s 
chapter. In addition, a survey in 
housing estate in Maidstone, 
measurement, is also discussed. 

connection with cavity detection on a 

Kent, using interborehole seismic. 

5: 1 I nterboreho 1 e sei sm; c method 

The interborehole seismic method involves the transmission of a seismic 
pulse between a pair of boreholes. The time taken for the seismic pulse 
to travel the distance between the two boreholes can be used to 
calculate the velocity. The seismic velocity and other seismic 
propagati on properti es can be used to assess the mechani ca 1 properti es 
of the rock mass. 
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Interboreho1e seismic measurements have been used in the field of civil 
engi neeri ng over the past decade, and it has, been the subject of 
considerable development. Bois et al (1971, Ref 109; 1972, Ref 110) 
carried out interborehole seismic measurements using explosives to 
determi ne sei smi c velocity. La Porte et a 1 (1'973; Ref 111) extended the 
method to investigate rock properties between galleries in a mine for 
civil engineering purposes. Stokoe and Woods (1972; Ref 112) McCann et 
a1 (1975; Ref 113), Cratch1ey et a1 (1976; Ref 84), Green et a1 (1975; 
Ref 114), Baria (Ref 115), and A1bright and Haro1d (1976; Ref 116) have 

all used. interboreho1e seismic technique~ for site investi~ation and to 

determine dynamic mechanical properties of the rock mass. 

Dr'essen (1973; Ref 117) and Baria et a1 (197?; Ref 118) have used, 

interboreho1e methods to study the effect of cavities on .seismic wave 
propagation. Baria et a1 (in press; Ref 119) have also used 

interboreho1e seismic measurements, to identify the fractured zone 

caused by artificial stimulation using explosives in an igneous rock 
mass, for the hot dry rock geotherma1 project. 

Two case studies are discussed to demonstrate the use of interboreho1e 

seismic measurements in the location of cavities. The first·case history 

is of an experimental site at Cocking in Sussex, which ·was used to carry 

out various geophysical measurements ·and observe the effect of the 

proximity of a disused railway tunnel on these'measurements. The second 

case history is a practical application of the above technique in the 

investigation of possible cavities beneath a housing estate in 

Maidstone, Kent. 

5: 1 : 1 Experimental procedures for interborehole seismics 

a Instrumentation 

Interboreho1e seismic measurements are carried out by transmitting a 
sei smi c pu1 se through the rock mass between two adjacent boreho 1 es. A 
high power seismic ~ource and detecter are lowered to the same depth in 
adjacent boreholes. The transmitter emits a pulse at a rate of one pulse 
every two or three seconds and the travel time of the pulse is measured. 
The apparent seismic velocity at the depth is calculated using the 
measured travel time and the distance between the boreho1es. The term 
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'apparent seismic velocity' is used since the first recorded signal can 

either be a direct arrival through material or a refracted one from an 

underly'ing material with faster seismic velocity. A reflected arrival 

may also often be observed on the received pulse train. An interesting 

example showing all three arrivals on a received pulse train is given 

by McCann et al (1975; Ref 113) and is reproduced in Fig 5:l:l.'In Fig 

5:l:l(b) the refracted arrival from the Thanet Sand/Chalk interface 

clearly separates out from the direct arrival through the Thanet Sand,as 

the transmitter and the receiver approach the interface. In Fig 

5:1:1 Cc), the reflected arrival from the interface starts to interfere 

with the di rect arri va 1 as the transmitter and recei ver approach the 

iY)terface. 

The field instrumentation for interborehole seismic measurements based 

,on a high power sparker source has been comprehensively described by 

" McCann et a 1 (1975; Ref 113). A block d,i agram of 'the i nstrumentat i,on is' 

shown in Fi g 5: 1 : 2. The sparker probe is connected across a 'capaci tor 

bank (charged to 4KV) and the application of a positive trigger pulse to 

the trigger control unit causes the,capacitor bank to discharge thrQugh 

the spark gap and electrolyte in the probe, so that a short seismic 

pul se is emitted. The 'recei ved sei smic pul se is detected by a 

,hydrophone array, summed and transmitted to the surface where it is 

amplified by the low-noise instrumentation amplifier. The signal is 

then displayed on a storage oscilloscope after the bandwidth is limited 

by a fi lter, if necessary. The . storage OScl 11 oscope is' tri ggered 

externally by a trigger,pulseused for cont,rolling the firing rate of 

the sparker source. The transit time of the seismic pulse is measured 

using the delay time base facility of a storage oscilloscope and, a 

counter timer. 

Most 'of the interborehole data was obtained usi'ng the above method, but 

the data acquisition method was subsequently improved using digital 

techniques. Here, the signal from the main signal amplifier is digitised 

using a transient recorder, which is also triggered by the pulse used 

for controlling the firing rate of the sparker. The digitised data is 

then stored in an array on a mi crocomputer memory. Each subsequent 

si gna 1 is, di giti sed and the new array is added to the one in the 

computer memory and then averaged, the resultant array being kept in the 

memory. This method of processing the data is called stacking or 
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digital averaging. Stacking or averaging, when correctly used, enhances 

the signals and depletes the environmental noise. It is a useful and 

powerful method of identifying signals in a noisy e'nvironment. The 

measurement of the travel time and amplitude of the received signals is 

carried out using a cursor on the HP458 screen, and the relevant part of 

the wave form is plotted out using the digital plotter. 

The raw data, the .tri gger pu 1 se and the voi ce commentary is recorded on 

a magnetic tape recorder for further analysis at a later date. The 

travel time of the first arrival is measured, which may be a direct 

pulse or a refracted pulse, depending on the lithology and the geometry 

of the transmitter and receiver. 

b Seismic sources and receivers 

Various types of ,borehole seismic sources are available for 

interborehole seismic measurements. For many years explosives have been 

the main energy source for general seismic surveys and also for the 

initial interborehole seismic (acoustic) scanning. Explosives provide a 

compact'package of concentrated energy and a very simple means of rapid 

and almost instantaneous release of energy. Although explosives are 

fairly reliable and a simple seismic source for interborehole work', ' 

they do present problems in terms of the possi bil ity of damagi ng the 

borehole casing, inconsistent energy output, the inherent delay in the 

firing of the normal seismic detonators and the politic~l and dangerous 

nature of its use in populated environments. The borehole air gun can 

also be used as a borehole source. 

The boreho 1 e sparker is another sei sll}i c" source whi ch ' is useful for 

interborehole surveys. It was originally'developed as a marine seismic 

source by EG&G International, who still produce all the high voltage 

equipment needed to generate the seismic pulse. A seismic pulse is 

generated by charging a capacitor bank to a potential of 3000-5000V and 

di schargi ng it between electrodes under the sea. The boreho 1 e sparker 

works on the same principle, but the electrolyte is retained in a 

chamber (McCann et al 1975; Ref 113). The basic advantage of using the 

sparker for the i nterboreho 1 e work is that the energy output and the 

bandwidth from the source is constant and the pulse shape is repetitive. 
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Three types of sensors are available for detecting seismic signals in 
boreholes. These are hydrophones, well geophones and borehole 
accelerometers. The hydrophone is a pressure sensing device, which 
requires fluid in a borehole to provide seismic coupling to the rock 
mass. A well geophone measures the particle velocity of the seismic wave 
and is normally clamped to the wellbore. The accelerometer is sensitive 
to particle acceleration and also requires to be clamped to the wellbore 

for the optimum performance. 

5~1:2 Interborehole seismics at Cocking 

The geology, size of tunnel and general information on the site was 

discussed in section 4:1 :2. 

A total of eight boreholes were drilled at the Cocking site, as shown in 

Fig 4:1 :4. The first four boreholes (numbers 1 to 4 respectively) were 
drilled in the summer of 1976 to a depth of 30 m, but were found'to be 

inadequate for i nterboreho 1 e sei smi c measurements, as the grouti ng of 
the p'lastic casing to the rock mass proved unsuccessful. This 

unsuccess{ul grouting of the four boreho 1 es may well be attri buted to a 
fall in the water table, by about 70 m during the prolonged drought in 

the, s~mmer of ,1976, resulting in the near surface rock mass· becoming 
extremely dry. This could have ca'used the grouting to crack, and thus 

loosened the firm bonding required for efficient transmission of the 

seismic pulse. 

The second four boreholes (numbers 5 to 8 respectively) were drilled in 

the late summer of 1977 using the foam flush method. A new technique was 

devi sed by Bari a et a 1 (1978; Ref 118) to overcome the above boreho 1 e 

coupling problem. A layer of 1000 gauge polythene tubing was pulled over 

a perforated P. V . C. 'corrugated pi pe (100 mm OD) and dep 1 oyed in the open 

boreholes. The polythene tubing was then filled with a weak solution of 
bentonite mud to reduce any leaks and provide good seismic coupling. ,It 
was thought that the flexible corrugated P.V.C. borehole liner (casing) 
would help to prevent the generation of standing waves. 

The 1 at er boreho 1 es (numbers 5 to 8 respect i ve 1 y) were dri 11 ed to a 
depth of 20 m, but 1 at er coll apsed at 13 m, 16 m, 8 m and 15 m 
respectively. These boreholes, however, were open long enough to enable 

a programme of seismic measurements to be made. 
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a Initial survey 

Interborehole seismic measurements were carried out on boreholes numbers 
1, 2, 3 and 4 after grouting the casings in the boreholes. 
Instrumentation used for interborehole 'seismic measurements was as used 
by McCann et al (1975; Ref 113), but on subsequent surveys more 
sensitive hydrophones, a wide-band sparker (HRSP) and a data stacking 

facility were developed and introduced into the system. 

Before the start of the survey, amplitude calibration tests were car~fed 
out to check the gain required to obtain the best dynamic range on the 

Fen low tape recorder. Thi s was normally achi eved by fi ri ng a few shots 

between the surface and the bottom of the borehole, with transmitter and 
• " # 

recei ver movi ng together at the same depth but in separate boreho 1 es. 

The above calibration procedure was first carded out for boreholes 

nu~bers 2 and 3, but could not be 'accomplished as nb seismic energy was 

detected. The electrical power into the transmitter (sparker), was 

doubled to 1000 J and maximum gain applied to the hydrophone amplifier,~ 

but no - improvement tn signal level was achieved. Aft~r car.rYing out 

various other test procedures, it became apparent that either the 
casings had not been grouted successfully or there was an acoustic 

discontinuity between boreholes numbers 2 and 3. 

Similar calibration procedures were carried out on- boreholes numbers 

and 4, which showed that,weak seismic signals were detectable at depths 
of 6 m and 29 m. Figs 5:1:3 'and 5:1:4 show signals o,btained from the 

para 11 e 1 i nterboreho 1 e sei smi c measurements carri ed out· between 

boreholes numbers 4 ana 1, with the transmitter in BH4 and the receiver 

in BH1, for, a, scan depth of up to 15 m from the surface, and an 

electrical input energy of 500 J and 1000 J respectively. 

Figs 5:1:3 and 5:1:4 show that the signals are very poor (almost in the 
background noise level), with practically no apparent signals below the 
depth ot 10 m on Fig 5:1:3 and about 12 m on Fig 5:1 :4. This may be 
attributed to poor seismic coupling between the casing and the 
format ion. Doub 1 i ng of the e 1 ectri ca 1 input energy to the sparker di d 
improve the received signals marginally but not significantly. 

- 93 -



Depth 

3 

5 

7 

,9 

.,f-

11 

13 

15 

17 

19 

21 

23 

25 

27 

29 

FIG. 5:1:3 COCKING SURVEY - SEISMIC SCAN 1/1 . 

( diagonal measurements with transmitter 

stationary at 29 m In borehole 1) 

- 94 -



Depth 

3 

4 

5 

6 

7 

8 

9 

10 

'1 

12 

13 

14 

\ 

FIG. 5:1:1 COCKING SURVEY - SEISMIC SCAN 1/1 

1000 J SPARK ER SOURCE 

- 95 -



It was conc 1 uded that the bottom of the boreho 1 e must be reason ab 1 y 

coupled, as the grouting procedure pumps the cement down the inside of 
the pipe and extrudes it up between the outside of casing and formation. 
In view of this, diagonal scans were carried out with the sparker 
resting at the bottom of boreho1e BH4 and the hydrophone moving down 
from the surface in steps of 2 m. Fig 5:1:5 shows seismic signatures of 
the scans, and it is apparent that there was a reasonable transmission 
of sei smi c energy between the bottom of boreho 1 e BH4 and the top of 
boreho1e BH1 (ie, over a distance of approximately 32 m), but poor 
transmission across the bottom of the boreho1es over a distance of 15 m 

(ie, the bottoms of boreho1es BH4 and BH1). It is difficult to exp1 ain 

this result other than by a poor coupling at the bottom. 

The initial calibration scans had shown that there were reasonable 

signals transmitted at a depth of 5 m from surface. A diagonal scan was 

carried out with the sparker stationary at 5 m from the surface in BH4, 

with the hydrophone moving down from the surface in steps of 2 m in BH1. 

The received seismic signature from the diagonal scan 'is shown in 
Fig 5:1,:6: This scah does not show the expected increase in amplitude of 

si gnatures near the surface, although the ,transmi ssi on 'di stance has b_een 

reduced from 30 m to about 15 m, compared with the previ ous di agonal 

scan (Fig 5:1 :5). Signatures show that the co~p1ing is not particularly 

good, especially at a depth of 19-23 m. 

A further experiment was carried out by reversing the function of the 

two boreho1es, so that the transmitter was kept stationary in BH1 at 5 m 

and the receiver was moved down in BH4 from the surface in steps of 2 m. 

Fi~ 5:1:7 shows the seismic signatures obtained in this scan, and it is 

apparent that very little energy is transmitted from below 14 m in BH4. 
When Fig 5:1:7 is compared with Fig 5:1 :6, it is possible to conclude 

that coupling in BH1 is better than that in BH4, since the sparker 
vibrates the casing and even expands it momentarily by a small amount, 
which bridges the gap i'n the micro-annulus and is thus able to introduce 
some energy into the formation. However, if the roles are reversed, the 
sparker may transmit considerable energy into the ground but the 
recei ver wi 11 not be able to detect any si gna 1 s, as it is not able to 
bridge the gap in the micro-annulus and consequently not coupled to the 
rock mass. 
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Listening tests were also carried out (Baria, 1976; Ref 74) whereby the 
sparker was placed at 13 m depth in each boreho 1 e in sequence, and an 
observer listened to the acoustic signal inside the tunnel. No sound was 
heard' ins i de the tunnel when the sparker was placed in BH2 and BH3. 
However, the acoustic pulse was nearly audible when the sparker was 
placed in BH4, and just audible when the sparker was placed in BH1. It 
; s di ffi cult to quantify between the sound intensity from BH4 and BH1 

due to the increase in distance (from 12.5 m to 27.5 m), but it is 
reasonab 1 e to compare the sound from BH2 and BH3 wi th BH1 and BH4 

because they are symmetrically positioned from the centre of the tunnel. 
It can be concluded that some form of weak grouting existed between ~he 

formation and BH4 and BH1 at the depth of 13 m for energy to be imparted 

into the rock mass, whilst in BH2 and BH3 the energy was not imparted 

into the rock mass. Thi s was most probably caused by the ai r gap 

between the formation and the casing, causing the casing to resonate. 

The above experiment shows that it is essential to have good and sound 

coupling between the boreho1e casing and th~ formation for a successful 
i ~terboreh61 e survey. Proper p 1 ann'i ng has to be carri ed out in thi s 

field when investigating a sof~ rock s~ch as ch~lk, since the .formation 

is not sufficiently s6ft to collapse and: bridge the gap between casing 
and formation. 

bMain survey 

In view of the impractical nature of. the· available four drilled and 

cased boreho1es, new boreho1es were drilled and a new method of casing 

the boreho1es was developed (Baria et ai, 1978; Ref 118). F:our new 

boreho1es were drilled using an EGU drilling rig. Of the four new 
boreho1es (numbers 5, 6, 7 and 8), only numbers BH6 and BH8 were 
suitable for seismic measurements. Boreho1e BH5 partially collapsed 

during the programme of sejsmic measurements, l·imiting the use of 
standard boreho 1 e hydrophones to the depth of the restri cti on, and 
boreho1e BH7 failed to retain the bentonite drilling fluid. 

Interboreho1e seismic measurements were carried out with a .sparker 
source and hydrophone array between boreho 1 es BH5, BH6 and BH8 (scans 
8/5 and 8/6 respectively). 
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Each scan was carried out with source and receiver positioned at 
identical depths in the two boreho1es, measured at intervals of 1 m from 
the ground surf ace to the bottom of the boreho 1 es. The maxi mum depth of 
investigation for scan 8/6 (with the tunnel between the boreho1es) was 
16 m, approximately 2 m below the tunnel. Scan 8/5 was carried out up to 
the depth of the restriction in BH5, which was 13 m. 

A model of the undisturbed section of the ground between boreho1es 8 and 

5 was developed for scan 8/5, and the theoretical scan 8/5 computed from 

this model is shown in Fig 5:1 :8. The model was a·1so used for the 

comp!Jtation of a theoretical scan 8/6, in which the presence of the 

cavity (or tunnel) between the two boreholes was ignored. A comparison 

of the theoretical and exper.imenta1 scans 8/6 clearly shows the effect 

of the presence of the tunnel on the experimental results between 8 m 

and 13 m depth. The di sturbed nature of the materi a 1 above the tunnel 
and its effect on the drai nage 

experimental results. 

conditions is .also evident in the 

The above discussion only relates the ch~nges in the apparent velocity 
due to the presence of a tunnel in the path of a propagating acoustic 
pulse. The energy' received can be assessed by the amplitude of the 
recei ved pul se for a gi ven wavelength, and therefore the amplitude of 

si gnatures from different surveys can be compared in terms. of energy 
transmitted through the rock mass, provided the traces are normal i sed 

for the gain settings. 

Figs 5:1:9 and 5:1 :10 are the received acoustic signatures for parallel 

scans 8/6 and 8/5. These signatures are normalised for gain, and 

therefore represent amp 1 i tude values whi ch can· be compared wi th other 

norma 1 i sed traces. In Fi gs 5: 1 : 9 the amp 1 itude increases with depth 
until it reaches a depth of 8 m, where it begi ns to di mi ni sh. The 

amplitude stays at this very low level until it reaches 13 m depth where 
it begins to increase, and this trend is continued to the maximum depth 

scanned, 16 m. Scan 8/5 represents an acoustic scan .between two 
boreholes, BH8 and BH5, without the tunnel in between. Signatures of the 
scan 8/5 (Fig 5:1 :10) shows that the amplitude of the signature 
generally increases with depth as fracturing in the rock mass reduces. 

There is no indication of the amplitudes diminishing over a specified 
depth, as shown on Figs 5:1 :9. 
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Hence, the presence of the cavity has a marked effect on the amplitude 
of the received pulse. To emphasise this point, the amplitude values 
from scan 8/5 (adjusted for spreading) were substracted from the values 
from scan 8/6 at each depth and a plot of the amplitude di fference 
against depth is shown Fig 5:1 :11. Again, it is clear that there is an 
increase in the relative amplitude attenuation below 8 m when the tunnel 
is present between the boreholes. 

5:1 :3 Interboreho1e seismics at Maidstone 

Interboreho1e seismic scanning was used to investigate an area of. 

di sturbed ground whi ch was suspected to contai n caviti es at Norman 

Close, Maidstone, Kent. Subsidence at one corner of 22, Norman Close had 

resulted in eventual demolition of the entire building (22/24, Norman 

Close). The appearance of cracks in the ~djacent building (26/28, Norman 

Close) resulted in the present investigation to look for a possib·le 
extension· of the cavities. 

Four boreholes were placed by South Eastern Soils Limited at the corners 

of this building so that an interborehole acoustic scanning survey could 
be performed, and their positions are shown in Fig 5:1 :12. 

a Geology 

Norman Close is situated to the northeast of Mai dstone on the side of 

Fo1ey Hill near its top. The house is situated on the Folkestone Beds 
(Green et al 1975; Ref 114) which form part of the Lower Greensand. In 

this area.the Beds are composed of sediments ranging from coarse sand to 

clayey silts, but silty fine sand predominates. At a depth of about 17 m 

a bed of Fullers Earth approximately 1 m thick is encountered. This is 
an almost pure montmori 11 onite cl ay that occurs at the base of the 

Folkestone Beds and was once of great economic importance. The boreholes 
terminate approximately 1 m below this in the Landgate Beds. 

The boreho1e between 20/22, Norman Close proved ragstone from the Hythe 
Beds at about 25 m. The beds are practically horizontal at this point, 
being on the crest of a small anticline. The anticline is not tectonic 
in origin, but results from the action of the river Medway to the south. 

It has cut through to the incompetent Weald Clay which has subsequently 
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flowed outwards into the river valley, causing the incompetent Greensand 

above to downwarp. This is termed 'cambering', and has principally 

affected the Hythe Beds. It has resu1 ted i r:J the formati on of tensi on 

cracks and gull s, whi ch can be a great hazard to the engi neer. Or A 

Penman (1976; Ref 121), of the Building Research Establishment, has 

commented on them a~ follows: 

'Gulls can be something of a nuisance to the 

engineer, particularly when the loose loam is washed. 

out by concentration of water from 1eakir:Jg p~pes of 

soakaways, causing swallow holes at ground su·rface. 

The old builder got over these difficulties by 

spanning across the cracks with arched foundations. 

Unfortunately, modern buildings with shallow 

foundat ions are often damaged when' these' swa 11 ow 

ho 1 es appear.' 

Camberi·ng is ,also referred to, together wHh a'detai·1ed account of the. 

geology, in Worssam (1963; Ref 122). 

b Interborehole seismic survey 

Interborehble seismic scanning was used to investigate an area 'bf· 

disturbed ground containing cavities ,at Norman Close. 

, 
The instrumentation for interborehole acoustic scanning is fully 

described in section 5:1 :1. Measurements were taken of travel time and 

amp 1 i tude of the recei ved si gna 1 at 1 m' i nterva 1 s between BH1 and BH2 

(scan 1/2), BH4 and BH2 (scan 4/2), BH3 and BH2 (scan 3/2), and BH3 'and 

BH4 (scan 3/4) respectively. An additional set of amplitude measurements 

was performed usi ng the stati onary hydrophone method by transmitti ng 

diagonally underneath the house between BH3 and BH2 (scan 3/2) and BH4 

and BH1 (scans 4/1 and 1/4). It is important to recognise that these 

last two scans are different, since scan 4/1 had the hydrophone 

positioned at the bottom of BHl and scan 1/4 had it at the bottom of 

BH4. 

The computed values of the velocity of propagation for the seismic 

pulse for scan 1/2, 4/2, 3/1 and 3/4 respectively ar,e shown in Fig 
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5:1 :13. The velocity varies between about 160 ms to 340 ms. These values 
are considerably lower than expected for P waves, even for less 

compacted sand, and are most probably associated with Sv waves. 
Schultheiss (1983; Ref 123), while investigating the influence of the 
packing structure on the seismic wave velocity in sediments, has shown 
that the S wave velocity for sand in the laboratory vary from 17 ms to 

149 ms. Hamilton (1975; Ref 73) reviewed what little information existed 
on saturated marine sediments and using the results from Cunny and Fry 
(1973; Ref 124), which formed bulk of the sand data, concluded that the 

. S wave velocity varied from 53 ms to 287 ms in depth range 0.1 m to 
7.2 m. 

McCann et a 1 (1984; Ref 125) used i nterboreho 1 e sei smi c measurements to 

determine the dynamic elastic moduli of sediments at a test site at 
Newborough, Anglesey. Boreho1e investigation at the site had indicated 

the presence of 'an extensive and fairly uniform sand body to a depth of , 

more than 20 m with a thin gravel layer at 15 m. The result of the P and 

S wave ve1,ocitiesobtained are s'hown in Fig 5:1:14. The P wave velocity 

varied very little with depth in the top 15 m but showed small 

fluctuations with 1itho1ogica1 changes in the sand mass. The S wave 

velocity (Sv). increases steadily with depth as the overburden pressure 

increases; the water table was close to the ground surface. The average 

P wave velocity was 1600 ms but the S wave velocity vari ed between 

140 ms to 260 ms. 

Therefore, the· values of the velocity measured at Maidstone indicate 

that they were most probably from S waves which were mode converted to P 

waves at the boreho 1 e interface, for the hydrophone to detect. The 

absence of P wave is difficult to explain but the measured value of the 

velocity, which is slower than the velocity in air ie 390 ms, does agree 
with other field and laboratory shear wave data. 

The variation of amplitudes with depth was also plotted for each of the 
scans above (Fig 5:1 :15) and also for scans 1/4 and 4/1 (Fig 5:1 :16). 
From the results of these scans it is possible to delineate an area of 
disturbed ground (Fig 5:1:17). Sediment here will' have a much looser 
packing, with the possible existence of small cavities. 
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The amplitude scans (Fig 5:1 :15) make this anomaly apparent. There is a 
greater attenuation of the signal transmitted between BHl and BH2, BH2 
and BH4, and BH3 and BH4 than between BH3 and BH1. This is apparent at a 
depth of between 8 m and 12 m. This difference was emphasised by 
subtracting scan 3/1 from the other three (Fig 5:1 :18). It was assumed 
that scan 3/1 reveals a profile through ground which was less disturbed. 
This is a reasonable assumption which may be on the conservative side. 
If ground is more disturbed between BH3 and BH1, it would only mean that 

the anomaly between the other boreholes is more serious than was 
previously thought. 

Resuits of the velocity scanning (Fig 5:1 :13) confirm the difference in 

acoustic properties of the material between BH3 and BH1. At a depth of 

between 6 m and 11 m, scan 3/1 shows a maxi mum apparent velocity of 

210 ms. This is greater than in the other scans. Scan 2/1 has a maximum 
velocity of only 196 ms in this region. 

Diagonal scans were also carried out to obtain more information on 

position and size of the disturbed ground by scanning underneath the 

house (Fig 5:1 :16) between BHl and BH4, and BH3 and BH2. Scans 4/1 and 

1/4 show low-amplitude levels throughout, indicating poor transmitting 

characteristics of the ground between these two boreholes. Scan 3/2, 

however, is similar to the normal profile (scan 3/1), showing the ground 

to have better seismic properties in this area - especially. near BH3. 

The seismic scanning survey revealed an acoustic anomaly bounded by BH1, 

BH2 and BH4 at a depth of between 7 m and 13 m. This anomaly was 

bel ieved to be caused by a di sturbance to the sedimentary structure. 

Thi s may either take the form of ,small cavit i es si mil ar to those found 

in BH2 and BH8 at 22, Norman Close or a difference in packing structure 

sediment. The latter effect may be difficult to confirm as one cannot be 
certai n of its exi stence, even if a borehol e was dri ven ri ght through 
its centre. The only evidence of such a disturbance on the borehole log 
may be a change from, say, a medium dense brown silty sand to a loose 
brown silty sand. Nevertheless, a sediment in such a condition could 
well have cavities form i'n it under the influx of a large amount of 
water. 

It is suggested that loose packing of the sediment was probably caused 
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by a combination of the following factors: a) cambering which primarily 
'affects the Hythe Beds, also producing tensional forces in the overlying 
Folkestone Beds, and b) gravitational forces acting down the slope. 
Sediment in such a state of stress would then be activated by a large 
influx of water and caused to flow downhill. Th~ Fullers Earth would be 
an impenetrable barrier to the water present, causing it to collect and 

have its worst effect in sediment in the area where the seismic anomaly 
is to be found. 

It is interesting to note that a distinct refracted arrival from the 

upper surface of the Fullers Earth clay (band) is observed in scan 3/1 

(Fig 5:1 :13) between 14 m and 18 m. There is also some indication of 

this refracted arrival on scan 3/4, but it is not ob~erved on either 

scan 1/2 or scan 4/2. It is considered that' failure to observe this 
refracted arri va 1 on the, 1 atter two scar)s is due either to the very low 

level signa'ls associated with these two scans·or th'e partial collapse of 

the refracting interface. 

5:2 Surface to borehole seismic method 

Most site investigations carried out for civil engineering structures 
require a few boreho1es to be drilled on site to investigate in detail 

the changing 1itho10gica1 and geotechnica1 properties of the superfitia1 

material. 

,These boreho 1 es can be used for the i nterboreho 1 e 'acousti c scanni ng 

method described above to detect the presenge of a cavity' or mine shaft, 

but the instrumentation is fairly complex 'and rather expensive., However, 

the presence of boreho1es at a site does provide the geophysicist with 

the opportunity of making measurements between the ground surface and at 

any point in the boreho1e. Although, in theory, the position of the 

source and the receiver are interchangeable, very few seismic sources 
can be used in the boreho 1 es without causi ng damage to the boreho 1 e 
wall. 

The surface to borehole method is an extension of the Vertical Seismic 
Profiling (VSP) method, which is widely used in the oil industry 
(Kennett et al 1980; Ref 126). This consists of suspending a hydrophone 
or a geophone in the boreho1e (well) at a known depth and recording the 
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received pulse train from a seismic source near the borehole 
(Fig 5:2:1). 

5: 2: 1 Theory and principles 

The basi c sei smi c theory descri bed in Chapter 4 can be app 1 i ed to the 
borehole to surface surveying method. The generation of a theoretical 

model, however, requires complex mathematical equations to satisfy all 
the boundary conditions and a computer with a fai.rly large storage 

capacity. This type of analysis. where the model is compared with the 

field data is carried out in the oil industry but does not appear to be . 

a practical proposition for a normal site investigation at present. 

Using fairly simple instrumentation it is possible to measure the time 

taken for a pulse to travel from the seismic source on the surface to a 
receiver in the borehole. The analysis can then be concentrated on the 
first arrival (first time break), which can be either a direct pulse or 

a refracted one depending on the geology and the geometry of the source 
. . 

and the receiver. 

The main difficulty which arises in producing a 'set of travel times or a 

given model is calculating the travel time of a direct wave between the 

shot point and hydrophone. Any attempt to calculate this 

trigonometrica11y indicates that: 

It is not possible to produce a simple solution for the travel 

time involving an arbitrary number of layers 

i i The method of sol ut ion, even for a small number of 1 ayers, is 

extremely complex and becomes increasingly difficult as the 
number of layers is increased. 

It is therefore necessary to use an approximate method of solution. A 
computer program based on a method of successive approximation was 
developed by Rouse (1981; Ref 127). This program gives results to an 
accuracy well within that expected from the field data with a reasonable 
number of iterations. In the model shown in Fig 5:2:2 there is clearly a 
unique direct ray path between the shot point and hydrophone for a given 

set of layer parameters. Subsequently, the angle at which the wave 
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ar;rives at the borehole and hydrophone (angle 'A') will enable the 

travel dme to be calculated. 

I. I 

l
t 

I / 

It can be shown that for a given angle A, hydrophone depth X, and set of 
(I . 

~ay~rs of t~ickness 0 and velocity V: 
/ (I' 
f ./J 
r~:I~~ect travel ti me 

p' 

j'i 

( i 
i' 

/ 
~~ : 

1 D. 

~L -ij~~OSA. 
I=k-I' , 

where the hydrophone lies in the kth layer and where 

A. , = 
. -I s,n ( (V. IV . + 1) si nA) , , 

- (5. 1 ) 

- (5.2) 

Fu~thermore, the displacement between the shot point and hydrophone, Hd 

·1 X ~rJ O,.! tanA +i O.tanA. 
J=k-I ' 1 I=k-I 

- (5.3) 

This computer program successively approximates A so that Hd tends tQ 

the distance between the borehole and shot point at the surface. 

There may also be arri va 1 s whi ch have. trave 11 ed as head waves along 

interfaces below the layer in which the hydrophone is situated. The 

program calculates all such possible arrivals directly. The refracted 

arrival time for the hydrophone in the kth layer and refraction along 

the interface at the base of the jth layer is given by 
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where Y is the borehol e to shot poi nt di stance and 9K is the critical 

angle at the refracting interface where 

9
k 

. -1 
= Sln (Vj/V j +l ) 

and 

-1 
9· = sin (V./V. 1) 1 1 1 + 

5:2:2 Experimental procedure for surface to borehole seismic method 

Although, in theory, the source and recei ver can be i nterchangeab 1 e, it 

is preferable td use the source on the surface with the receiver in the 

borehole, for the following reasons: 

i environmental noise reduces with depth below the ground surface 

ii various seismic sources, including explosives can be used on the 
surface with little restriction on the size of the source 

i i i a po 1 ari sed shear wave source (SH and SV) can be used with a 
clamped geophone or accelerometer in the borehole. 

It must be borne in mind that with the surface to borehole tecnnique the 
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volume of the rock mass investigated is very limited. If, for instance, 
a seri es of measurements is taken with a source on the surf ace at a 
fixed radius from the centre of the borehole, then the volume of 

investigation is cone shaped, with twice the radius as the base and the 
distance from surface to receiver as the apex. The effe~tive volume of 
investigation can be i'ncreased by using larger separations between the 
seismic source and the top of the borehole but this can result in a loss 
of resolution; alternatively the boreholes can be positioned such that 

the volume of investigation associated with each borehole has a 
sUbstantial overlap. The receiving array and associated instrumentation 

identical to the one used for the inter-borehole.surveys ar~ described 
above and most seismic sources can be used for this method. 

Various combinations of the source and receiver position can be used, 
but the mo~t practical approach fs to position the receiver at a known 

depth, and move the sO'urce either in a circle (Fig 5:2:2) or a straight 
line from the centre of the borehole. The measurements are repeated at 

various hydrophone positions down the length of the borehole. 

The hydrophone array used in thi s case can be -rep1 aced by a 
three-component well geophone clamped to the boreho 1 e wall. Thi s . can 

, . 
provide information on' the shear wave velocity, which i? used to 

calculate the dynam~c ~lastic properti~s' of the rock mass. To simplify 

the instrumentation, the recording of the acoustic pulses can also De 

carri ed out on a standard sei,smi c set such as the Bi son Type 1575 

stacking seismograph. 
) 

5:2:3 Surface to borehole seismics at Cocking 

A series of surface to borehole seismic measurements were carried out 
above the d i su sed tunnel at the Cock i ng test site. The geo 1 ogy, 1 ayout 
of the boreholes and the 'tunnel dime~sions have been described in 

section 4. 

At the Cocking site a drop weight (ABEM) seismic source was used. This 
consists of a steel base and a weight which is raised to a height'. of 
4 m. When the weight is released it strikes a steel plate on the ground 
surface, and seismic energy is developed by the conversion of potential 

energy to kinetic energy at the point of impact. On impact, an inertia 
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switch mounted on the guide tube for the weight closes and produces a 
pulse suitable to trigger the trace on a storage oscilloscope (Tektronix 
type 7039). The receiving sensor was an BGS BAR IV hydrophone array and 
the associated instrumentation was identical to that used for the 
interborehole measurements. The method of monitoring the travel time and 
amplitude of the acoustic pulse is as described in section 5:1. 

The position for the source was selected by scribing a circle of 7.5 m 

radius, with the borehole at the centre, and dividing the circle into 

eight sections, ie N, S, E, W, NE, NW, SE and SW as shown in Fig 5:2:3. 

T~e ABEM drop weight source was deployed at each of these intersecting 
poi nts on the ci rc 1 e. The hydrophone array was placed in BH6 and the 

acoustic waveform was recorded on a tape recorder. This was carried out 

in steps of 1 m from the, surface to the bottom of the borehole for each 

shot location. 

The same procedure was also adopted for shot points on a 15 m radius 
circle. It became apparent that a shot point on a much larger diameter 

circle will be required to see the effect of the cavity on the acoustic 

pulse, as the angle of investigation from the vertical was very narrow. 
A circle with a radius 'in excess of 30 m will be required for the 

seismic pulse to intersect the tunnel. This was an impractical 

proposition as the site did not lend itself to such large areas of shot 

point coverage, due to the trees, barbed wire, farm animals etc. 

a Results and discussion 

The time taken for an acoustic pulse to travel from the surface to the 

sensor in the borehole was plotted against the depth at which the sensor 

was positioned down the length of the borehole. Time/depth plots for 
shot points on 7.5 m radius centred around BH6 are shown in Fig 5:2:4. 
Shot poi nts at thi s di stance form a very narrow cone and, therefore, 
the acoustic pulse does not intersect thi cavity. The figure shows that 
there is a considerable variation in time/depth plot for each shot 
point. In theory, they should all be similar if the geology and the 
distance are kept the same, and this situation exists in this case. The 
variation in the time/distance plots can be associated with the 
heterogeneous' nature of the backfi 11 and, in thi s instance, the use of 
the computer program described above was not applicable. 
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Fig 5:2:5 shows the time/depth plot for shot points on 15 m radius 

centred around BH6. The acoustic pulse from these shots is affected 

towards the bottom of the boreho 1 e in the depth range 12-15 m, by the 

presence of the cavi ty in the rock mass. Thi s is apparent when the 

delay time is compared for a group of measurements near the cavity (W, 

NW, SE). These delay time measurements are plotted for the depths of 

12 m, 14 m 'and 15 m in Fig 5:2:6. 'The figures indicate that the group 

facing the cavity show considerably more delay than the ones facing away 

from the cavity. 
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6 DEVELOPMENT OF A SINGLE HOLE METHOD (ACDER) 

Most of the geophysical techniques available for the detection of 

cavities have one great disadvantage, and that is the time lag between 

the data acquisition and the data interpretation. Some of these 

techniques are only suitable for surface geophysics as the others, which 

are used for deep exploration, lack the resolution, range and azimuth 

requi red in a mi ni ng envi ronment. A new techni que was consi dered to 

overcome the above problems, and research was carried out to issess its 

feasi bil ity. 

Thi s system i s analogous to the radar system used in ai rcraft traffi c 

control, or guided weapon systems, and is called theACoustic'DEtection 

and Ranging system (ACDER). ACDER uses an omnidirectional seismic pulse 

and a directionai' receiver operating from a single borehole (Fig 6:0:1). 

An omnidirectional seismic pulse is 'fired while the directional receiver 

is facing a known direction. If a sufficiently large discontinuity 

exists with a reasonable seismic impedance contrast, some of the energy 

would be expected to be reflected back towards the directional receiver. 

The seismic source continuously fires a seismic pulse at a specified 

rate while the directional receiver rotates slowly, and in this way 

recei ves refl ected sei smic energy pul ses for different sectors. Thi s 

coul d be programmed in such a way that, whi 1 e the recei ver rotates 

through 360 0
, the entire assembly moves forward gradually at a rate 

which provides a continuous scan of the area using a spiral mode. 

Knowing the direction in which the traducer faces, the time taken for 

the seismic pulse to be reflected back, and the position of the entire, 

assembly relative to the mining face, the position of the cavity can be 

located and its size estimated. 

There are three areas of uncertai nty requi ri ng i nvesti gati on in order 

for the ACDER system to work. These are the sei smi c source and the 

radiation pattern in the borehole, the directional receiver and the 

display (data processing) system. Fig 6:0:2 shows the geometrical layout 

of the source, receiver and cavity to enable visualisation of the 

associated difficulties. 

The maximum distance at which a cavity should be detectable is assumed 
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to be 30 m radius, which gives a total coverage of 60 m, ie 30 m on 

either side of the borehole. The smallest ~iameter cavit~ to be located 

is assumed to be 1 m. 

The following assumptions are made: 

R = maximum penetration distance = 30 m 

Td = target diameter (cavity) = 1 m 

Vp = compressional wave velocity = 2.5 kmls 
f = predominant frequency of source = 1'000 Hz 

A = seismic wavelength in formation (V If) = 2.5 m p , 

In or:der to separate a refl ected pulse from a 'di rect pulse the seismic 

pulse must be of sufficiently short duration, as a short seismic pulse 

facilitates identification of' reflected pul.ses' from several targets. 

Research was carr,i ed out ,to' understand the generation of the sparker 

source output and to eliminate the long modulat,ion associated with a 

normal metal borehole sparker. 

"The maximum time taken 'by the seismic pulse to travel to the cavity and 

reflect back to the directional receiver is: 

60/2500 = 0.024 s - (6.1) 

To obtain a true geometrical image on the display, the beam angle of the 

req=i ver must be small er than the angl e subten~ed by the cavity at the 

maximum penetration dis,tance. In order to calculate the beam angle, it 

is assumed that a 1 m arc of a'circle with 30 m radius is almost a 

straight,line. 

Therefore, the beam angl e requi red to detect a 1 m cavity at 30 m 

distance is given by: 

1/2 R x 360 = (6.2) 

This shows that a beam angle of the transducer has to be 2° or less in 

order to obtain a reasonable geometrical image of the cavity at the 30 m 

range. To obtain a 2° beam angle, the diameter of the receiver would 

have to be considerably larger for the wavelength available (2.5 m), 
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because as the cavity diameter becomes smaller than the wavelength, 

reflection ceases and backscatter appears. It has been suggested (Wood, 

1964; Ref 17) that an object size must be at least several times the 

wavelength in order to obtain a reasonable reflection. Details of the 

receiver and possible directivity of the directional transducer are 

discussed in section 6:1 :2. 

The data processing and the display system has been designed to make 

interpretation of the result considerably simpler, and therefore fulfil 

the requirement for immediate action if any danger near the working face 

is i dent ifi ed. 

6:1 Laboratory model study 

A laboratory model study was carried out u~ing a mini-sparker as a 

source, a directional piezoelectric sensor as a receiver, a wooden tank 
, . 

and associ q.ted e 1 ectroni c i nstru'mentati on. The 1 aboratory model set-up 

is shown in the sch"ematic diagram Fig 6:1 :1. 

The model tank was made of wood and was 1,.5 m long, 1.5 m wide and 0.6 m 

deep. it was fi 11 ed with sand to a depth of about 0.2 m and water to a 

depth of about 0.5 m. Wood was selected as the 'material for the tank 

based on earlier investigations (Baria, 1974; Ref 3) using a 

mini-sparker and directional receiver. By -observing the reflection, 

these experiments had shown that wood has very good acoustic' damping 

properties compared to other materials such as, 'for instanc~, expanded 

polystyrene. This latter material contains over 90% of air and has very 

low density, which makes it an ideal reflecting surface (the coefficient 

of ,reflection at the water/air interface is practically 1), but a poor 

dampi ng substance: it does not absorb and di ssi pate energy from the 

seismic pulse. Thus, a wooden panel made out of b1ockboard replaced the 

polystyrene sheet. 

The reflected pulse amplitude was reduced by a factor of 5 or more. The 

exact value of the amplitude of the reflected seismic pulse was 

difficult to measure, as the reflected pulse could not be separated from 

the general backscatter created within the tank. Fig 6:1:2 shows a 

comparison of the reflections from panels of expanded polystyrene and 

blockboard. 
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The seismic source (the sparked was placed on sand just below the 

seismic scanning platform. The platform, which is anchored to the sides 

of the tank, houses a directional seismic receiving transducer, a slip 

ring assembly, a sine-cosine potentiometer, an epicyclic gearbox and a 

stepper motor, all mechanically coupled as shown. Various d~ameters of 

PVC pipe were inserted into the sand as targets. All instrumentation 

used for the display unit, stepper motor, and acoustic source etc were 

placed on a nearby instrument trolley as shown. 

The laboratory model could be divided. into three basic groups: the 

seismic source, signal display unit and signal receiver and control 

system. The seismic so~rce is a small sparker which transmits an seismic 

pulse omnidirectionally, while the receiver is a uniaxially polarised 

piezoelectric crystal. 

The sei smi c source" ramp generator and stepper motor control unit are 

all synchronised by the clock pulse. The clock pulse causes the sparker 

to fire an se~smic pulse and the stepper motor contrril uni~ advances the 

armature in the stepper motor through one step to a new position, which 

in turn rotates the directional receiver by a predetermined angle. The 

r'amp generated by the clock p'ulse was fed into the sine:-cosin.e 

potentiometer, which triggered a spot ,on the display unit. The spot 

appears to travel from the centre of the screen outwards, its brilliance 

(ie Z modulation) dependent on the strength of 'the signal received by 

the .directional receiver. This describes the functioning of the 'entire 

model, but each,pf the three basic groups of instruments are described 

in detail below under the appropriate. subtitles. 

6: 1 : 1 Seismic source 

The seismic source used for the laboratory was a modified version of the 

e 1 ectri ca 1 sparker source used by Donato (1961; Ref 128). The sei smi c 

pulse is generated by discharging a high voltage capacitor across a gap 

in a cylinder containing a saturated solution of sodium chloride. 

Kramer et al (1968; Ref 129) describes the mechanism of the electrical 

discharge energy source (sparker), whereby a capacitor charged at 

3000-5000V was discharged suddenly between the electrode rod and the 

ground frame. A heavy surge of current then begi ns to flow. Since the 
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electrode rod is insulated, and only a small end surface area is exposed 

to the salt water conductor, the current flow and potential field will 

appear as that shown in ,Fig 6:1 :4. It is apparent that potential 

gradients and current' densities become very high at the end surface of 

the electrode rod., Since the end surface is quite rough and pitted, 

current, flow will be even more strongly concentrated at sharp points and 

spi nes on the copper surface. Si nce heat generati on is concentrated 

where the electri,c current density is heaviest, there is in 'essen<;e a 

flash boiler at the electrode surface. 'Ari'extremely hot and incandescent 

pl asma of steam-i oni sed gases, vapouri sed copper 'gas' and free 

electrons is thereby_formed. 

Fig 6:1:3 is a hi,gh-speed photograph of ,an expanding plasma bubble, 

ta,ken by Prof Edgerton. Close exami nati on reveals what appears to be a 

number of small metal projectiles which' have been explosively ejected 
" 

frolT] the central regfon,a't velocities sufficiently high to penetrate the 

bubb 1 e ' wa 11 . 

" ' 

A small sparker was used 'initially in the laboratory in conjunction with 

a thyratron' :di scharge unit simil ar to that us~d by Donato (1961; Ref 

128), when a capacitor was charge'd ,to 3-4KV and then discharged across a 
I 

gap' in the sparker ~ontaining sodium ,chloride solution. The EGU's . 
thyratron unit di s'charged at the very limited rate of once about every 

five to six seconds., This was found to be extremely slow for the 

purposes of data display on the c.r.o. storage screen. Therefore, a new 

thyristor controlled discharge unit was designed, with a,discharge rate 

of up to ten firings per second. 

, a Thyristor controlled discharge unit 

The maximum operating voltage of t~e thyri~tor controlled discharge unit 

is 3KV, as compared with the fast-switching thyristors available at the 

pres,ent state of technology, which work at a maximum peak voltage ,of 

1.SKV. This necessitates three thyristors to be connected in series to 

form a high voltage switch. It is essential to ensure that none of the 

thyristors is subjected to excessive voltage, under either static or 

dynamic conditions (Naik et al, 1972 (Ref 130) and Eveleigh, 1973 (Ref 

131 ) ) . 
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The distribution of the static part of the switch, commutating voltage 
among the thyri stors wi thi n the swi tch, is governed by the 1 eakage 

resistance of the thyristors. However, this resistance differs from unit 
to unit as a resu lt of the normal spread in thei r characteri st i cs. 
Therefore, external measures must be taken to force an equal voltage. 

distribution among the thyristors. 

An usual way of achieving this is to provide a voltage dividing resistor 

network running in parallel with each of the thyristors. For reasons of 

standardisation, a common value of voltage-equalising resistors is 

chosen to run across each thyristor. The value i.s then calculated from 

knowledge of the variation in leakage resistance of the thyristors, and 

the maximum permissible voltage across a single thyristor~ 

Any transient voltage condition the thyristors may experience is 

adjusted by the di scharge capacitor and the vari stor transi ent 

suppressors (metal oxide) strapped to each thyristor. 

The thyristors are switched off as soon as the anode current falls below 

their minimum holding current. 

Design and detail of the thyristor-controlled unit is given in Appendix 

III. Briefly, these include a master pulse generator, high voltage DC 

power supply, pulse transformer and other associated electronics 

required for a complete unit. 

The high voltage capacitive discharge pulse for the mini-sparker source 

is provi ded on the front panel through a UHF female connector. The 

tri gger pu 1 se to the osci 11 oscope is' provi ded through a BNC connector. 

Fig 6:1:5 shows the thyristor controlled discharge unit. 

b Laboratory experiments 

For 1 aboratory experi mentat i on a source (mi ni -sparker) and a recei ver 

(hydrophone) should be separated by the minimum acceptable distance in 

order to minimise interference from the reflectors. The criteria for the 
minimum distance or proximity are a function of the size and the 
configuration of both transducers and of the type and desired accuracy 

of the measurements. 
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The proximity criterion of the source alone comes from the require~ent 
implied in the definition of the transmitting current or voltage 
response: that the pressure be that in a spherically diverging wave 
(Bobber, 1970; Ref 132). The reference distance is m from the 
projector. If the wave is not spherically divergent at 1 m, however, the 
pressure must be measured at some distance and. extrapolated back to 1 m 
by mak,ing the assumption that .pressure is inverselY.proportional to 

distance. 

The proximity requirement for a hydrophone comes from the definition of 

the free field voltage sensitivity, in which the input free field 

pressure is specified as that in a plane progressive wave. Plane waves 

can only be approximated in a ~ree field, so that the practical 
requi rement . is" that the hydrophone .i ntercept a segment of a' spheri ca 1 

wave that .is indistinguishable from a plane wave. That is, the segment 

must be very small, .or the radius or curvature ,of the wave v.ery 1 arge. 

The' minimum dlstance between the source' and the receiver can' be 

determined. experimentally. With a constant .. c~rrent input into th~ 

source, the output V? 1 tage of the recei ver ca" be measured at two or 
more distances. If the voltage is inversely proportional to. the 

distance, the proximity criterion is satisfied. However, if the desired 

pr.oportiona1ity is not found, the error may be due to causes other than 
proximity, and the reason is not answered. For such reasons, as well as 

for measurement desi gn and p 1 anni ng, proximity criteri a and an 

understanding of proximity effects are useful. 

Proximity criteria have been discussed by H Stenzi1 (1939; Ref 133) and 

Bubmore and Hansen (1959; Ref 134) for transducers of common shapes. 

These criteria apply to single transmitting transducers, in that they 

define the distance at which the Fresnel zone or near field ends and the 

spherical1y divergent far'fie1d begins. When applied to source-receiver 
combinations, these criteria are valid only if the receiver is 
essentially a point sensor. If neither the source nor the receiver is a 
poi nt, a proximity criteri on for the combi nat ions must be estab 1 i shed. 
The criterion is not merely the sum of the individual criteria for the 
two tra'nsducers. 

The proximity criteria for single transducers usually are visualised in 
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terms of where the spherically divergent far field of a projector 
begins, the criteria applying also to the transducer as a hydrophone. 
According to the theory of reciprocity, it is apparent that the 
proximity criteria for the combination of a large piston and a small 
point transducer, for example, must be the s~me, regardless of which is 
the source and which is the receiver. 

The combination of a large circular piston and a small point receiver is 
a common and particularly suitable example to illustrate the theory and 
rationale of proximity criteria. 

If the large pi ston is the source, the sound pressure on the pi ston 

axis, as would be measured by a point ,receiver, is shown in Fig 6:1 :6. 

,The dashed curve shows the inward extrapolation of the far field 

pressure as it meets the solid line curve very gradually, indicating 

that there is no exact boundary between the near field and far field. It 

is not surprising, therefore, that the proximity criteria of different 
authors do not always agree. 

The minimum distance criterion for the response'measurements of a piston 
and a line source is given by Bobber (1970; Ref 132) as 

For a piston, x ~ (maximum dimension)2/'A -' L2/'A - (6.3) 

For a line source, x ~ maximum dimension/'A' = L/'A (6.4) 

where x is the distance between the source and the receiver. 

With the limit on the size of the tank, in particular the depth of the 
,tank, an optimum source receiver distance was calculated to fulfil the 

pr-oxi mity criteri a and yet gi ve a reason ab 1 e separation of the di rect 

pulse through the water, from the reflected pulse from the water surface 
and the sides of the tank~ 

Assuming that the criteria for the piston type source can be applied for 
the sparker 
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ie 

where 

= 

= (0.052 
X 70 000)/1500 

11 cm 

L = length of the sparker (5 cm) 
f = frequency output of 2.3 cm OD x 5 cmll g ri gi d 

PVC sparker 
c = velocity of sound through water 

• During most of the experiments an attempt was made to fulfil the above 

criteria and therefore take the measurements in the spherically 

~ivergent area, but in some cases these might have been breached due to 

the small si ze of the model tank. Some of the measurements were made on 

a relative basis to compare two different variables with a fixed source 

receiver geometry. This may not necessitate the stringent requirement of 

the minimum distanc~ criterion. 

Fig 6:1:7 shows a small sparker which was used for generating seismic 

pulses. It consists of a cylinder, with two electrodes exposed within 

it, containing sodium chloride solution. The material and shape of the 

cylinder can be used for shaping the output seismic signature (Baria, 
1974; Ref 3). 

Laboratory experiments were carried out to understand some of the 

characteristics' of the mini-sparker. The mini-sparker was used in 
conjunction with a thyristor discharge unit to generate a seismic pulse. 

A small hydrophone (12.7 mm diameter) was used as a seismic pulse 

detector. These experiments were carried out in the model tank described 
earlier. 

Fig 6:1:8 is a block diagram of instrumentation used for carrying out 

some of the experi ments in the model tank. The master pu·l se generator 
fires a pulse which switches on a 0.5 ~F capacitor charged to 1.5KV 
across the gap in the mini-sparker containing sodium chloride solution. 
A trigger p~lse for the storage oscilloscope is provided by the 
thyristor discharge unit. This is achieved by dividing the high voltage 
output with a seri es of resi stor chai ns whi ch gi ve a preci se tri gger 
pulse value, since it is obtained from the high voltage energy being 

discharged in the mini-sparker. 
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The seismic receiver is a 12.7 mm (0.5 in) ball hydrophone with a 

bandwidth of 0-170 kHz and a sensitivity of 6.3V/ bar. The output from 

the hydrophone is fed into the Kemo filter type VB4, which is also used 

as an amp 1 ifi er. The output from the Kemo fi lter is in turn fed to a 

Nicolet storage oscilloscope. 

The Nicolet type os~il.loscope is a complex digital storage oscilloscope. 

It stores a wave form in the digital mode, has a pair of cursors to 

measure time and amplitude (absolute or relative), can expand traces in 

an X and Y direction and store the wave form in a digital format on a 

13 cm magnetic disk. 

The stored wave forms were plotted 1 ater us i ng an HP45 mi cro-computer 

and associated digital plotter. 

Experiment 1: Relationship between the elec'trica'l energy input and' 
pressure input of a'mini-sparker 

The experiment was carried out to 'establish a relationship between the 

electrical energy, input into the source and the pressure output of the 

mini,-sparker. Fig 6:1 :'9 shows the geometrical layout of the source and 

the recei ver. The di stance. between the source and recei ver was 

approxi~ately 15 cm. The source and receiver were positioned about 20 cm 

deep into the water, with the centre of the ~ource aligning horizontally 

with'the centre of the receiver. 

The source and receiver were attached firmly to thin steel rods, which 
, . 

in turn' were clamped to a wooden frame 'member of the model tank. 

Mo'unting the two transducers rigidly in this way eliminates any 

variation in the pressure pulse arrival time due to accidental changes 

in path length or vibration of the source. 

The mini-sparker used for the experiment was constructed from rigid PVC 

domestic water drainage pipe of 23 mm OD, 19 mm ID and 5 cm length. 

Electrlcal input energy to the source (mini-sparked was varied by 

charging the 0.51lF internal capacitor of the thyristor discharge unit 

from 0.5kV to 2.25kV. The first negative joint peak value and the peak 

to peak value of the recei ved pressure pul se were measured. Each wave 

form was stored on a magnetic disk. 
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Table 6:1 shows the electrical input voltage, the input energy into the 

sparker, the first negative peak in mbar (which was converted into 

pressure values by multiplying the measured voltage output from the 

hydrophone by the sensitivity of the hydrophone), peak to peak value in 

mbars and magnetic disk on which the data is stored. 

TABLE 6:1 

Input Capacitance Input First negative Peak to Magnetic Fig 
voltage energy peak peak storage 4:1 :11 

disk trace 
( \JF) (Joules) (mbar) (mbar) 

500 0.5 0.06 0.07 0.16 65/1 

750 0.5 0.14 0.17 0.43 65/2 2 

1000 0.5 0.25 0.31 0.78 65/3 3 

1250 0.5 0.39 0.52 1.26 65/4 4 

1500 0.5 0.56 0.73 1.81 65/5 5 

U50 0.5 0.77 1.03 2.33 65/6 6 

2000 0.5 1.00 1.36 3.04 65/7 7 

2220 0.5 1. 27 1.82 3.64 65/8 8 

Fig 6:1 :10 shows a graph of the electrical energy input into the . 

mi ni -sparker agai nst pressure output from the mi ni -~parker, measured. at 

a fi xed di stance (15 cm). The graph shows that the fi rst negati ve 

pressure peak was linearly dependent for the range of electrical energy 

input 'under investigation. The relationship can be expressed in the 

form: 

p = 

where p = 

E 

1.3923E - 0.05 

peak pressure in mbar 

input energy in Joules 

(6.5) 

The relationship between peak to peak pressure and electrical input is 

not linearly dependent, but follows a shallow curve. 

Fig 6:1 :11 shows the wave forms of the pressure pulses for eight 

electrical energy inputs, as indicated in Table 6:1. The frequency 

content of the source is constant for circumferential vibrations at 

77 kHz, but at the hi gh energy input there are apparent low-frequency 

longitudinal vibrations due to the length of the spark chamber. 
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Experiment 2: The effect of salinity on the output pulse 

-The original electrical discharge source (sparker)- was developed for use 
in marine seismic surveying, and therefore the conductive solution to 

dissipate the electrical energy -has always be~n sodium chloride (sea 
water). Subsequently, when the sparker was adapted as a seismic source 
for model study in the 1 aboratory and on 1 and for fi e 1 d use, the use of 

NaCl solution as a conductive solution was maintained. However, ther~ is 
no reason why other solu~ions, such as zin~ chloride or copper ~hloride, 

should not be used, providing the effect of these conductive solutions 

on the environment and the meta) housing of the sparker is acceptable. 

The experimental set-up to observe the effect of salinity on the output 
. pressure pulse was similar to the one used in the previous e-xperiment . 

. The distance between the source and the receiver varies slightly; 

because the mini~sparker had to be removed from the frame t6 empty-the 

saline solution and refill it ,with a solution of different salinity., 

The e 1 ectri ca 1 energy input into the ,m; ni -sparker was kept constant at 
'0.56 J (1500V, 0.5 1lF). The 23 mm OD rigid PVC sparker was used. The" 

geometrical layout for this experiment was similar to the previous one. 

Seven NaCl solutions were prepared, each solution doubling in salinity 
'value. The temperature of the, water was 11 °C' when all the solution 

samp 1 es were prepared. Sq 1 i nity "and temperature of the' so 1 uti on were 

,measure~ using the Cambridg~ Instrument conductivity meter (PW9505). 

Each solution was put into the mini-sparker and 15 shots were fired 

(0.56 J of energy, being dissipated 15 times through the saline solution) 

in order to s'tabil iSe the pressure buil t up withi n the mi ni -sparker. 

This ,procedure produces a consistent pressure pulse signature for 

measurement. For each concentration of saline solution, a negative peak 
vo ltage and peak to peak. voltage were measured. These voltage 
measurements were converted to pressure values in mbar. The first 
negative peak and peak to peak pressures are tabulated in Table 6:2. 
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TABLE 6:2 

Salinity - First negative Peak to Magnetic Figure Ratio B/A Fig 
peak (A) peak (B) storage wave form 4:1 :14 

disk number trace 
(mS cm -') (mbar) (mbar) 

15 0.17 0.31 66/1 1 1.824 
30 0.22 0.42 66/2 2 1.909 2 

60 0.34 0.72 66/3 3 2.118 3 

120 0.49 '1.04 66/4 4 2.123 4 

240 0.66 1.64 66/5 5 2.485 5 

360 0.66 1.64 66/6 6 2.485 6 
480 0.64 1.40 66/7 7 2.187 7 

Fig 6:1 :12 shows the first negative peak and peak to peak values of 

pressures plotted against the concentration of sodium chloride in water 

(salinity) as used in- the mini-sparker for a constant energy input. It 

would appear that both first peak and peak to- peak pressures initially 

. increase con~iderably with increase in the concentration of NaCl 

solution, but be-gin to fall once the concentration rises above 

- 300 mS/cm~Fig 6:1 :13 is the plot 'of the ratio of pea,k to peak/first 

-negati v:e peak agai nst the sal i nity concentrati on. The graph shows that 

the ratio increases with increase in the salinity concentration, ,but 
- -

levels off at 300 mS/cm, and begins to fall for concentrations above 

this 'level. Fig 6:1 :14 shows the pressure signatures for the various 

concentrations of NaCl solution, as indicated in Table 6:2. 

Experiment 3: The effect of ·increase in diameter of a steel mini-sparker 
on output pressure pulse 

The experi mental 1 ayout and the _i nstrument used is the same as for the 

previous experiment. Sodium chloride solution was prepared in a large 

beaker and four mi ni -sparkers were fi 11 ed wi th the sol uti on. The four 

steel mini-sparkers had the same length (11.2 cm) but varied in 

diameter. The outside diameters of the four mini-sparkers were 18 mm, 

25 mm, 32 mm and 38 mm respectively. The wall thickness of the steel 

mi'ni-sparkers was 1 mm. 
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Each steel mini-sparker was loaded into the test rig and the output 

pressure ,pulse was measured for the same electrical energy input, using 

a Ni col et storage osci 11 oscope. The energy input was 0.56 J (1500V, 

0.5 ~F). Particular attention was paid to eliminating any variations of 

the' output pressure pulse due to the increase in source-r.eceiver 

distance, by keeping the time taken for the direct water ltJave as the 

same. 

The results obtained are given in Table 6:3. Fig 6:1 :15 shows a graph of 

the fi rst negati ve peak and peak to peak pressure magnitude plotted 

against the diameter of the steel sparker. 

Sparker 
diameter 
s.ize 
( mm) 

18 

25 

32 

38 

TABLE 6:3 

First negative 
peak 

(mbar) 

0.194" 

0.200 . 

0.260 

'0.510 

Peak to 
peak 

(mbar) 

0.350 

: 0.406 

0.386 

. 0.640 

Magnetic 
storage 
disk 

72 (1 

72/2 

72/3 

72/4 

Fig 
4:1 :16 
trace 

1 

2 .. 

3 

4 

-------------------....:...---------;-----------------------~-

The first negative peak pressure v~ries from 0.194 mbar for the small~st 

steel mini-sparker to 0.51 mbar for the largest. The first negatlve peak 

pressure increases as the di ameter of the mi ni -sparker increases, and 

the increase is non-linear. 

The peak to peak pressure curve follows the same trend as the first peak 

pressure curve (the pressure increases as the diameter increases), 

except for the 32.0 mm diameter mini-sparker. The output from this 

particu~ar sparker appears to show a slight reduction in the magnitude 

of the peak to peak pressure. This can be attributed to several factor.s. 

They are: a) incorrect electrical energy input, b) incorrect measurement 

of the pressure magnitude, and 'c) interaction between the size of the 

mini-sparker and the pressure distribution w~thin the chamber. The first 

suggestion can be rejected, as the magnitude of the first negative peak 
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is considerably greater than that of the next smaller size, ie 32 mm OD. 

The smoothness of the cu~ve for the first negative peak pressure curve 

strongly emphasises this. The second hypothesis can be eliminated 
because the waveform is stored on a magnetic disk and the magnitude of 
the pressure was checked and found to be correct. Therefore, the only 

possible cause left is the third suggestion, which is the interaction of 

the pressure wave and the steei chamber. 

Fig 6:1 :16 shows the four wave forms from the four steel mini-sparkers. 

The shape of the first pulse of the first two wave forms is similar and 

th~ shape of the next two are similar, but when the first pulse in the 

second wave form is compared to the first pulse in the third wave form, 

the reduction in the magnitude of the second positive peak in the third 

and fourth wave fqrms, compared to the fi rst and second wave forms, 

becomes app~rent. This change in shape of the pulses therefore must be 

due to the interaction between the size of the chamber of the 

mini-sparker and' the wavelength of the pressure pulse within" the 

chamber. This may be similar to the interaction between the faces of a 

piezoelectric ultrasonic transducer, and the coupling problem on output 

waves discussed by Redwood (1963; Ref 135) and Redwood (1962~ Ref 136). 

Experiment 4: The effect of electrode and spark chamber material on the 
output pressure pulse 

The experimental layout and the instrumentation used was similar to the 

previous experiment. The distance between source and receiver was 

approximately 25 cm. Sodium chloride solution was prepared in a large 

beaker, so that the salinity of the various sparkers was constant. 

Electrical 'energy input into the mini-sparker was kept constant at 

0.56 J (1.5kV and 0.5 ~F). 

The effect of the electrode size was investigated using a rigid PVC 

mini-sparker of 23 mm OD, 19 mm ID and 5 cm length. Initially, two line 

electrodes were used on both high voltage and earth return electrodes. 

The electrodes were 2 mm in diameter and 12 mm in length. Fig 6:1:17, 
trace 1, shows the output pressure pulse. The first negative peak was 

2.58 mV, whi ch equates to 0.41 mbar. Sens it i vity of the hydrophone was 
6.3 mV/mbar. 
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The mi ni -sparker was di smant 1 ed and the hi gh vo 1 tage 1 i ne electrode 

removed and replaced with a point electrode, represented by trimming the 

central core of the coaxial cable close to the insulation. The 

mini-sparker was assembled and the output signature monitored. The 

output shape and peak pressure vari ed cons i derab 1 y. Traces 2 and 3 of 
Fig 6:1 :17 show the mini-sparker's minimum and maximum outputs 

respectively. The output varies by a factor of approximately 3, from 

22.3 mV to 63.1 mV. 

The mini-sparker was dismantled again and both electrodes made up to 

represent point sources, but the separation between them was similar to 

the line electrodes' configuration. The mini-sparker was reassembled and 

the output signature monitored. Trace 4 shows the mini-sparker's output 

pressure si gnature wi th poi nt el ectrodes. The output has gone up by a 

further factor of 2 mV to 121 mV (19.2 mbar). 

The rigid PVC electrode chamber was replaced by a soft plastic tube, 

whi ch had an outs i de di ameter of about 20 mm and a 1 ength of 5 cm. The 

output pressure signature was monitored using the same input energy and 

the point electrode configuration. Trace 5 of Fig 6:1:17 shows the 

pressure si gnatures, with a negat i ve peak reachi ng 164 mV (26.0 mbar). 

The signature displays a clean negative going spike with no apparent 

sparker chamber resonance effect and i nterna 1 reverberat ion. The 

mini-sparker output has gone up by a factor of 60, due to the 

modification of the ·electrode configuration and casing material, 

a 1 though Roi and Fro 1 ov (Ref 137) also show that the output ri ses wi th 

increase in separation of the electrode. 

The increase in pressure peak output can be exp 1 ai ned by the extra 

plasma generation. The increase in plasma can be attributed to the 

higher current density obtained by effective~y reducing the electrodes' 

surface area. Kramer et al (1968; Ref 129) have discussed the formation 

of high current density during plasma generation. 

The above experiments show that output pressure pulse size and shape can 

be affected by salinity, energy input, chamber size and electrode 

configuration. The single spike required for the ACDER system can be 

achieved by the development of sp?rk chamber housing, electrodes, etc. 
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6: 1 : 2 Directional receiver 

In the majority of underwater applications of seismic/acoustics there 

is a need for information on the direction of the object or the sound 

source being detected, and sometimes very high precision is required. 

This is usually achieved by designing a receiver transducer system which 

responds effectively over a small angle cif space near it. In a sonar 

system the transmitter, which also works as the receiver, is designed in 

such a way that in both modes the beam generated or recei ved is very 

narrow. Such systems, which respond in trans~ission or reception over ,a 

restricted range of directions, are called directional systems. In both 

the transmi tti ng and recei vi ng mode the sound is confi ned to a beam 

which is solid angle over which their response is effective. This 

property of confining response to a limited angle is called directivity. 

Directivity has some quantitative connotations, but does not have a 

quantitative definition of its own. 

All transducers, except for small spherical transducers with an entirely 

surface motion, always have some degree of directional property. A 

spherical transducer with radial motion and a point transducer of 

infinitesimal size, which respond equally in all directions in a uniform 

infinite medium, are called omnidirectional. 

A single transducer designed with a radiating surface of a shape 

designed to give desired directionality, or an array of omnidirectional 

transducers, can 'be arranged to give a particular directionality for a 

directional transducer system. An array of' this type, requiring 

considerable complicated signal processing, is one of great complexity. 

The discussion in this section only considers the far field condition, 

as the results from near field (Fresnel zone) conditions are very 

complex and of little significance. The near field condition is defined 

in the area where the width of the nominal beam is less than the length 

of the array. 

At the beginning of section 6, the requirement of a directional receiver 

for a ACDER system to work was introduced, and some quantitative 

assessments made of the size of the required beam angle for the, 

directional receiver. Although the beam angle does give some 

quantitative information on what is required, it does not give any 

) 
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attenuation figures to assess the rate at which directivity of the beam 

is formed. 

The common term used fOr describing the directionality of the beam is 

called the beam width. The beam width of a directivity pattern is taken 

as the angular distance between the two points on either side of the 

principal axis, where the sound pressure level is down by a specified 

decibel (dB) level from its value at 9 = O. Beranek (1954; Ref 138) 

regards 6 dB down from 9= 0 as the way to define the beam width, while 

Urick (1967; Ref' 139) sug~ests the use of values of -3 dB and -10 dB to 

define the beam width. In view of the narrow beam width required to 

discriminate or resolve the target, a -10 dB figure would be more 

useful .. The requirement· for the beam width for a ACDER system would now 

be defined as a 2° beam width at -10 dB from the principal axis of the 

recei ver.· . 

An analytical approach was considered to be the best solution after the 

initial investigation, which suggested that the desired beam width wpuld 

. be impossible to achieve, for an available 51 mm diameter transducer and 

the wavelength in question (see page 161). 

A wave' equation can be used to derive an equation for the directivity or 

the beam' width of a source or a receiver. The acoustic reciprocity 

. method' states that the analytical method can be appl ied. to either a' 
. . 

source or a re~eiver, as they are virtually represent~d as equal. 

The most elementary radiato~ of sound is a spherical source whose radius 

is small compared to one-sixth of 'a. wavelength. Such radiators are 

called simple source or point source. Their properties are specified by 

the magnitude of veloc'ity of their surface" and by their phase relative. 

to some reference point. 

The wave equation for the sound pressure from a spherical source at 

distance r from its centre can be derived (Beranek, 1954; Ref 138) as 

p(r,t) =. [(./ZA+)/r]ej(wt-kr) - (6.6) 
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where p pressure at distance r from the centre of 
·the source 

A+ magnitude at unit distance from centre of 
the source (i2=rms) 

k w/c = 27lflc = 27T1'A = wave number 

The basic principles governing the directivity patterns from a source or 

a receiver can be derived by combination of simple sources. This 

approach is similar to the consideration of Huygens wavelets in optics. 
. . 

Basically, the problem is to add, vectorially, at the desired .point in 

space the sound pressure arriving at that point from all the simp.le 
sources. 

Consider two simple sources in phase. The geometric solution is shown in 
Fig 6:1 :18. 

It is assumed that the distance r from the two point sources to point A 

at whi ch the pressure pis bei ng measured is 1 arge compared with the 
separation b between the two sources. 

The spherical sound wave arnvlng at point p from source 1 will have 

travelled a distance r-(b/2)sine, and from equation (6.6) the sound 
pressure.will be given by: 

p,(r"t) (J:2A+/r)e j (w,t) e- j (2ff/A)[r-(b/2) sin e] 

- (6.7) 

The wave from source 2 will have travelled a distance r+(b/2)sine, so 
that 

(12A+/r)e j (w,t) e- j (2n7 A) r+(b/2)sine 

- (6.8) 

The sum of p, + P2, assuming r»b, gives 

p(r,t) (I2A+/r)e j (w,t) e-j(2~/A)r 
x (ej(rrb/A)sine + e-j(rrb/A)sine) - (6.9) 
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Multiplication of the numerator and the denominator of equation (6.9) by 

exp(jrrb sine/A) - exp(-jrrb sine/A) and replacement of the exponential by 

sines, yields 

p(r,t) (I2A+/r)e j (w,t) e- j (2rrr/A) 

x [( sin (2rrb/ A) sin e/ ( si nrrb/A sin eB - (6.10) 

The equation for the magnitude of the rms sound pressure Ipl is . 

Ipl = (2A+/r)1 [sin (2rrb/A)sine)/(2sin (rrb/A)sineTI 
- (6.11) 

The portion of this equation within the straight line yields the 

directivity pattern. 

With reference to Fi g 6: 1 : 18b, if b is' very small compared with a 

wavelength, the two. sources essentially coalesce and the pressure at a 

distance r at any angle e is double that for one source acting alone. 

The directivity pattern will be a circle. 

As .b gets 1 arger, however, the 

will be different in phase and 

circle. In other words, the 

directions better than others. 

pressure arriving from the two sources 

the directivity 'pattern will,. not be a 

sources will radiate sound in some 

A computer program was wri tten on an HP45 mi ni -computer in order to 

generate directivity patterns for various source dimensions and 

wavelengths combinations. The program is called 'DIRPAT' and is listed 

in Appendix IV. 

Each run requires four inputs. They are 

A amp 1 itude at di stance whi ch is normally unity 
( 1 ) 

r distance from source to receiver, which in this 
case is 30 m 

b 

A 

diameter of the receiver in metres (0.051 m) 

wave 1 ength from the source, whi ch is deri ved 
from the frequency of interest and the velocity 
of the compressional wave through the rock mass 
(c = fA) 
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With each set of inputs, two pages of printouts are dumped. The first is 

a tabulated list of pressure magnitudes calculated from different 

ang1ese. The pressure magnitude is calculated from 0°-90° in steps of 

2°, as shown in Fig 6:1 :19. The second printout is a directional plot, 

as shown in Fig 6:1 :20. The pressure magnitude is plotted against 

angle e in degrees starting from -90° on the 1efthand side, rising to 

+90° on the righthand side. A directivity pattern can be plotted by 

converting the pressure magnitude in relative ,dB loss compared to the 

pressure at 0°. 

Ax(dB) 20 log (P /P x) - (6.12), 

where P = 
0 

pressure at = 0 

P = x pressure at = x 

Ax(dB) = relative pressure loss in dB 

The tabulated result is used to convert the loss in pressure in dB and 

construct the directivity pattern, using polar graph paper, as shown in 

Fig 6:1:21. 

A number of these directivity patterns were constructed. The first one 

uses the receiver. diameter of 51 mm, which is the maximum diameter that 

can be incorporated in the mechani ca 1 hous i ng. The wavelength for the 

velocity of 2.5 km/s and the predominant frequency of 1000 Hz was 

calculated to be 2.5 m. The tabulated results of these two variables is 

shown in Fi g 6: 1 : 22. The radi at i on pattern is spheri ca 1, whi ch suggests 

that, with small receiver diameters, the long wavelengths involved will 

not facilitate the construction of a desired narrow beam. 

The wavelength was reduced to 0.0625 by. i ncreas i ng the frequency of 

interest to 40 kHz. The tabulated results, direction plot and 

directivity pattern are shown in Figs 6:1 :19, 6:1 :20 and 6:1 :21 

respectively. Even at these high frequencies, which'wi11 be impractical 

for use in highly fissured environments such as coal mines, the beam 

width of the main beam is 60° for -10 dB criteria and 36° for -3 dB 

criteria. These values are significantly lower than those deemed 

necessary. 
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AMPLI TUDE 

B= .051 
6.66666599913E-02 
.06640003763'3 
6.56035762113E-02 
6.42874844453~-02 

.06246::::-:; 1 :::: ::::32 
6.01696248297E-02 
5.74194497037E-02 
5~42517314777E-02 

5.07045998457E-02 
· 04681 '3~"~9576 
· 042641:::62516 
3.82172511333E-02 
3.35934969123E-02 
2.S8183561335E-02 
2.39390037809E-02 
1.90012841652E-02 
1.4(490)39858E-02 
9.12349040727E-03 
4.26279339627E-03 
4.98411938553E-04 
5.12927048447E-03 
9.60291052407E-03 
1.38965388902E-02 
1.79914438349E-02 
2. 1 :::7291'37187E-(12 
2.55300808568E-02 

, 2.89557012989E-02 
3.21458815727E-02 

3.78191~98047E-02 

· ~:::140 :::082:::6':::67 
.0425731::::::611 
4.46215~30877E-02 

4.64622864897E-02 
4.81050770507E-02' 
4.95601538043E-02 
5.08379178433E-02 
5.19486586473E-02 
· 052';'02;;'::::75:::5 
5.37080999337E-02 
5.43745~60037E-02 

· ~:::15490915154 
5.53181~70863E-02 

5.56066459227E-02 
5.57782498913E-02 
5.58352026677E-02 

FIG. 6:1 :19 DATA LIST OF AMPLITUDES FOR ANGLES 

THETA, 0-90 DEG.(lambda=0.0625 m) 
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The other alternative is to increase the diameter of the directional 

receiver. Let us assume that it had been feasible to house a 1.5 m 

diameter piezoelectric disk as a directional receiver and still maintain 

the 2.5 m wavelength, as was originally intended. The directivity 

pattern is shown in Figs 6:1 :23. The beam width appears to be 

approximately 80° for -10 dB criteria and 48° for -3 dB criteria. This 

again falls significantly short of what is required. 

Two composite directional plots were constructed by initially varying 

the wavelength on its own, and then varying the diameter on its own. Fig 

6:1 :24 shows a directional plot, with the diameter of the receiver kept 

constant at 0.051 m, and wavelength decreasing in the folfowing steps: 

2.5 m, 0.25,m, 0.125 m, 0.0833 m and 0.0625 m. The figure illustrates 

that, as the wavelength increases with ri si ng frequency, so does the 

directivity of the receiver increase. 

Similar directional plots were constructed with the wavel~ngth kept 

constant at 2.5 m, and directional receiver diameter increasing in the 

following steps: 0.051 m, 0.50 m, 1.0 m, 1.5 m and 2.0 m. Fig 6:1 :25 is 

a directional plot of the various receiver diameter sizes, and 

illustrates that the directivity of the r.eceiver rises with increasing 

diameter. 

These units are also substantiated by the monogram computed by Urick 

(1975; Ref 139)." for finding the width of the beam pattern of circular 

planes and line transducers, as shown in Fig 6:1:26. The dashed line 

indicates how the monogram is to be used. Thus, a circular pl~ne array 

of 20 in diameter at a wavelength of 4 in (corresponding to a frequency 

of 15 kHz at a seismic velocity of 5000 ft/s) has a beam pattern of 6° 

width between the axis of the pattern and the -3 dB down point, and 10° 

width between the axis and the-10 dB down point. 

For the case in question, with a velocity of 2.5 km/s (8200 ft/s), a 

frequency of 1000 Hz (which makes A = 2.5 m or 8.2 ft) and a receiver 

diameter of 0.051 m (2.0 in), the beam width obtained from the monogram 

shows that it will be spherical without any directional property. 
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Assuming the worst case, with a 4° beam wi dth at -3 dB down and a 

directional receiver of an 0.051 m diameter disk, the wavelength 

required wi 11 be approximately 8.89 mm, which is equivalent to 280 kHz. 

At this frequency penetration into the rock mass wi 11 be in terms of 

tens of centimetres and not 30 m. 

This demonstrates the difficulty of designing a narrow'beam receiver for 

longer wavelengths using a single 51 mm diameter transducer; It was 

envisaged that a smaller diameter receiver transducer was desirable, in 

order to make the scanning part of the sonde relatively smaller and 

lighter so that it would facilitate the ease of deployment, both in 

vert i ca 1 and hori zonta 1 boreho 1 es. The above work i nd i cates that the 

,use of a single transducer to generate the desired beam pattern was not 

feasible and that an ar~ay will have to considered. The use of an array 

to converge a beam in the direction of the axis of the borehole would 

not be difficult, as the convergence in this plane would be at the 

expense of making the receiver longer. To converge the beam in the plane 

normal to the axis of the bqrehole,could be complex,especia11y,if the 

narrow beam angle and the relatively smaller diameter of the sonde had 

to be maintained ,with sufficient sensitivity. 

'In 'view of the complexity of the design, construction and processing of 

data for such an array" a bri ef descri pt ion is gi ven of the vari ous 

types of arrays that'may be considered for further investigation in the 

future. The principles of these arrays are described by Urick (1975 Ref 

139) . 

Linear or equally spaced array 

This is the simplest form of array, where the elements (acoustic 

transducers) are arranged along a line or distributed along a plane. 

The acoustic axis of such an array, when unsteered, lies at right angle 

to the ax is of the 1 i ne or plane. The beam pattern of a 1 i ne array may 

be visualised as a doughnut-shaped figure having supernumerary attached 
doughnuts formed by the side lobes of the pattern (Uri ck, 1975; Ref 
139) . 

Arrays can be steered by introducing appropriate phase or time delays 

in the output of the various elements to rotate the main lobe of the 
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pattern in a desired direction. This changes the beam width and side 

lobe structure of the beam pattern. Normally, the beam width widens as 

the beam is steered from broadside to end-fire, the directivity index 

of the steered line remaining approximately the same. 

Synthetic aperture line array 

In a synthetic aperture line array, the multielement conventional line 

array is replaced by a single unit. As the single unit is towed or moved 

through the water, the receiver signals are windowed using electronic 

swit'ching at various intervals, applying the time delays required to 

focus the virtual beam. The sampled data is suitably recorded or stored, 

and later range-gated and summed at the appropriate time intervals. 

The sum of the gated samples will appear equivalent to the output of a 

convent i ona 1 focussed array of elements as the number of wi n{jowed 

'samples. Very long virtual arrays can be rea'lised in this way using a 

single transducer, but they require thit the echo be coherent over the 

distance and time required for beam formation.' 

Shading and superdirectivity 

Shadi ng is a process of contro 11 i ng the response or gai n of each 

element of an array so that some control can be exercised over the beam 

pattern. Most arrays are shaded wi th a maxi mum response at the centre 

and the~least resp~nse at the ends o~ sides of the arrays, s~ that the 

sensitivity is tapered from high value on the inside to a lower value 

on the outside. 

Amplitude shading is a convenient way to tailor a beam pattern to some 

desired shape. However, with a coherent signal in uniform incoherent 

noise, shading results in a lower array gain than with constant element 

sensitivity. Therefore, heavy shading should not be used under low 

signal-to-noise ratio conditions where the array gain i.s an important 

consideration. 

Superdi recti vity is an extreme form of shadi ng in whi ch a narrow beam 

may be obtained with an array of a limited size. In a superdirective 

array, elements are spaced at less than one-quarter of a wavelength 

apart, with the signs, or polarity, of adjacent elements reversed. 
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Superconductive arrays suffer from low array sensitivity, due to the 

phase reversals of the elements and the relatively high sided lobes. 

Phase shading may also be used, by varying the space between the 

elements to obtain the desired beam pattern. By virtue of the spacing 

required between elements, arrays with phase shading would be larger in 

size. 

Multiplicative arrays 

Most of the arrays discussed previously were of the linear and additive 

types, where the output· of the acoustic elements is linearly 

proportional to the,pressure and the array output is just a summat~on bf 
, . 

individual element outputs . .Instead of being added, the element output 

may be multiplied together so as to ~orm a multiplicative or ~orrelqtive 

array, generating properties different from those of linear arrays. For 

example, a multiplicative array of only. two elements can be made to 

have the same beam pattern as a 1 i ne'ar array of an arbitrary number of 
-

equally spaced elements (Dol ph, ' 1946; Ref 140) . Thi's technique is 

appealing in applications where a reduction in the number of acoustic 

sensor elements is necessary. The reduction in the physical size or the 

number of elements, or both, 'is gained at the expense of t!le comp·lexity 

of handling and the processing of data. The method is practical only at~ 

high, signal-to-noise ratios, as the efect of noise is to'destroy the 

beam pattern unless a long averaging time period is used .. 

The advantages of multiplicative processing lie in narrow beams and in 

the better angu~ar reso'lution of closely spaced acoustic elements. 

Another benefit lies in the flexibility in the design that 

multiplicative processing provides (Tucker, 1963; Ref 141). With linear 

arrays, ·the beam wi dth, array gai n, and reso 1 ut i on are all 

interconnected, while with multiplicative arrays there is no longer any 

direct relationship among these array properties. These properties have 

to be determined mathematically for particular configurations of 

multipliers and averagers. 

In summary, it would appear that use of multiplicative arrays would be 

perhaps a more suitable way of generating the beam angle required with a 

limited number of acoustic elements (because of the limited space in the 
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sondel, but the complexity of downhole processing and the reduction in 

the sens'i t i vi ty of the array wi 11 requi re further research. Another 

parameter which has not been discussed but will require considerable, 

work is the calibration of the array, both for sensitivity and f6r bea~ 

wi dth .. 

Although the above analy~ical work carried out shows that the 'required 

beam width will not be feasible using a single element, a receiver was 

designed and constructed with the maximum diameter piezoelectric disk 

that can be incorporated into the hous i ng. Fi g 6 :,1 : 27 is a di agram of 

the receiver and its construction. Instead of the standard piezoe1ectric 

disk, a 51 mm disk was cut out of a bimorph, plate 'as 'a receiving 

transducer. A bimorph plate has a highe~ sensitivity per uriit jnp~t of 

pressure pulse compared to a piezoelectric di'sk. 

6: 1 : 3 Instrumentation and display 

" 

The i'nstrumenta'ti on' assocfated w,ith the ACDER system can be 'exp,l ai nedby 
. . , 

considering in detail the working ,of the system. Fig 6:1 :28 shows the 

block diagram of the ACDER system. 

When the system is activated, the trfgger pul?e' is applied 

. simultaneously to' the· thy'ri stor control unit, the 'stepper motor and the 

,external ramp generator. The'thyristor control unit fires the sparker as . , , 

the stepper motor control ci rcuit advances the stepper motor, by a, step 

of ]D13' angular d,isplacement. The stepper motor is mechanically coupled 

to the epicyclic gear assembly, which $ives, an angular displacemen't 

reduction of 15:1. The epicyclic gear is th.en niechanicall'y coupled to 

the directional receiver transducer through' a iine/cosine pote~tiometer 

and a low noise slip ring assembly. The total rotation of the 

directional transducer is reduced to 0.48° of rotation for e,ach firing 

of the trigger pulse. It is essential to realise that stepper ,motor, 

epicyclic gear, sine/cosine potentiometer, slip ring assembly' and 

directional receiver are mechanically coupled to each' other and form a 

borehole sonde, as shown in Fig 6:1 :29. 

The dual ramps generated when the trigger pulse was fired are fed into 

the input of the sine/cos i ne potent i ometer, and the output from the 

potentiometer is fed into the vertical (y) and horizontal (xl deflection 
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control circuit of a storage c.r.t., which causes the electron beam to 

scan from the centre of the screen and track outward towards its 

periphery. Any reflection pulse detected by the directional receiver is 

filtered, amplified, processed and fed into the z modulation of the 

storage c.r.t. through a buffer amplifier. 

The display unit and other associated instrumentation is described below 

in detail. 

The display unit1s screen image appears as a faint spot, which has an 

apparent motion from the centre of the screen towards its periphery in a 

specific direction. If any reflections are detected, the faint electron 

beam becomes more intense and leaves as a trace on the display a bright 

image or short line, "during the period the reflected seismic pulse is 

detected by the receiver. The process of increasing the intensity of the 

"electron beam by'a signal wave is called z modulation. 

a Di sp 1 ay unit 

During the introdu~tion of section 6, it was stressed that the data 

display should be such that there"is no appreciable time lag between 

signal capture and data interpretation. This was achieved by using a 

technique similar to t'hat "involved in radar tracking of an aerial 

object. A beam on the radar cathode ray tube (c.r.t.) appears to rotate 

in the same direction as the radar di sh; and whenever it encounters a 

large object in the sky, within the range of the signal, a part of the 

transmitted signal is refl ected back to the radar di sh (aeri a 1) and in 

turn appears "on the c.r.t. as a bright spot. 

The beam,' which appears to rotate on the display unit, is in fact a 

continuous scan of a small spot of electron beam travelling from the 

centre of the" screen to its peri phery at a set rate. On reachi ng the 

periphery it returns to the centre of the screen and begins travelling 

across once again, but in the meantime has moved through a small angle 

predetermined by the radar dish rotation. In so doing, a very small 

sector is scanned for reflections from any aerial objects. 

The data display technique can also be illustrated by visualising the 

display screen as four quadrants, "shown in Fig 6:1 :30. Horizontal and 
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vertical axes are represented by x and y respectively, with 0 as their 

origin. 

Consider a point P at a distance r from origin. Point P can be 

represented in Cartesi an coordi nates as x I and y I on the x and y axes 

respectively, such that 

x, r si ne (6.13) 

and y, = r cose - (6.14) 

Point P can be generated on a cathode ray oscilloscope (c.r.o.) by 

applying a fixed level of DC voltage across the x. and y inp~ts. 

Alternatively, a line can be generated by varying voltage inputs from 

zero to a set DC 1 eve 1. Thi s wi 11 cause the dot on the screen to move, 

from ori gi n (the centre of the screen) to the peri phery, dependi ng on 

the rate, of change of the voltage. Changi ng the voltage 1 i nea.r1y from 

zero to a fi xed value is called a ramp. When, a ramp is app 1 i ed to the 

two inputs (x and y), the beam wi 11 move from its ori gi n to the 

periphery of the display screen. 

If scanning beams are required to start at angle e = 0° and gradu.ally. 

move towards e = 90°, the input ramps must be. processed to take 

angle into considerat·i·on. This was achieved by using the function 

derived for point P in Cartesian coordinates (equations' (6.13) and 

(6.14)), so that when a linear ramp is applied to the input of'a dual 

gauge sine/cos i ne potent i ometer, output vo ltage from the potent i ometer 

is'represented by sine and cosine 

When output from the sine/cosine potentiometer is applied to inputs x 

and y of the c.r.O., the scanning beam moves in .re1ation to the shaft of 

the'potentiometer. This rotation of the beam in relation to the shaft of 

the sine/cosine potentiometer will hold for angles 9 = 0°-90° only. 

Referring to Fig 6:1 :30, it can be seen that a negative DC potential 

will be required if the electron beam is to be deflected into the other 

three quadrants. Therefore, instead of a single posHive ramp, a dual 

ramp is produced, one positive going and one negative 'going, as shown in 

Fig 6:1 :31. If the positive going ramp is applied to the +E terminal on 

the sine/cosine potentiometer and the negative ramp is applied to the -E 
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terminal, as shown in Fig 6:1:32, the electron beam deflects from the 

centre of the screen to its periphery and rotates in sympathy with the 

rotation of the potentiometer for all four quadrants, ie e = 0°-360°. 

The above technique was adopted to display all reflections detected by 

the directional receiver of the ACOER system, rotating continuously in a 

borehole. 

b Externally triggered dual ramp generator 

The need for the dual ramp to generate 'the di sp 1 ay unit beam ro:tati on ' 

was discussed in section '6:1 :3a. 

A ,Farne 11 pul se generator was used as a master pul se generator, to 

trigger the ACOER system. The same output pulse was also applied to the 

input of the dual r,amp generator ci rcuit. 

Fig 6:1 :33 shows the dual ramp generating circuit. At the heart of the 

circuit is the CM05 version of'the BIPOLAR 555 timer integrated circuit 

referred to as ICM 7555. The 7555 is, used to initiate and terminate a 

triggered sweep. Normally the discharge FET" (pin 7) is in the on 

position, and so Cl is shorted to ground. When a trigger is applied to 

the, input, the collector of Q2 momentarily goes lo~, which sets pin 1 of 

the 7555 into its off position. Q" R,,' R2 and 0, form the current 

generator that dri ves Cl. Once th,e di scharge FET has been turned off, 

the voltage on Cl rises linearly. When it reaches +~ Vcc ' the threshold 

compar,ator sets the di scharge FET into i,ts' on state, and so Cl is 

shorted to ground. ,ICl is used to buffer the voltage on Cl to produce a 

positive going, ramp, which the negative going ramp is generated by 

feeding the output of ICl through an inverting amplifier using IC2, thus 

producing positive and negative going ramps with a single pulse ihput. 

The sweep generator is not retriggerable and is only initiated on fast 

positive going inputs. The sweep rate can be, altered by varying Cl 

and/or R2, but R2 was found to be more practical. 

The sweep time T relationship is given by 

T (V x ~ x Cl)/iC 
cc - (6.15) 
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where iC 

Vcc 
Cl '" 

( 2 . 7 - 0.7) /R2 

15 volt 

0.1 IlF 

- (6.16) 

Seven se 1 ectab 1 e ranges of sweep ti me were selected, whi ch were 2 mS, 

5 mS, 10 mS, 15 mS, 20 mS, 50 mS and 100 mS, with theoretically 

calculated resistor '(R2) values (in kiloOhms) of 4, 10, 20, 30,40,50 

and 200 respectively. The actual resistors used (values in kiloOhms) 

were 2.7, 7, 14.4, 21.8, 30 and 70 respectively, to obtain the sweep 

time of the ramp using the delayed time base facility of the Tektronix 

7000 series storage oscilloscope. The difference between the theoretical 

and actual value of R2 must be, due to the 1 eakage current of the 

capacitor, which was not included in the calculations. 

Using 2.5 kms- 1 as a typical velocity of the formation in question, each 

millisecond of sweep time represents 1.25 m of the travel path between 

source, and target. Therefore 2 mS, 5 mS, 10 mS, 15 mS, 20 mS, 50 mS and 

100 mS sweep time represents a t,arget range radius of 2.5 m, 6.25 m, 

12.5 m, 18.75 m, 25 m, 62.5 m and 80 m respectively. 

6:1:4 The effect of a cylindrical obstruction/target on a propagating 
seismic pulse 

The model tank set-up for studying the characteristlcs of a mini-sparker 

gave an opportunity to observe and possibly determine the relationship 

between the diameter of the obstruction/target and the output pressure 

pulse of a mini-sparker. Cylindrical shaped obstructions/targets were 

selected because they are easy to construct, and the physical 

construction of mines and tunnels could actually be regarded as 

cy1in'drica1 in shape. 

a The effect of a cylindrical obstruction on a direct pulse 
between source and receiver 

An experiment was carried out to investigate the effect of a cylindrical 

obstruction in the path of a seismic pulse propagating from a source to 

a receiver. Obstructions consisted of seven hollow plastic tubes with 

outside diameters as close to the various wavelengths selected as 

possible. The wavelengths selected for diameters were 0.25 A, 0.5 A , 

0.80A, 1.0 A, 2.0A , 3.0 A and 4.0 A respectively. All the obstructions 
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were hollow, and therefore were filled with air to provide a maximum 

acoustic impedance mismatch between the water/air interface. 

The source was a rigid plastic mini-sparker with a 23 mm outside 

diameter and a 19 mm inside diameter. The sparker was 5 cm long. The 

receiver was a 12.7 mm diameter small ball hydrophone. 

The layout and instrumentation was similar to the experiments described 

earlier in section 6. The distance between source and receiver was 

23 cm. The depth of the source and recei ver was 18 cm from the water 

surface. They were both rigidly attached to the frame, as discussed 

earlier. All obstructions were positioned in the middle of the source 

and recei ver in such a way that the centre of the source, obstruction 

and receiver \'{ere in a straight line. The electrical energy input into 

the mini-sparker was kept constant, at 0.56 jou1es(1500V, 0.5 IlF). All 

measurements were taken after the mini-sparker had been fired 15 times, 

to make sure that sparker energy output was consi stent. The output. 

frequency of the sparker was 70kHz. 

Obstructi ons were 'p 1 aced in turn between the· source and recei ver. The 

amp1itude'of the first negative going pulse and the peak to peak sei'smic 

pulse were measured. The results are tabulated, as shown in Table 6:4. 

TABLE 6:4 

Obstruction First negative Peak to Pressure ratio Pressure ratio Magnetic Fig 
diameter peak (A) peak (B) A (without B' (without storage 4:1:38 

obstruction) obstruction) disk trace 
(wavelength) (mbar) (mbar) 

0 0.53 1. 19 67/1 

0.25 0.48 0.99 0.91 0.84 67/2 2 
0.50 0.48 0.97 0.90 0.88 67/3 3 

0.80 0.32 0.62 0.60 0.53 67/4 4 
1. 25 0.30 0.58 0.57 0.49 67/5 5 

2.00 0.14 0.26 0.26 0.22 67/6' 6 

3.30 0.13 0.22 0.24 0.18 67/7 7 

4.17 0.05 0.04 0.05 0.03 67/8 8 
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Fig 6:1 :36 shows a graph of the first negative peak and the maximum peak 

to peak pressure pulse in mbar, plotted in wavelengths against the 
diameter of cylindrical obstructions. 

The graph shows that both the first negative peak and the maximum peak 

to peak pressures diminish as the diameter of the obstruction increases. 
The fi rst negative peak and the peak to peak pressure converges 'to 

almost the same amplitude as the diameter of the obstruction becomes 
greater than 4 

Fig 6:1:35 is the graph of the ratio of the negative ~eak pressure with 

obstruction divided by the negative'p~ak pressure without obstruction, 

and gi ves a si mil ar rati 0 for the peak to peak pressures.' The graph 

shows that there is a reduction in amplitude of the first negatiye and 
, '. 

peak to peak pressure pulse by approximately 10%, 40%, 75% and 95% for 
, . . . . 
obstruction's with a diameter of 0.5, 1.0; 2.0, 'and 4.25 wavelengths 

respecti ve 1 y. The waveforms associ ated with the above' obstr~ct ions are 

shown in Fig 6:1 :36. 

, ' 

The experiment shows that both the first negative,peak and peak to peak', 

pressure amplitudes' are very sens iti ve to an obstructi on in the path of 

a propagating pulse. The graph (Fig 6:1 :35) al~o shows that ther'e may be" 

a constructi ve and destructi ve interference between ,the pressure pul se' 

bypassing the obstruction and the pressure pulse reflected from the 

obstruction by a divergent wave (by the ,convex shape of the outside of 
, , 

the cylinder), giving a rather 'staircase' shape of decay of the 

pressure pulse rather than a sm,ooth decaying response. 

b Reflections from a cylindrical target using a mini-sparker 
source 

An experiment was carried out to observe a possible reflected puls~ from 

a cylindrical target. These targets consisted of seven hollow rigid 

plastic tubes of finite length, as described in the previous experiment 
( sect ion 6: 1 : 4a) . 

The layout of the source (mini-sparker), receiver (a 12.7 mm ball 

hydrophone) and target is shown in Fig 6:1 :37. The distance between 

source and receiver was approximately 10 cm. The target was positioned 
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about 21.5 cm from the source/receiver centre line, and all three units 

were positioned horizontally about 19 cm from the water surface. This 

was found to be the best position to obtain a fairly clean 100 mS spa'n 

of waveform to observe any reflection. 

The mi ni -sparker used was the 23 m outside di ameter x 5 cm long ri gi d 

PVC housing, with 2 mm 'diameter x 12 mm long electrodes. The electrical 

energy input was 0.56 joules. Targets of varying size were positioned, 

and, a waveform for. each targ'et was recei ved. Fi g, ,5: 1 : 38 shows the wave 

trai n for ei ght cyl i ndri ca 1 targets and one co,-p 1 anar target, whi ch 

consisted of a flat piece of wood (7.5,cm wide x 20 mm thick). 

The reflection from the 'cylindrical target should' arrive in the middle 

of the trace at abciut 288 mS from lhe beginning of the, trace. The trace 

length is 150 mm, wh~ch represents 500 mS., 

There is a slight indication of a,possible reflector on the trace for a 
, 

target 'di ameter ,of 1.25, waveTength, but it, does not become apparent 
, '.. .' . . ~ . '. 

until the target,diameter increases to 3.3' times the wavelength. The 
, " 

bottom trace shows a refl ection from a fl at pi ece of wood: a 'pi ece of 

plywood 3.6 wavelength wide and approximat?ly 1, cm. thick. The reflection 
, , 

is quite apparent in ihe middle of the trace, -~nd when compared with an 

equivaie~t cylindrical dia~eter t~~get,it is clear that the energy 

reflected back fro~ a' convex surface i~ conside~ably less than that of a 

fl at pl ane. 

It may -be possible .to increase the amplitude of. the reflector, by 

increasing the output 'energy of the source, but it is apparent that a 

curved target such as a tunnel or m~neshaft would be relatively 

difficult to detect using reflection techniques,' compared with a 

co-planar target like a fault. The ~eflectio~ from the flat sides of the 

tank can be seen towards the ends of the traces ,whi ch emphasise the 

point under discussion. 

6:2 Borehole sparker source 

Interborehole seismic measurements have been used by many authors (Bois 

et al, 1971, Ref'109; Bois et a1, 1972, Ref 110; McCann et al, 1975, Ref 

113; Auld, 1977, Ref 142; Hall et a1, 1979, Ref 143; and Butler and 
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Curro, 1981, Ref 144) to determine elastic properties of the rock mass 

in the boreho1es for civil engineering and other applications. 

The use of a sparker as boreho 1 e too'l was developed, by McCann et a 1 

(1975; Ref 113). This consisted of a 7.5 cm internal diameter Dura1umin 

~ube of a 1 ength of 75 cm wi th two chambers, separated by a PVC plate. 

Th~ lower chamber ,contained the electrolyte and the sparker electrode" 

while the upp~r chamber'consisted of a high voltage cable termination, in 

an air-tight inner PVC chamber. 

The, Dura1umi'n' sparker probe had be~n successfully used in many site 

investi,ga,tions for civil engineering purposes, but the high, stress 

gener'ated by the expandi ng gas, bubble withi n ,the ,lower chamber had 

p,roduce~ quite a few' fai1ure~ of the probe" by either the shearin'g,' 'of 

the top or.,bottom end cap's or leakage of the e1ectr,olyte, into the' PVC 

insulation in the upper chamber., 
- . , ' .. 

The output si'griature.of a metal, boreho1e sparker was fo'und, to be very 

" C9mp 1 ex, due to the vari ous resonances in the chamber generated by the' 
• _ 1 • ~. 

impulse pressure pulse of the exp~nding gas bubble. ' 

Hall et a1'(1979; Ref 143) simpHfied the"mechanica1 :construction of the 

boreho1e spa~ker by using the standard RG '58A/V coaxial cable, with an 

i~ner cage of' perfor~ted aluminium tube, ~o house electrode and so~ium 
, . -', , 

ch1ori.de, solution. The 'entire assembly was' enclosed in 'a bicycle tube 

and its end~ sealed using hose c1amps.~Input energy to, the ,sparker was 

~uo~ed'as 12?~3a4 joules; , 

Although the boreho1e sparker designed ,by Hall et a1 (1979; Ref, 143)' 

appears to have produced th~ d~sired result, th~ u~e of the system for 

hi gher e 1 ectri ca 1 energy i'nput wou1 d have generated consi derab 1 e losses 

in the cable. Exposure of the coaxial braid into the sparking chamber 

causes th,e saline solution to travel up the braid by capillary actio.n, 

and was also assisted by the pressure built up in'the chamber. This 

could create a dangerous hazard if the saline solution were to bridge 

the gap between high tension output and earth return. 
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There is no discussion in the paper by Hall et a1 (1979; Ref 143) on the 

output shape of the pulse from the sparker. The only trace which appears 

in the paper shows the signature through granite at a depth of 58 m and 

a source/receiver separation of 58 m. The signature displays a 

predominant wave period of approximately 0.25 ms. 

The concept of the ACDER system makes use of reflection from the target 

to display discontinuities, and therefore a short seismic pulse would 

enhance the process of discrimination between direct pulse from the 

transmitter and received pulse from various targets. A boreho1e seismic 

source was developed to produce a pressure pulse spike during gas bubble 

expansion, and a damped output during bubble collapse. The sparker was 

i dent ifi ed as a hi gh reso 1 ut ion boreho 1 e sparker probe, as the two 

mechanisms which generate the seismic pulse (ie, 'gas bubble expansion 

and collapse) can be identified on the sparker output signature. This 

was accomplished by development of the boreho1e spa'rker probe designed 

by McCann et a1 (1975; Ref 113). 

6:2:1 High resolution sparker probe (HRSP) 

Fi g 6: 2: 1 is a si mp 1 ifi ed drawi ng of the hi gh reso 1 ut ion sparker probe. 

It can be divided into four sections consisting of cable clamp assembly, 

high voltage chamber, spark chamber and pressure release end cap .. 

Heavy duty coaxi a 1 cable was used for transferri ng energy from the 

di scharge capacitor to the spark chamber hi gh voltage electrode. The 

HRSP was attached to the coaxial cable using a cab1e.c1amp. The inner 

core and insulation of the coaxial cable were terminated in the high 

voltage chamber, which consisted of a PVC insulator with '·0· rings to 

isolate the high voltage chamber from the spark chamber. The chamber was 

filled with transformer oil, ,to eliminate any high voltage arcing 

generated by the presence 'of damp ai r or moi sture in the hi gh voltage 

chamber. 

The spark chamber consi sts of a cotton braid rei nforced rubber tube 

housing enclosing a high voltage electrode and an earth return 

electrode. The spark chamber was filled with sodium chloride solution. 

The rubber tube was attached to the high voltage chamber using hose 

clamps and sealed at the bottom to a pressure release end cap with 
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another hose clamp. The pressure release end cap contai ns a pressure 
release valve to prevent pressure build-up within the chamber during 
operation. The pressure release valve is attached to a thin nylon tube 
which ;s open at the top of the spark chamber, so that only residual 
gases and not electrolyte are expelled. This technique prolongs 
continuous use of the sparker over several days by not vacating the 
electrolyte from the chamber.' 

The HRSP (Fig 6:2:2) was developed in early 1976 and is very easy to 
assemble. It has been successfully used to a depth of 300 m for several 
days in mapping a geothermal reservoir (Ref 73). 

The desired shape of the output pressure pulse was achieved by using a 
cotton brai d rei nforced rubber tube as a spark chamber. Th~ chamber 
expands when a gas bubble is formed ,and contracts when the bubble 
collapses, without the continuous oscillation associated with metallic 
chamber resonance. The cotton braid acts as a damper to stop the chamber 
from oscillating when secondary bubble collapse occurs. 

6:2:2 Free field measurements 

Free field output signatures and borehole sparker directivity have 
always been unknown parameters, especially in diagonal scanning o'r in, 
any other configuration where transmitter and receiver are ~ot 

horizontally in line. In order to establi'sh a sparker source free field 
signature and directivity pattern, free field measurements were carried 
out at sea in the Menai Straits off Anglesey. 

Three sparkers were investigated for their directivity pattern and 
signature. Two sparkers were made of aluminium alloy, the first (large) 
with an outside diameter of 89 mm and the second (small) with an outside 
diameter of 70 mm. The third sparker (HRSP) had its spark chamber 
constructed from cotton reinforced rubber tube. Construction and 
operation of aluminium sparkers have been described by McCann et al 
(1975; Ref 113). Construction of HRSPs has already been discussed in 
section 6:2:1. 

Sparker and receiver were suspended from the starboard side of the ship 
(Pri nce Madog) into sea water. The recei ver consi sted of a si ngl e' 
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omnidirectional ball hydrophone, with a directivity of up to 60 kHz in 
receiver mode. The ship was anchored in approximately 20 m of water. The 
sparker source was kept fixed at halfway depth between the water surface 
and sea bottom. The receiver was made to move past the sparker in steps 
of 1 m from sea surface to bottom. An attempt was made to keep the 
sparker source and hydrophone separated by about 5 m by tying a 5 m long 
rope wi th a loop at the end to the sparker' source cable, and all owi ng 
the hydrophone cable to s 1 i de withi n thi sloop'. Subsequent attempts to 
keep the source receiver vertical include suspending heavy lead weigh~s' 
on two separate ropes 5 m apart, and making source and receiver slide up 
and down on the weighted ropes. 

For each position of the hydrophone, direct arrfva1 was timed using the, 
delayed time base facilities of a Tektronix oscilloscope, and a 
photograph was taken of the complete pulse train using a Po1a'roid 
camera. In the initial survey it was not possible tO,record'any sparker 
si gna 1 s on a magnet; c tape recorder, as the sparker source emi tted , 
pulses ·;n the region. of 7 'kHz, whil,e. the Fen10w tape recorder was 

,( , . 

1; mi ted to a bandwi dth of· ,0-2.5 kHz. On subsequent surveys, however, a 
Raca1 Store 70S tape recorder was used to 'overcome the above problems. 

Fig 6:2:3 shows the four output pressure signatures of the two aluminium 
sparkers. Figs 6:2:3a and 6:2:3b represent the output pressure signature 
from the large aluminium sparker. Fig 6:2:3b shows an.expandedtime base 
trace of Fig 6:2:3a to emphasise the detail within the first pulse 
train. This was achieved using the delayed time base facility of the 
Tektronix oscilloscope. Figs 6:2:3~ and 6:2:3d depict the output 
pressure signature of the smaller diameter aluminium sparker, displayed 
in the two time bases as described earlier. 

The output signatures of both aluminium spa:kers show complex waveforms. 
A possible explanation of complex waveform generation ;-5 discussed here. 
When e 1 ectri ca 1 energy is di scharged into sodi urn ch 1 ori de sol ut ion 
within the chamber, an explosion is' created· which initially releases a 
primary gas bubble'. The sharp, e~panding pressure pulse hits the spark 
chamber (housing) and sets the chamber resonating. The gas bubble then 
reaches its maximum size and beg'ins to collapse, causing a negative 
going pressure, as shown by Kramer et al (1968; Ref 129). Interaction of 
the metal housi ng resonance and the pressure perturbati ons withi n the 
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chamber results in a complex waveform, whi ch is in effect a resultant 
displacement of the metal housing, generated by the metal housing 
resonance and the constructive/destructive effect of pressures generated 
within the chamber. 

If the above postulation is correct, a borehole sparker source, without a 
metal spark chamber should produce an output signature which is close to 
the true signature of a spark discharge source pressure pulse,as shown 
by Roi and Fro 1 ov (1961; Ref 137): Thi s was evi dent' 'from free fi e 1 d 
measureme'- nts of the output pressure signature from a high resolution 
sparker probe (HRSP), as ~hown in Figs 6:2:4a and 6:2:4b. Fig 6:2:4b is 

, ' 

an expanded time base picture of Fig 6:2:4a. Fig 6:2:4a gives the 
, , 

compressive pressure pulse output of the HRSP, followed by the 
rarefaction effect due to collapse of the bubble. The expanded trace in 
Fi g ,6: 1 :4b shows the effect on output si gnature of pressure 
,pertu~batibns within th~' chamber, as' the initial expansio~ of' the 
chamber c'eases and its contraction begins., Development of the spark 
chamber to provide a single predominant pressure spike output, as 
required by the ACDER system concept, has therefore been achieved. ' 

Spectral analysis was carried out on a time history of HRSP output to 
determi ne the predomi n~lnt frequency. Fi g 6: 2: 5a ~hows the HRSP output 
signature with three pressure pulse spikes'. The first is a l~rge 

negative going spike representing an expansion of ~he chamber, followed 
, , 

by a small, i n phase spi ke 'whi ch represented the sea bottom 'refl ecti on, 
and the last is a 1800 phase reversed spike from the surface water/air 
interface. 

The power spectrum of the pressure pulse of interest was carried out by 
windowing the time history in such a way so that only compression and 
rarefaction portions of the spike were present, as shown in Fig 6:2:5b. 
The power spectrum of the windowed pulse is shown in Fig 6:2:5c, and 
displays a predominant frequency of 570 Hz, representing the' lower 
frequency output energy during the rarefaction stage, or chamber 
contracti on. However, energy for the spark chamber expans ion 1 i es near 
2000 Hz, which can be seen as a lobe near the main power spectrum. 

Attempts to determine the directivity pattern of the three sparkers were 
less successful, since the source/receiver geometry did not lend itself 
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to total circular coverage of the source in the vertical direction. The 
source was kept stationary at about mid-depth between surface and sea 
bottom, while the receiver was made to move from surface to sea bottom 
on a vertical line parallel to the source axis. The distance between the 
vertical axis of source and receiver was approximately 5 m. 

There were two basic problems. The first was the difficulty in keeping 
source and receiver axes vertical due to the incoming tide, which caused 

source and receiver to drift up to an angle of 45° from vertical. The 
second" was that the depth was i nsuffi ci ent to obtai n a complete 1800 

vertical coverage of the source. The angular coverage obtained for 
di rect i vi ty measurements was between 120° and 140°. The increase in 

di stance between "source and recei ver as they move apart to cover an 

angular increment has been compensated in the calculation, by using"the 
spreading correction. 

Figs 6:2:6, 6:2:7 and 6:2:8 show the "directivity pattern of the large 
aluminium, small aluminium and HRSP boreho1e sparker sources 
respectively. These are only quantitatjve measurements due to the 

uncertainty discussed above. To obtain a more precise measurement of the 
directivity would require a deep artificial pool or deep lake, as 

discussed by Bobber (1970; Ref 132), and the appropriate mechanical 

framework to move the receiver in a 180° arc around the source, keeping 
the source/receiver distance constant. '\ 

Fig 6:2:6 shows that the directivity pattern for the large aluminium 
sparker is constant (within a few dB) for a measured angle of 

approximately 12qo, ~e 60° in the vertical direction from the horizontal 
centre line of the source. 

Figs 6:2:7 and 6:2:8 show a simi)ar tre~d as above, and the variations 

could be accounted for by the uncertainty" of the source/receiver 
geometry. 

It is reasonable to conclude that the directivity pattern is reasonably 
constant for a total angle of 120° in the vertical direction. 

- 205 -



- 206 -

o 
80 

.I.' 
I' 

I 
0,1 

0 dB· 

J 
1 -10, 

I -20 

• . , 

I 
J -30 I 
I 
i 
! 
i' 
I 

. -40 I 
I· 
\ 
i 
I , 

\ 

" 

-40 

-30 

-20 

-10 

o 

FIG. 6:2:6 DIRECTIVITY PATTERN OF THE LARGE METAL SPARKER 



- tu/ -

o 
80 

o dB ~--1 

-10 

-20 

-30 

-40 

o 
10 

-40 

-30 

-20 

-10 

o 

• '80 

FIG. 6:2:7 DIRECTIVITY PATTERN OF THE SMALLER METAL SPARKER, 



- 208 -

o d 

-10 

-20 

-30 

-40 

-40 

-30 

-20 

-10 

o 

FIG. 6:2:8 DIRECTIVITY PATTERN OF THE HRSP SPARKER 



6:2:3 Radiation patterns from a seismic source in a borehole 

A rigorous treatment of the linear and non-linear interactions between 
waves generat~d from a seismic source in a fluid-filled borehole, 
induced borehole motions and radiation patterns is beyond the scope of 
this thesis. However, general consideration permits some statements to 
be made. 

Free field radiation'patterns from a HRSP borehole source were discussed 

earlier in the chapter, but the usefulness of the source depends on the 

far field seismic wave radiation patterns from a fluid-filled borehole. 

Other factors whi ch may a·l so i nfl uence the shape of the radi ati on 

pattern would include travelling tube waves inside the hole, which have 

been observed to generate a very high amplitude body wave in the 

surroundi ng medi urn when the tube wave is refl ected at the bottom of a 

fluid-filled hole (White and Sengbush, 1963, Ref 145; Parrott, 1980, Ref 
146) . 

Heelan (1953; Ref 147) discussed compressional (P) and shear (S) wave 

radiation patterns from an empty borehole~ ~hile White and Sengbush (Ref 
145) formulated the effect of fluid in a borehole by combining Heelan's 
so 1 ut i on with an elementary tube wave propagat ing along a source ho 1 e. 

Ingra~ (1963; Ref 148) discussed the effect of waves due to a 

pOint-dilational source on the axis of a fluid-filled hole using contour 

and numerical integration. Peterson (1974; Ref 149) investigated elastic 

wave propagation from a point source located in a fluid-filleq borehole. 
His main consideration was normal P wave propagation. 

Lee and Balch (1982; Ref 150) carried out investigations into 

theoretical seismic wave radiations from a fluid-filled borehole. Far 
field radiation patterns for compressional and shear waves from a 
fluid-filled borehole in an infinite medium were constructed using 
low-frequency approximations. Two kinds of sources were considered: a 

volume displacement point source acting on the axis of a borehole and a 
uniform radial stress source acting on the walls of a borehole. 

White (1965, Ref 14; 1983, Ref 151) has carried out extensive analytical 

work on seismic wave characteristics in boreholes, and in particular 
waves travelling along cylindrical boreholes. 
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Radiation patterns from a seismic source in a borehole were also 
investigated by Fehler and Pearson (1981; Ref 152), and their work ~s 

very similar to that dealing with seismic source operation, such as a 
spark er in a borehole. Far field radiation patterns for P and S waves, 
due to a seismic source located in a fluid-filled borehole, were 
calculated by initially assuming that the source caused a small increase 
in boreho 1 e di ameter over some fi nite 1 ength along the boreho 1 e axi s. 
The di sp 1 acement fi e 1 damp 1 itude outs i de the boreho 1 e was obtai ned by 
Fehler and Pearson (1981; Ref 152) from the seismic moment tensor, M

pq
' 

and the elastodynamic Green's function, G , using -(Aki and Richards, . np 
1980; Ref 153). 

Un = M *G - (6.17) . pq np,q 

where U = displacement parallel to the nth coordinate n 
axis, xn 

* convolution operator. 
G = derivative of Green's function with respect np,q to the x variable q 

Far field terms were evaluated by Aki and Richards (Ref 153) using the' 

Green's function for an infinite,' isotropic, homogeneous, elastic 
medium, from equation (6.11) as 

where 

, U 
n 

).0 
1 

Q 

p 
p 

R 

= 

= 

= 
= 
= 
= 

- (6.18) 

directional cosines of 1 i·ne joining source' 
and receiver location 
P wave v'elocities 
S wave velocities 
rock density 

distance between source and receiver 

The first term in equation (6.18) represents the P wave anq the second 
term represents the S wave. 

Feh 1 er and Pearson (Ref 152) have used the above equati on to. deri ve a 
radiation pattern for P and S waves. The amplitude of the radiated 
compressional wave was defined by 
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- (6.19) 

and the shear wave amplitude by 

As (<I>,R) (K/R) si n9cos9 - (TT fR/Q V ) - (6.20) e s s 

where Ap' As = amplitudes of compressional and shear waves 
at distance R from the borehole 

<I> angle between borehole axis and 1 i ne jOining 
source and receiver 

K , K = constants depending only on source p .s 
parameters 

fl')' elastic Lame parameters 
Q = seismic quality factor 
f = frequency 
V = propagation velocity 

From the field study, Fehler and Pearson lRef 152) concluded that Pand 

S wave amplitudes from boreho 1 e sei smi c sources are related to the 
source receiver distance R and the dip of the ray path measured from the 
wellbore axis by 

Ap ~. - (TTfR/Q V ). ( 2-cos 2
<1> ) IR e p p - (6,.21) 

(6.22) 

The computed radiation pattern an~ field measurements are shown in Fig 

6:2:9. The figure shows that the radiation pattern for a P wave source 

in a vertical borehole was horizontal in direction, while that of the 
shear wave was polarised approximately at 45° to the axis of the 

boreho 1, e. Thi s shows that a sparker operat i ng in a vert i ca 1 borehQ 1 e 

would have:a radiation pattern which is predominantly normal to the axis 

of the borehole with higher attenuation towards the axis of the 
borehole. 
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Figure 6:2:9 Amplitudes of P and S. waves due to small explosions in 
one borehole as measured in a neighboring borehole. 
Amplitudes have been corrected for geometrical spreading' 
(l/R). Solids lines represent angular dependence of 
radiation pattern predicted by eqns. 6.19 and 6.20 
without anelastic losses .. ( After Fehler and Pearson, 
1981; Ref 152 ) 



6:3 Field trial of the single hole method 

After initial development of the ACDER system, a field trial was carried 

out in December 1979 to assess the system and other problems associated 

with the practical use of the concept. The field assessment was carried 

out at a test site located on a Mi ni stry of Defence fi ri ng range at 

Tidmoor Point, East Fleet, Dorset. The site has been used in the past by 

the British Geo'logical Survey and the Department of Physical 

Oceanography, University College of North Wales, for geophysical 

surveys. 

The proposal was to simulate a vertical tunnel as a target for the ACDER 

system by drilling a large boreho1e and casing it with a rigid PVC liner 

(38 cm diameter), sealed at both ends. Various other shallow boreholes 

were dri 11 ed adjacent to the 1 arge one in order to deploy the ACDER 

borehole probe and assess its performance. 

6:3:1 Geology and borehole configuration 

The geology near the test site at East Fleet consists of Oxford Clay 

outcropping, which forms part of the Weymouth anticline. It is estimated 

that Oxford Cl ay reaches a maximum thickness of 150 m in the Dorset 

region. Oxford Clay is relatively homogeneous in character, although the 

sequence is occasionally interrupted ·by·thin, localised fossil bands. 

Davis (1982; Ref 154) mentions that X-ray diffraction indicates a clay 

mineral content of predominantly hydrous mica, together with a large 

amount of chlorite and a lesser ·quantity 'of quartz and calcite. Davis 

(1982; Ref 154) also states that Oxford Clay is heavily 

overconsolidated, as formerly it was buried below several tens of metres 

of overburden which, combined with tectonic activity, has produced 

structural features such as fissures, minor faults, etc, and contributes 

to in situ bulk sediment properties. 

The geometrical layout of the boreholes is shown in Fig 6:3:1. The 

1 ar.gest boreho 1 e attai nab 1 e in the centre of the boreho 1 e ~ ayout acts as 

the target area. It was cased using 5 m long by 38 cm (15 in) outsid!=! 

diameter rigid PVC pipe. 

A total of fourteen other boreho1es were drilled to a depth of 
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approximately 5 m depth and lined with, 10 cm internal diameter rigid PVC 
cas i ng. These boreho 1 es were used to deploy the sei smi c source and 
recei vers . The boreho 1 e 1 ayout was planned to prov i de an i ncreas i ng 
distance betweeri the large boreho1e and each, subsequent 10 cm diamete~ 
boreho1e. Increasing the distance between a pair of boreho1es and the 
target provi des a useful source/recei ver geometry to verify ref1 ecti ng 
pulses from the target. The water table was just over a half metre below 

the surface. 

6:3:2 ' In-situ compressfonal wave velocity structure 

In order to be able to identify reflections from the target, the in situ 

compressional wave ve10,c,i.ty structure was measured. This was done using 

a brass mini-sparker as a source. On this occasion a thyratron capacitor 
, ' , 

discharge unit was ',used' to deliver 2.25 J (3kV, 0.5 ~F) of 'electrical 

,energy into the mini-sparker. A 2.54 cm ball hydrophone with a,resonant 

frequency of 80 kHz' was"used as the receiver. Signal s were fed into a 
Kemo filter with the bandwi~th limited to 1-20 kHz, and a gain of x 10. 

Velocity scans were 'carried out between 'boreho1es 5 to 6 and 5' to 4, 

with the source 'in boreho1e 5. Measurements were taken at 0.25 m 

i nterva 1 s, with both source and recei ver moving up from the bottom of 

the boreho1es in parallel. Fig .6:3:2 shows the velocity profile for 

scans between boreholes 5 and 6 and 5 and 4 respectively. The velocity 

profil e for the two scans appears to vary as muc;h as 100 ml s at si mil ar 

depths. This may be. associ~ted with the uncertainty .iF the position'of 
the source and receiver in the' boreho 1 e and the measured di stance (' 

between the boreholes. 

l' 

Initia-lly the velocHy appears to dE~crease slightly with an increase in 

the depth, showing a minimum at d,epths between 3 m and 3.5 m. The 
velocities i~creases on average with the intrease' in depth~ The 
velocity ~easurements obtai'ned in scan 5 to 4 were used for most of the 
calculations associated with assessing the possible position of the 
reflected pulse on the received wave 1orm! 

6:3:3 Field trial of the ACDER system 

The detailed working of the ACDER system has been discussed earlier in 
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.this chapter but a summary is given here to assist in the understanding 

in its operation in the field. 

Initially, both HRSP source and ACDER borehole sonde were deployed in a 

single borehole, but this arrangement was found to be impractical due to 

the shallowness of the borehole (only 5 m deep). Subsequently, two 

adjacent boreholes were used to deploy source and receiver. 

The HRSP source was deployed in boreho 1 e J, wi th the ACDER probe in 

boreholi 4, at a~ approximate depth· of~~m; The ~ystem was assembled an~ 

wired as shown in the block diagram in Fig 6:3:3. A master pulse 

generator produces a 10V pulse, which is applied simultaneously to a 

capacitor bank,· a stepper motor control circuit and a c.r.t. control 

box. With the application of a pulse, a capacitor bank was discharged 

through the sodium chloride solution in the HRSP to generate a shock 

wave. 

When the master pulse is applied to the ~tepper motor control unit, it 

advances the stepper motor in the ACDER sonde by .one step and thus 

rotates the directional receiver through 0.48°. At the same time a pair 

of ramps (one positive, one negative)· are generated and fed to the 

sine/cosine potentiometer in the ACDER sonde. The period of the ramp 

determines the range of the scan. 

The output from th.e sine/cosine potentiometer is buffered and fed into 

the X and Y inputs of a Tektronix storage oscilloscope. The electron 

beam of the oscillscope is positioned in the centre of the screen: X and 

Y gai ns on the osci 11 oscope were set at the same· 1 eve 1, i n su~h a way·· 

that when ramps are applied to the input, the beam moves from the centre 

of the screen to its perip~ery. 

Signals received on the directional receiver were transmitted to the 

surf ace through a set of s 1 i p ri ngs, fi ltered through a Kemo fi lter, 

amplified, buffered and then fed into the Z modulation of the Tektronix 

storage oscilloscope. The beam's brilliance control is reduced in such a 

way th·at a bright spot only appeared on the screen when a seismic signal 

was present. 

After setting up the ACDER system as descri bed above, surveys were 
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carried out using a pair of adjacent boreholes. Results showed that 

there were no identifiable reflections from the target, and that the 

receiver acted omnidirectionally for the wavelengths being propagated. 

Thi s was further emphasised when the fi rst arri va 1 from the boreho 1 e 

spark er was displayed on the oscilloscope screen as a thick bright 

circular band instead of just a short bright line, when the directional 

receiver was facing the source. Field trial of the ACDER system was 

abandoned because of poor di rect i vi ty of the recei ver sonde and the 

operation difficulty in making the electronic equipment function 

reliably in the continuous heavy rain. The above harsh conditions caused 

the magnetic tape recorder to malfunction and'record intermittently.The 

data presented below are from the field log book and Polaroid 

photographs. 

6:3:4 . Interborehole measurements 

Seismic measurements were carried out using the interboreho1e method to 

observe the presence of the large PVC pipe on the amplitude of a direct 

pulse and to identify a possible reflected pulse. 

I nterboreho 1 e measurements were carri ed out us i ng ball hydrophones ,as 

recei vers and the sparker as a source. Two sets of scans were carri ed 

out. I n the fi rst set the sparker was deployed in boreho 1 e 2 and the 

ball hydrophones in boreh-01es 5 and' 8 . .In the second set the sparker was 

deployed in borehole 4 and the ball hydrophonesin 6 and 10., In the two 

sets of scans, scans 2'-8 and 4-10 represented paths wi th the target 

between'the source and the receiver. 

For the fi rst set of scans (2-5 and 2-8), the di stances between the 

s.ei smi c source and the recei vers were. about equal and therefore no 

spreading corrections were necessary. Fig 6:3:4 shows the signatures 

from the tw,o ball hydrophones .at vari ous depths, with the upper trace 

representing scans 2 to 8 and the lower trace scans 2 to 5. Figs 6:3:4a, 

band c were recorded at depths of 2 m, 3.25 m and 4.5 m respectively. 

Reflectors from the target should appear on the lower trace at about 

6.5 ms with a phase reversal (due to the hollow, air-filled target), but 

it could not be identified on any of the signatures. The comparison of 

the amplitude of the first peak for~he two scans 2-5 and 2-8 are shown 

in Fig 6:3:5. The amplitudes of scan 2-5, without the pipe in its path, 
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FIG. 6:3:1 'EAST FLEET SURVEY - SIGNATURES FROM SCANS 2-8 ~ 2-5 

- 220 -

Trace 

1 

2 

3 

5 

6 



" E .....,. 
w 
CJ 
< 
LL 
0:: 
~. 
(I) 

x= 
0 
0:: 
LL 

::z: ..... 
Cl. w 
Cl 

1.5e 

1.75 

2.00 

2.25 

2.50 

2.75 

3.00. 

3.25 

3.50 

3.75 . 

1.e0 

. 1.25. 

1.50 

1.75 

5.0e. 

5.25 

'f. 
\'. 

f~ 
I '. 

'\ ~" 
\ '" 
, "'9- __ 

\ ---------

KEY 
-9- SCAN 2-5 
-&_ SCAN 2-S 

------\ ---" --------9 
I '"", 

} 
............. , 

••• '--v ------
/ ---------

/ ---------.---<\ v---
\ '. 

\ '. 
/'fJ ........ y 

/ ........ 
/ "" 

rI 1''' 
I : 
f " 
&.~-...... -

5.5e+---~----r----r----r---~--~.---~---' • I I I 

e.ee 2ee.ee 1ee.ee see.ee see.ee 
1si PEAK AMPLITUDE (mV) 

FI6~E 6:3:5 COMPARISON OF 1si PEAK AMPLITUDES FOR SCANS 
WITH PVC PIPE (2-S) AND WITHOUT (2-5) 

- 221 -



). 
I 

J 

are relatively greater than that of scan 2-8 at depths between 2.5 m to 
4.25 m. 

The signatures from the second set of scans (4-6 and 4-10) did not 
indicate the presence of a reflected pulse from the target either. A 
comparison of the amplitude of the first peak for the two_scans 4-6 and 
4-10 are shown in Fi g 6: 3: 6. The amplitudes of scan 4-6, without the 
target, in ,its path, are relatively greater than that of scan 4-10 at 
depths between 2.25 m to 4.25 m. The amplitudes of scan 4-10 have been 

corrected for spreading losses. 

The absen,ce of a refl ected" pu 1 se from the target can be exp 1 ai ned by the 

relatively smaller size of the target compared to the predominant 

wave 1 ength of the source and the cyl i ndri ca 1 shape of the target. 

Laboratory study (section 6:1 :4) had shown that the amplitude of a 

reflected pulse from a cylindrical sha~ed target was,considerably less 

than from a planar target, and'that the diameter of a cylindrical target 
had to be considerably greater than a wavelength for a reflected pulse 

t6 be identified; assuming there are no changes in other parameters such 
as the geology, the source 'output energy, -source/recei ver 1 ayout etc. 
The predomi nant frequency represented in the spi ke on trace 6 can be 

estimated to be approximately 2000 Hz, which represents a wavelength of 
about O.g m. The target diameter was 0.38 m; which is less than half the 
wave'length';therefore, it is not' surprising that there are difficulties 

in identification of a reflector frbm the target. 

The ,comparison of the ampli~~des for ~wo paths, one with a PVC pipe in 

betwee~ the source and the receiver and -the other path without, from the 

two scans, suggests that the former shows considerably more attenuation. 

The di fference in the attenuati on between the two paths appears to be 
large wh~n compared to the laboratory experiment (Fig 6:1 :35). The 
laboratory experiment indicated that a target with a diameter of about 

ha If the wavelength wou 1 d attenuate the amplitude by about 10%: The 

target would have to be about a wavelength in diameter to produce an 
appreciable reduction in amplitude (about 40%). This suggests that there 
may be other extraneous geological conditions which might have a 
considerable influence. 
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The in situ P wave velocity profile (Fig 6:3:2) shows that the velocity 
varies with depth and there is an indication of a probable slower P wave 
velocity layer at a depth of about 3 m, although the lack of a number of 
these measure~ents over a larger separation makes the positive 
identification of the layer difficult. Davis'(1983; Ref 154) and McCann 
and McCann (1975, Ref 113), who carried out seismic investigation of the 
site, suggest, that the first few metres of the Oxford Clay were highly 
weathered with some anisotr'opy. McCann and McCann (1969; Hef 57)," while 

investigating the in situ P wave properties of the sediments, concluded 

that the clay was layered ~nd there were high velocity layers consisting 
of fossil bands 'which considerably influenced the amplitude, de'pending 

on the frequE7ncy, thi ckness of the l'ayer and the separati on of the 
source and receiver. 

With a 1 i mited number of measurements' and in a cohes i ve sed,i mentary. 
formati on whi ch can exi bit ani sotropic behavi our, the results, were, not 

conclusive. A significant number of interborehole measurement' are 

required to obtain an in situ P wave velocity ,structure, both with depth 
and az i m4th . 

. ' 

In conclusion, the development ,of the ACDER system has been partially 

successful. A borehole source has be~n',develope~ which produces a single
spike s~aped pulse, as shown in 'Fig 6:3:4c. The instrumentation to' 
capture and di sp 1 ay the data functi oned, sat i sf actorily, but the des i gn 

of a directional receiver that could work in a 100 mm borehole requi.res 

further work. This was highljghted during the model study and has shown 
to be pre~ent in the field study as well. 
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7 DISCUSSION 

The application of the major seismic methods to delineate geological 

hazards associ ated with the presence of caviti es duri ng site 

investigation have been investigated and reviewed in some detail. Some 

of the geological hazards that may be encountered have been discussed 

and the effect of these on the seismic properties have been 
investigated. 

Prior to'the embarkation of any geophysical site investigation it is 

prudent to carry' out a comprehensi ve desk study. The desk study of 

hi stori ca 1 docunients, maps, 1 oca 1 church records, aeri a 1 photographs, 

local newspapers, etc may yield information for the civil engineers to 

assess the ri sk of ci vil engi neeri ng hazards. Thi s· may 1 ead to the 

identification of the type' of cavity, mine working and ground condition 

that might be present in the area so that consideration may be given to 

selection of the most suitable geophysical method for locating, ,the 

anomalous zones associated with the presence of a cavity. McCann et ,al 

(1982; Ref 95) emphasis'e ,the choice of selecting the correct 

geophysical method for the type of hazard in order to maximise the 

success of the survey and to prevent the waste of time, effort and 

money. Close co 11 aborati on between the site geol ogi st, ci vil engi neer 

and geophysicist is also emphasised to achieve a successful survey, 

since it 'is usually the combination of all the, available information 

that helps the site geophysicist to finally interpret the data and 
identify the hazard. 

, Most' of the case. hi st.ori es and i nvesti gati ons have been .ori entated 

towards the detectiorr of anomalous zones down to a depth of 50 m only, 

as this appears to be .the main area of interest in most site 

investigations. Some of the relatively shallower cavities result in 

some disturbance at the surface which assists in the detection of 

cavities using the geophysical method, because it effectively enlarges 

the area of di sturbed ground and presents itself as a much bi gger 

discontinuity. However, it must be emphasised that this anomalous ground 

condition must be sufficiently different from the surrounding material 

for it to be able to be resolved using seismic techniques. 

The chances of being able to identify an anomaly associated with 
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hazardous ground conditions using seismic methods are influenced by the 
physical dimension, shape and depth of burial of the cavity, the 
properties of the surrounding rock mass and the drainage conditions. 
These physical and geological·constraints are in addition to the seismic 
controlling factors, namely the source characteristics, with sufficient 
energy to be able to penetrate and resolve the changes in the physical 
properties with an adequate signal to noise ratio. However, with· the 
advent of microcomputers, it is feasible to increase the signal to noise 
ratio by stacking and thus produce an image of the gross variations in 
the physical properties using a computer processing technique such as 

tomography. 

7:1 Surface seismic methods 

The use of standard seismic refraction methods for the determination of 
depth to bedrock and the velocity of the materials is well established 

in the site investigation procedure. The method is capable of 

delineating. large discontinuities relatively near the surfac~, such as 

faul ti ng in. the rock mass. These are normally ·1 arge features and 
therefore represent a si gnifi cant anomaly beneath the sei smi c survey 

line. 

The collapse or thedi sturbance caused by a near surface c~vi.ty may 
produce· a geomorphological feature such as do1ines, which are often 

characterised by a surface depression. ·Seismic refraction lines crossing 
such a feature will appear as anomalous ·readings, but a very close 

geophone >.spacing .is required for details to be highl.ighted, assuming 

that there are .no other geological complications. A detaiied refracti~n 
survey of this type can become prohibitively expensive in most cases. 

The seismic refraction method has been applied with varying degrees of 
. success for the· actual detection of cavities. The success of detection· 

depends, as discussed earlier, on the size of the cavity as a function 
of the wavelength, shape, geology, and other properties. Normally, the 
drop-weight, hammer, etc are used as the seismic sources, which produce 
source wavelengths considerably greater than the diameter of the 
cavity. This is particularly accentuated by surface dep·osits such as dry 
sandy soil or peat, which absorb high frequency components. 
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f The seismic refraction survey at the Cocking site showed that it is 
feasible to identify the presence of a cavity, including the disturbed 
ground associ ated with it, by the delay caused by the wave trave 11 i ng 
from the source to the receiver. The geophone spacing used was 
considerably shorter than that in normal refraction surveys used for 
site investigations. The TIDE method developed was a good way of 
representing these delays as a map and may form a useful tool in the 
future to look at these types of variation~. However, it must be stated 

that a number of fi e 1 d studi es with different geo 1 ogi es is necessary 
before any conclusive evidence of the success of this method is 
established. On the other hand, most writers stress that the refraction 

method is most suitable 'for detecting changes in the, superficial 

deposits associated with the presence of voids or cavities. 

The seismic reflection method has been used in several cases to attempt 
the location of cavities and tunnels. The major difficulty with, the 

method is its lack of resolution, which is associated with the type of 
seismic source used and the attenuation of high frequencies caused by 

the surf ace 1 ayer, si nce' when the, wave 1 ength of the i nci dent sei smi c 
energy is greater than the cavity diameter, very little energy will be 

refl ected back to' .the surface. The shape of ,the cavi ty is another 
factor which will affect ·the amplitude of the reflected pulse. The 

laboratory experiment carried out in the tank has shown that the size 

and the shape of the cavity as a function of the wavelength are also the 

limiting criteria for the reflection technique to succeed. 

!,n, a shallow survey, reflections from near surface interfaces are oft~n 

completely obscured by the large amplitude of surface wave arrival~ and 

consequently are difficult to identify. The use of a high frequency 
. source , such as a sparker, mi ght well improve the s ituat i on if it is 

,combined with modern data processing techniques and an understanding of 
the basic wave-cavity interaction mechanism. The high frequency energy 

wi 11 be attenuated, so that under normal ci rcumstances the refl ected 
energy would be small and probably lost in the environmental and source 
generated noise.' The use of multiple geophone or accelerator arrays 
combined with digital stacking should reduce this problem. It may well 

be that the seismic reflection method will become more widely used in 
the future as improved systems become available for shallow engineering 
surveys. It is concluded that a high frequency seismic source 
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(700-1500 Hz bandwidth), used in conjunction with common depth point 

reflection processing, does have considerable potential for cavity 

location, but a practical system for, shallow depths ,down to 5 m has yet 

to be developed. 

The phenomenon of cavi ty'resonance has been reported by Godson and 

Watkins (1968; Ref 1.04), and a theoretical relationship was developed 

from Biot (1952; Ref 102) for an' idealised condition of a cyl'indrica1 

tube in an infinite solid, altho~gh Richtien and Stewart (1975; ~ef 105) 

were not able to i dent ify. any evenfs associ ated with cavi ty resonance 

on their seismic records when investigating for cavity resonance. Godson 
, ' 

and Watkins (1968; Ref 104) did obtain better resonance with near 

surface explosive charges, which were associated with the generation of 

Rayleigh waves. These waves are of fairly large magnitude ~nd could well ' 

be the triggering mechanism for the resonance of, the. cavity. Richtien 

and Stewart (1975; Ref'105) were of,'the opinion that su'rface waves of 

both the Love and, Rayleigh type are"the most effective for the 

detection and delineation of cavities. 

The conflicting reports on the observatiori and the use .of the seismic 

'resonance method i ndi.cates' that the resonance phenomenon is not well 

unde'rstood and that the theoretical model is for an ideal condition but 

not for a practical s,ituation. For instance, it i,s se1d,om possible to ' 

find a'cavity without some jointing, present on, its walls and with a, 

uniform diameter, which means that each segment of the cavity will have 

a~ un'i que' resonance frequency', wi th the joi nts act i ng as nodes. Another 

p~rameter to consider is the possi bil ity of different stresses on the 

walls because the overburden stress may not be equal to the horizontal 

stress and' in some cases the ~wo hOr'i zonta 1 stresses 'may not be equal 

either, particul~rly for, deeper cavities, in' which case the radiation 

'pattern'may also be affected. Finally, the amplitude of the 'resonant 

frequency will also be affected by an infill, making it more difficult 

to identify. 

Ther'efore, it is not surprising that there is difficulty in the 

observation of cavity resonance because unless an ideal condition 

exists, the chance of observation may be minimal. 
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7:2 Borehole seismic methods 

The interborehole seismic method allows an access to the seismic waves 

into the rock mass, without the influence of the superficial sediment. 

Thi s improves the reso 1 ut ion, ,as re 1 at i ve 1 y hi gher frequency. and energy 

are imparted into the rock mass. 

Most site investigations'require the drilling of a few boreholes which 

can be used. to carry out in:terboreho i e sei smi c measurements. The rock 

mass between the boreho 1 es ;~tan be assessed for ,the dynami c modu 1 i and a 

possible engineering hazard by making careful seismic measurements down 

the 1 ength of the boreho 1 es. The advant,age of the method is that the 

chances of detecting hazardous zon'es are greater, provided that the 

geology and possible variations in in situ seismic properties are ~well 

established. The best results are obtained with a repetitive high 

frequency source having a well defined signature and reliability, such 

as the High Resolution Spark er ,Probe (HRSP) developed during this 

research, combined with the digital stacking technique. 

fJ. fi e 1 d experi ment was carri ed out duri ng the research programme to 

assess the use of the interborehole method for detecting a cavity, 

represented by a 5 m, di ameter di sused tunnel at Cocki ng. The results 

show, in this case, that the tunnel forms a significant discontinuity 

and affects both the overall travel time and the amplitude of' the 

received signal. A practical exam'ple of the use of this method in a site 

'investig~tion is the survey of a' suspected cavity beneath a house in 

,:'t1aidstone. In this case, interborehole seismic scanning was the only 
"\ '",'~ 

:',poss,ible geophysical. method that could be applied to this difficult 

situation. The results indicate that the presence of a gull in the Hythe 

Beds did affect the overlyi ng beds and thi s was characteri sed by 

significant changes in the seismic properties, particularly the signal 

amplitude. McCann et al (1975; Ref 113), while carrying out 

interborehole work, using a pair of boreholes in the vicinity of -an 

infilled sinkhole chalk, relates the changes in the seismic velocity as 

an indication of the presence of the sinkhole. 

The interborehole seismic method is probably the most suitable ,seismic 

method that can be used for detecti on of ci vi 1 engi neeri ng hazards 

during site investigations. The separation of the boreholes will depend 
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on the local geology, the depth of the water table, etc, but a 
separation of about 25 m when trying to delineate a discontinuity of 
about 5 m diameter seems reasonable, provided there is an adequate 
seismic impedance contrast between the discontinuity and the surrounding 
rock mass. It should be noted that, for smaller discontinuities to be 
resolved, the borehole separation may have to' be reduced. In some cases, 
when the di ameter of the cavi ty is sma 11 er than the wavelength, it is 
possible for the seismic energy to be diffracted around the cavity, and 
it is then extremely difficult to observe the, effect of the cavity on 

the received seismic signal. T-he above figures are only given as a brief 

guide, since there are no definite rules regarding the resolution which 

might be obtained without other considerations discussed above. 

One of the points highlighted by this investigation is, the use of a 

comparat i ve method, whereby the sei smi c propert i es of two paths are 
compared, one with a cavity and the other without. This technique 
appears to be extremely useful ~ecause it reduces the effect of the 

boreholes and highlights the local. variati6ns in the seismic properties. 
Ideally, two seismic sensors ought to be used simultaneously 'in two 

separate boreholes, with the source in a third borehole, to account for 

a possible variation in the output of the seismic source. 

The surface to borehole seismic method is another useful method for 

identifyin~ local variations in the seismic properties caused by the 
presence of a cavity. The surface to borehole seismic method is 

basically a combination of the surface and borehole seismic methods. I~ 

its most advanced form it is known as vertical seismic profiling, a 

method whi ch is wi de ly used in the oil i nd~stry. The method used at the 

Cocki ng site' illustrates the use of the method for a shallow site 

investigation. By moving the seismic source around a borehole at several 

different distances, it is possible to investigate a con~ shaped volume 

of the rock mass. 

The boreho 1 e can be pos it i oned in such a way that there is reasonable 
overlap of the volume of investigation and, hence, it is possible to 
determine fracturing and anisotropy of the rock mass and the presence of 
cavities, provided that the travel path of the seismic pulse does 
intersect the cavity or geological discontinuity. The relationship 

between the wavelength of the incident seismic energy and the cavity 
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size is again critical since, for a falling weight source, a small 
diameter cavity would probably have very little effect on the travel 
time and amplitude. It shou 1 d be noted that the presence of the cavity 
does affect the properties of the surrounding rock mass, and it is this· 
that may affect the seismic signal rather than the cavity itself. 

7:3 Single hole method 

The concept of a single hole method (ACDER) for the detection of 
cavities is very attractive, because a considerable volume of the rock 
mass around a borehole 'could be investigated using a single hole. The 
development of the ACDER method can be divided into three basic groups: 

the source, the receiver and the instrumentation/display. 

Laboratory experi ments' were . carri ed out to invest i gate the 

characteristfcs 'of the sparker source and the receiver, an9 to observe 
the effect of the cavity·on a seismic pulse. 

Laboratory experi ments showed that the output energy from a sparker 

source is a function of a number of variables, such as the conductivity 
of the solution in the spark chamber, electrode separation, shape of.the 
electrodes, energy input, the material used for the chamber, etc. All of 
the above vari ab 1 es can be grouped into two bas i c mechani sms in the 
functioning of the sparker source, which are: the efficient conversion 
of the electrical energy in a plasma bubble (which produces the shock 

wave) and the maximl!m transfer of thi s energy from the spark chamber 
into the surrounding ro~k mass, with the desired shape of seismic putse. 
The efficient generation of the plasma bubble is related to the ~urrent . 
density produced between the two electrodes in the conductive fluid~ ie 
the greater the current density, the larger the plasma bubble. The final 
output energy and the pulse signature are affected by the material used 
in the construction of the sparker chamber. Chamber resonance associated 
with the metal sparker was' eliminated by using soft plastic or cotton 
reinforced rubber tube. This produced a sharp pressure spike, as 
requireq for the seismic source in the concept of the ACDERsystem. 

A borehole sparker was subsequently developed with an output signature 
showing a sharp and short pressure pulse. This borehole sparker source 
is referred to as the HRSP, and it fulfills the original design criteria 
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for a borehole seismic source required for the ACDER concept. The reason 

for the difference in shape of the output signature between a metal 

sparker and the HRSP, and possible mechanisms associated with it, is 

discussed in section 6:2:2. Free field measurements carried out at sea 

show that a directivity pattern can be regarded as reasonably constant 

for a total angle of 120° in the vertical direction, ie 60° from the 

horizontal pla_ne centred in the middle of the sparker. 

Directional' properties of a small single disk shaped receiver transducer 

which can be housed in the ACDER receiver sonde were investigated using 

theoretical modelling. The theoretica·l modelling of a single receiver 

transducer directivity shows that a directivity of 2° required for the 

ACDER concept to, work, could not be attained at the frequency of 

interest (1000 Hz)". The difficulty of generating the required 

directivity was emphasised in the directivity monogram by Urick (1975; 

Ref 139). In light of thi-s, the possible use of arrays, was considered 

and a. bri ef descri pti on of the vari ou~ types of arrays and thei r' mai n 

- advantages and di sadvantages was di scussed. The desi gn of a dj recti ona 1 

array that can be housed in the ACDER receiver sonde appears to be one 

of the main topics that need further development. 

Laboratory model experi ments were carri ed but to assess the effect on 

the amplitude of 'the pressure pulse when cylindrical obstructions of 

differing diameters were placed in the path of the source and receiver.

The result showed that the pressure amplitude parameters are very 

sensitive to the presence of obstructions.' An obstruction with the 

diameter of· a wavelength- reduces the amplitude by approximately 40%, 

which is a very good indication 'of a disconti·nuity. 

Laboratory experiments to identify r.eflections from cylindrical targets 

with varyi ng di ameters showed that a ref'l ected puls~ from a curved 

surface became noticeable when a cyli-ndrical target was just over three 

times the wavelength, but a reflection from a pranar target of similar 

width was clearly identifiable. This demonstrates that reflections from 

a curved surface comparable to the wavelength will be difficult to 

identify. 
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The field trials of the ACDER system at East Fleet were not successful 

in terms of the over a 11 concept,· due to the 1 ack of the di rect i vity 
associated with the receiver, but the HRSP sparker and the display unit 
worked as per the-design criteria. 
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8 CONCLUSIONS 

a A comprehensive desk study of historical documents, maps, local 
church records, aeri a 1 photographs, 1 oca 1 newspapers, etc, is 
essential to identify local geological and mining conditions, as 
it will ultimately save time and money. 

b The seismic, refraction method is most suitable for detecting 
changes in the superfi ci a 1 deposits and drai nage conditi ons 
associated with the presence 'of voids or. cavities; the TIDE 

'method may' assist in the representation of these subtle changes. 

A survey, of this type would require geophones to be spaced very 

closely and thus become prohibitively expensive. 

c The seismic reflection method comes closer than most geophysical 
techniques to providing a picture in' cross-section of the 

geological structure that can, be readily interpreted. The 

fail ure of the method, at present, is caused by the 1 ack of 

resolution associated with inadequately high frequency seismic 
sources due to the attenuati on of hi gh frequenci es caused by 
superficial deposits. 

d The phenomenon of ,cavity resonance has been observed and a 
theory has been postulated for an ideal condition, but its 
practical application in locating cavities is in doubt without 

considerably more research, especi~lly when the cavity is 

partially filled with slurry or infill. 

e The i nterboreho 1 e method was the most successful of a 11 the 

seismic methods for the detection of hazardous ground conditions 
associated with cavities. The limiting factors ~re the 

complexity of the system, the relative slowness of a survey and 

the necessity of boreholes, which may make the interborehole 
method rather expensive. The size of a cavity that may be 
identified will depend predominantly 'on the wavelength of the 
seismic source in a particular geology, the saturation 
condit i on, the attenuati on characteri st i cs of the -materi a 1 and 
the separation of the boreholes. The attenuation of the 
amplitude of the seismic wave is the most sensitive parameter to 
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the presence of a discontinuity. The comparison of amplitudes 
between two wave paths, one path with a discontinuity between a 
source and a recei ver and another without the di scont i nuity, 
forms a very useful method of identifying a discontinuity. 

f The surface to borehole method is also a useful technique, but 
is limited by the cone shaped volume of the ground investigated 

and suf.fers from a lack of resolution caused by surface 
deposits. It is a simple method and is less time consuming and 

expensive than the interborehole method. One of its main 
advantages is that variation of the seismic properties with 
depth and azimuth can be measured with relative ease. 

g The concept of the single hole method for site investigation is 

perhaps the most exciting technique proposed in recent years. It 

offers the advantage of improving the resolution of detection by 
moving the source and the receiver away from the surface 

deposits, using the interborehole method', and the potential to 

investigate considerably more volume of ground' away from a 

borehole. The final presentation and interpretation of the data 
could be relatively easy, and comes very close' to the concept of 

an on-line cavity detection method. The method has been 

partially devloped but requires further research in terms of the 

development of a directional receiver followed by field tri'als 

in various geological conditions to evaluate its 'limitations. 

h The successful development of the high resolution $parker probe 

(HRSP) is encouragi ng, as the main reason why the 'i nterboreho 1 e 
techni que is not used in the oi 1 industry is the 1 ack of a 

reliable downhole seismic source which can be operated using a 
standard wireline logging cable. In future, the HRSPcould be 
further developed so that a power supply and a trigger unit 
could be included to form a single unit to be operated using a 
wireline logging cable. The experience and the knowledge gained 
during this research can be applied to convert efficiently the 
electrical energy into a shock wave with the desired output 
signature to produce a reliable downhole seismic source for use 
in the oil industry. 

- 235 -



9 RECOMMENDATIONS 

a The submissio~ of detailed plans of mine workings and shafts was 
not made compu 1 sory unt il 1872, and in vi ew of the amount of 
mining carried ~ut prior to this date and the present need for 

building land, it seems essential that comprehensive mapping of 

all disused workings and shafts should be carried out, either by 

local authorities or by central government. 

b Further i,!vestigati'ons' are required to assess the usefulness of 

imaging techn~ques such as the TIDE method, and possible 

adaptations of the· technique for three dimensional imaging using 

refraction' surv~ys. 

c Further research is. required to ad,apt the seismic reflection· 

technique for site investigation by the ,use of high energy, high 

frequency sources to improve the resolution. 

d Imagi ng t~chni q'ues can be used in i nterboreho 1 e sei smi cs, in 

which 'variatio.nsin· velocity. and ampHtude are applied to 
'generat'~ im~g~s. (tomogra'phy) ~ , 

e More theoretical and l'aboratory studies are necessqry to obs~rv~ 

the effect of different cavity shapes on di rect and refl ected 

waves, and diffr.action and scattering associated with it. 

f A feasi bil ity study is requi red to assess the generati on of a 

directional receiver beam using a number of horizontal boreholes 

on a verti ca 1 plane, with each boreho 1 e contai'ni ng a phase array 

receiver. Receiver arrays operate together to form a horizontal 

directional beam; which might be able to detect a reflected 

pulse from a large discontinuity. 

g The HRSP sparker has been used successfully, in geothermal 

research, to identify fractured zones in a granite rock mass to 

a depth of 300 m. It was used continuously over a period. of days 

without the necessity to refill the chamber. Further research is 

still necessary to quantify or derive a relationship between the 

various parameters associated with generation of a seismi~ puls~ 
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from a sparker. Some of these parameters were di scussed 

qualitatively in this thesis, but a quantitative assessment 

would enhance sparker efficiency and output signature shaping. 

h The use of hi gh frequency shear waves in i nterboreho 1 e surveys 

with three component cl amped sondes may be another method for 

identifying cavities, particularly those filled by slurry or 

water, as the shear wave will not propagate through these 
infills. 
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APPENDIX II 

SEISMIC RESONANCE SURVEY 

The only commercially available system in the UK based on the seismic 
resonance method is known as the SHRIMP system. The system consists of a 
P wave sweep generator and a matrix of accelerometers mounted on steel 

spi kes as recei vers. These accelerometers were 1 ai d out withi n a 20 m 
radi us of the sweep generator and any vi brati ons wi thi n 'the verti ca 1 

direction directly below the accelerometer will be detected by it. As 
the P waves are swept through the frequency range (3-200 Hz), they 

propagate downwards and outwards hemispherically. If a different 

structura 1 impedance from that of the surroundi ng medi a is encountered, 

this surface begins to participate in the induced surface motion 

(resonate), requiring less driving force to maintain the acceleration at 
that particular frequency. In other words, on reaching the resonance 
frequency of the cavity, it osci 11 ates with increased amplitude whi ch 

can be easily detected. 

The SHRIMP system uses two vehicles: one vehicle houses the transmitting 

(vibrator) equipment and the second contains the signal recelvlng 
'instruments (Fig 8:1). Once on site, the two vehicles are placed 20 m 

apart. The vibrator is positioned with the appropriate weights loaded on 

it to generate the requi red energy., The vi brati ons of the mass are 
coupled to the ground by a circular steel plate (50 cm diameter). On 

hard and dry ground, the coupling plate would have to be anchored to the 

surface with some sort of fixture (rawlbolts for example), but on soft 

and wet ground, the plate would bury itself and provide a good coupling. 

On the signal detection side, holes are made in the surface of about 

40 cm diameter and 25 cm deep, to suppress the larger Rayleigh wave 

interfering with low frequency signals from a possible inclusion in 
ground. These holes are positioned to form a coarse matrix of about 5 m 
between holes. Steel spi·kes are driven into these holes and the 
accelerometers are mounted on the spikes. These accelerometers are 
covered with plastic spherical shells which act as windshields. 
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The vibrator's sweep frequency is controlled by the function generator. 
As the vibrator sweeps from 3-200 Hz, signals from each accelerometer 
are exami ned in turn to see if there is a resonance at any parti cul ar 
frequency (Fig B:~). Initially, a coarse grid map is drawn showing areas 
of significant resonance, and following this these areas are examined in 
detail py repeating the whole procedure with a fine matrix of about 1 m 
separation over the areas. This last detailed survey would give some 
indication to the size of the cavity looking down at it from the surface 

(plan view), but not the depth. The depth of the cavity and the distance 
of the' cavity from the surface would have to be investigated by the 
normal drilling process. 
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(a)- Signals from 4 Accelerometers v,ith Vibrator 
in Sweep 110de (3 - 120 Hz) 

(b) Signals from the Same 4 Accelerometers wie1 
Vibrator Tuned to Resonant Frequency of No. 

4 Accelerometer (28 Hz) 

FIG. 8:2 TYPICAL FIELD RESULTS FROM 
THE SHRIMP SYSTEM 
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APPENDIX III 

DESIGN OF A HIGH VOLTAGE CAPACITOR DISCHARGE UNIT 

Introduction 

The seismic pulse is generated by discharging a high voltage capacitor 

across a gap in a cylinder containing a saturated solution of sodium 

chloride. High voltage is selected because the energy stored in a 

capacitor i s ~CV2, i e the energy stored goes up by the square of the 

voltage increased. This also reduces the size of the capacitor that 

would have to be used to store the same amount of energy at a lower 

voltage. Stored energy in' the capacitor is discharged' across the spark er 

gap, using a series string of thyristors as a switch. 

A unijunction transistor is used as a relaxation oscillator. The pulse 

from the unijunction transistor is shaped using a Schmitt Trigger and 

then applied to the base of a high gain Darlington pair. The primary of 

the pulse transformer is connected' between the positive rail and· the 

collector of the Darlington pair. The three secondaries of the pulse 

transformer are connected across the gate and cathode of the' three 

thyri stors, thus tri ggeri ng all three thyri stors si multaneous ly when a 

pulse is applied to the primary winding .of the pulse transformer. 

High voltage DC supply (0-3 KV) 

The 240V AC supply is applied to a variable autotransformer (Tl) threugh 

a deuble pele switch SWl and a 250 mA fuse (FS1), as shewn in Fig A:l. 

the wiper .of the autetransfermer is cennected to the primary .of the 

step-up transformer (T2). The .output frem the transformer is rectified 

by LA60 rectifi ers, and after smeethi ng by Cl, Rl and C2 is passed to 

the pesitive .output terminal. Resisters R2, R3 and R4 limit the .output 

current under shert circuit cenditiens te 20 mA~ Meter Ml, in the 

divider chain R5-Rll, indicates the veltage at the .output terminal .of HV 

DC supply. 

A 11 the compenents are meunted en a geod quality resi n beard and a 

minimum air gap .of 5 mm is allowed between the cempenents and HV and' the 

earth. A 11 the interconnect i ens between HV cempenents are made by HT 

cab 1 e (red). 
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R1 R2 R3 R4 A 
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C1 C2 
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, (International Rectifiers) 

C1 0.1).lF 4KV 'D.C. \OIKG 
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R1 - R4 50KQ, 15W, 5% i'l/W 

R5 - R11 4.3MSl, ~W, 5% 

H.V. o.e. SUPPLY 

:~:': R 5- R10 
.( 

M1 0 
R11 ~ ,,' 
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1 

Capacitor bank and trigger unit 

Capacitor C3 in Fig A:2 is used as the stored energy to be discharged 

across the spark gap. Although the term capacitor bank does not apply in 

these circumstances, the initial hopes were to have a set of capacitors 

which could be switched into the circuit depending on the amount of 

energy required. The lack of space in the instrument case and the 

difficulty in obtai.ning high voltage rotary switch made this 

impractical. 

The maxi·mum voltage across the capacitor is 3000V, while the maximum 

vo l.tage rati ng of the thyri stors is 1400V. Thi s woul d' requi re three 

thyristors to be connected in series. 

When thyristors are connected in series to form a high voltage switch, 

it .i s essential to ensure that no thyri stor is subjected to excessi ve 

voltage under either static or dynamic conditions (Refs 37, 38).'. The 

di stri buti on of the static part of the switch commutati ng voltage among 

the thyri stors withi n th,e switch is governed by the 1 eakage resi stance 

of thyristors. However, this resistance will differ from unit to unit, 

due, to the normal spread in their characteristics. Therefore, external 

measures have to be'taken to force equal voltage distribution among the 

thyristors. A common method of achieving. equal voltage distribution is 

to provide voltage dividing resistors in parallel with each of· the 

? thyrist0rs. For 'reasons ·of. standardisation, a common value of voltage 

equa'lising resistor (12,. 13, 14) is chosen across thyristors, and the 

value· is calculated from knowledge of var;'ation in the 'leakage 

resistance of thyristors, and the maximum permissible voltage across a 

single thyristor. 

Values of the shunt resistors can be calculated from the equation 

Rs (N~VA - V1N)/(Ns - 1) IR ~ (A:l) 

where Rs = shunt resistor 

Ns = number of devices in series 

VA = rated device voltage 

V1N = voltage across series string 

IR = leakage current (see Note 1) 
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l1 
A ,&-____ ~~~~~~--__ ------------~ 

R12 
T/S 

C3 
R13 

T/S 

R14 
T/S 

SC2 .-+---i 

I 

A 

C3.' 0'-25 uF 

c4 : 0.47 uF 

4KV WKG D.C. 

100 V WKG NICA 

R12-:R14. 100Kn 10W w/W r:JjG 

R'15 2.2JL ~W 5",,6 

R17 1.1Jl. ~W 5"~ 

R19 2 • 2.J1 ~W 5",,6 

R16, R'18 , R20 1KJ2. ~W % 
R21, R22 470K.n ~W % 

R23 5K".n.. ~W 1Jl,,6 

SCR1 

SCR2 

SCR3 

c4 

,I 

Sparker 
output 
socket 
SC1 

L 1 100)JH 

T/S Transient suppressor 
1400 V 

SCR1 - SCR3 A.E.L CR6/1403 REA Thyristors 
(See Appendix 4 for details) 

SC1 U.H.F. Socket 

SC2 B.N.C. Socket 

FIG. A:2 CAPACITOR DISCHAhtjE UNIT 
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Note 

IR is the value of forward or reverse leakage current, whichever is the 
greater. This value can be modified to cover only the range of expected 
leakage current at the voltage the device is required to withstand, IR. 

Substituting values Ns = 3, VA = 3000V, ,and IR = 5 ~A yields Rs = 120 K 
and a power rating of I2R = 10 W. The nearest available value is 100 K, 
lOW. 

Any transi ent, voltage conditi on that the thyri stors may experi ence is 
taken care of by capacitor C3 (which provides an AC path to earth), and 
the transi ent suppressors (IS) across each thyri stor. 

Thethyristors are switched off as soon as the anode current falls below 
the minimum holding current of the thyristors. 

In a series chain, si-nce each thyristor is at a different potential 
level, it is obvious that· their adoption presents difficulties of 
firing. The firing pulses, which are generated by the control circuit 
near ground potential,' have to be transmitted to the gate-cathode 
terminals, which are elevated at high potential. One of the methods·to 
achieve this isolation is to use a pulse transformer (Ref 77). 

Transformer T3,' shown i'n Fig A:2" is such' a pulse transformer. The 
construction detail is described later in this chapter. The resistance 
R15 (R17 and R19) is chos'en such that maximuni current in it, assuming 
thyristor input resistance to be zero, is within the rating of the 
thyristor gate, transistor Q5 in Fig A:3 and the power supply to Q5. 

R16, R18 and R20 are chos,en to 1 i mit interference to a safe 1 eve 1. The ' 
most common interference source is the thyristor power circuit. When the 
main supply switch is closed, there is a sudde~ change of voltage on the 
thyr.i stor cathode. Thi s causes current to flow .through the i nterwi nding 
capacitance of the.pulse tra~sformer. 

If there are variations in output of the secondary winding of the pulse 
transformer, R15, R17, R19 and R16, R18 and R20 can be adjusted to give 
the same output from each of the secondary wi ndi ngs of the thyri stors, 

so that all the thyristors are fired at the same voltage and power. 
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A lOV pulse is provided through a series chain Cl, R21, R22 and R23 to 

trigger the cathode ray osci 11 oscope externally. 

Pulse transformer construction 

,A pu 1 se transformer was requi red with' one pri mary and a secondar.y to 

fire the three thyristor gates, which were at different potentials. 

Most commercial pulse transformers ,did not have the high ,insulation' 

requi red between the windi ngs. The i n~ul ati on between the pri mary/ and 

the secondaries 'had to withstand a potential of 3000V DC, arid the 

maximum potential between the secondaries' windings was 2000V DC. 

The only ferrite rings, available were Mullard FX' 1588. Two of these 

'ferrite rings wer~ used. They,were taped together ,in four places'by ~ in 

'P.V.C., insulation tape, and then a few layers of' P.T.F.E. tape were, 
. - , 

wound on top of the 'P.V.C., followed by a few turns'of P.V.C. insuJation 

tape on top of the P.T.F.E. tape, as'shown in Fig A:3~ , 

P.,v.t:.. T~APE ~F--~-" ,F~~~~E 
M· 1 

• 
, 11 

t - - - _:;.I! '. "t 

P.l:..f.t.. TAP€ ~ ___ ' 

FIGURE A:3 PULSE TRAN~FORMER 
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Thirty turns of 30 S.W.G. enamelled copper wire were wound on top of the 

P.V.C. tape, making sure that the coils were lightly wound and the 

direction of windings was the same for all the four windings. 

The entire assembly was potted in Araldite. 

Pulse generator 

Unijunction transistor Ql is used as a relaxation oscillator, as shown 

in Fig A:4. When a voltage is applied to the circuit, capacitor CS 

starts to charge up through R24 and VR1. Initi ally the emitter of Ql 

will be at earth potential, but as capacitor CS charges, the voltage at 

this point rises. When it reaches a certain point (about 4.SV in this 

case), bl and b2 are virtually short-circuited and current wi'll pass 

through R2S, R26 and Ql. At the same time, CS will discharge through R26 

and the device will become open circuit again. The same process will 

start all over again, so that a series of pulses appears across R26. The 

output is in the form of a positive going pulse. If a negative going 

pu 1 se is requ i red, the output can be taken from b2 through a 0.1 F 

capacitor. A sawtooth wave form is available from the emitter, but it 

should only be connected to a high impedance load; otherwise operation 

of the relaxation oscillator will be affected. 

The frequency of the pulses depends· on the relationship of the 

resistance made up from VR1, R24 and capacitor CS. Larger values of 

capacitor win increase the time interval between the pulses, while 

smaller values of capacitor will decrease intervals between the' pulses 

(ie, increase the frequency). Resistor R24 limits the current through 

the emitter, so that it cannot be connected di rectly to the positi ve 

rail; this would cause damage to the device. 

Output from the unijunction transistor is applied ·to the base of Q2, 

through the selector switch SW3. Q2, Q3, R28, R29 and R30 form a Schmitt 

Trigger. In the normal state no input is provided and Q2 is therefore in 

the off state, and since VC2 = VCC Q3 is switched into ~ard saturation. 

When a positive voltage is gradually increased at the input terminal, a 

point will be reached when Q2 will switch on. The circuit current in the 

off state of Q2 is given by 
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R25 R28 R29 

N 
R24 22K -a-w % C5 10 uF 16v D.C. Elec. 

0"1 

~w 5% C6 0.068 0"1 R25 2.2K -25V, 

R26 100..n. ~W 5% C7 3000 uF 16v Elec. 

R27 5.6K ~W 5% c8 1250 uF 16v Elec. 
R28 10K ~W 5"~ VR1 1M LOG. POT. 

R29 5.6K ~W 5% 
R30 50n ~W 5"~ 
R31 1K ~w 5% 
R32 560 ~W 5% 
R33 1K ~W 5"~ 

A{4 FIG. 
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V
CC

/(R29+R30) - (A:2) 

as only O.lV is dropped by VCE3 sat. From this the triggering voltage to 

switch Q2 into the on state may be determined by 

Vtrig (on) (V
BE2 

+ R30.V
CC

)/(R29+R30) - (A:3) 

When Q2 switches on, VC2 drops to VCE2 (sat) + VR30 . There is not 

suffi cient voltage to support V BE3' and thus Q3 is cut off, causi ng a 

.positive going output at B, with a corresponding negative going 'output 

at the collector of Q2. Since both transistors share the same emitter 

resi stor, duri ng 'the actual swi,tchi ng operati on, as the input pul se 

causes the Q2 collector to go negative, IC3 starts to reduce at the sam~ 

moment that' IC2 ·starts to increase. The reduction of emitter current in 

Q3 encourages,the current to be transferred to the emitter which is now 

opening up, that of Q2. A regenerative effect thus occurs, the switching 

off of Q3 speedi ng up the switchi ng on of Q2. Q2 wi 11 stay in the 

,conduc~ing state for as long as a positive voltage is applied at the 

input. If this voltage is reduced, Q2 will switch off as soon as its VBE 
is not supported. The switching off of Q2 speeds up the switch on of Q3' 

and again fast ed~es are realised. 

Output from the Schmitt Trigger is applied to the base of Q4 through'R3l 

and C6~ Q4 and Q5, form a high gain Oar1ington pair. The primary coil of 

the pulse transformer T3 is connected across the positive rail and the 
" , 

collector of Q'S'. When a positive pulse is applied to the base of Q4, QS 
~ " . 
conducts heavily and is saturated. This energises the'primary of T3 and 

causes a positive pulse output on the three secondaries of the pulse 

, tran~former. 01 chops the negative going pulse when QS is turned off. 

Light emitting diode LED l acts as a visual indicator every time a pulse 

is fired. Q6 drives LED 1 and R32 is ·the stand-off resistor to take the 

excess voltage. 

Power to the pulse generator is provided by step-down transformer T4. 

The low voltage AC output is rectified and smoothed by 04, OS and C8. 

Thi s unregu1 ated output is stabil i sed by usi ng a seri es regu1 ator. 'Q7, 

Q8, R23, 02, ,03 and ZOl form the series regulator. ZOl is the reference 

element, and 02 and 03 are used to compensate for the increase in VBE of 
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Q7 and Q8 due to temperature rise. C7 provides the energy required 

during the conducting cycle of the primary of the pulse transformer T3. 

External triggering and single shot facility 

The ,external triggering facility is provided by ins'erting a rotary 

switch SW3 between output I L I of the Ql and input I M I 'of the Schmitt 

Trigger, as shown in Fig A:5 .. Any external pulse will have to be from 
medium to low impedance output. 

EXl. TRIG . 

• 
1 

OFF 

To 'M " , 
(Fig. All ) 

• Internal 
(from L on 
Fig. A4 ) 

C10 

I 

R35 1K 

+ 10V 

[}- SW4 

C9 

FIG. A:5 EXTERNAL TRIG. & SINGLE SHOT FACILITY 

When push button switch SW4 is pressed, C9 charges through R34, giving a 

positive pulse out through C10 and SW3 to the input of Schmitt Trigger 

'M'. The height of the pulse is the same as that from the unijunction 

transi stor, i e' 5V. R35 di scharges the capacitor as soon as the push 
button switch is released. 
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le 
213 
313 
413 
513' 
613 
713 
,813 
913 
lee 
1113 
1213 
1313 
1413 
1513 
1613 
1713 
1813 
1913 

'21313 
2113 
2213 
2313 
2413 
2513 
2613 
2713 
280 

,2913 
31313 
3113 
3213 
3313 
340 
3513' 
3613 
3713 
3813 
3913 
41313 
4113 
4213 
4313 
4413 
450 
4613 
4713 
4813 
4913 
51313 
5113 
5213 

APPENDIX IV 

OPT! ON BASE 1 
COM A~B,R,Lamda,Theta,PC3ea) 
! 
BEEP 
l~p8T "Input A, R, B and L~mbda",A,R,B,Lamda 

RAIl 
Mx=e 
X=PI*B/Lamda 
I~=O 

FOR 1:=13 TO 90 
N=IHl 
'Thet a= I *p 1/ 1813 
Y=SINCX*SINCTheta» 
IF Y=a THEN Theta=Theta+.al*PI/18e 
PCN)=2*A*CSINC2*X*SINCTheta»/(2*SINCX*SINCTheta»»/R 
PCN)=ABSCPCN» 
IF PCN»Mx THEN Mx=P(N) 
GO TO 2713 

IF 1)13 THEN 2513 
OUTPUT a USING "113/" 
OUT PUT a;" A = 'I ; A; " R = " ; R 
OUTPUT a; "LAMBDA=";Lamda; " B=";B 
! . 

IF I'MOD '2=13 THEN OUTPU~ e;l,p(N) 
IF ·1=913 THEN OUTPUT 13 USING "#,B";12 

NE>.::r I 
PLOTTER IS "GRAPHICS" 
GRAPHICS 
SCALE -913,913 ,'a, Mx 
MOVE 9~,a 
PLOT ';'913,13,-1 
MOVE 13,13 
PLOT a,Mx,-l 
MOVE -9a~PCN) 

K=N 
FOFi: I =-89 TO a 

i<=K-l 
PLOT I,P(K),-l 

NE;"':T I 
K=€l 
FOFi: 1=1 TO 913 

I<=K+ 1 
PLOT I,PCK),-l 

NE>-:T I 
OUTPUT a USING "12/" 

. OUTPUT e~"A=";A;" R=";~ 
OUTPUT 13;" LAMBDA=" ; Lamda; " B=" ; B 
OUTPUT a; "MAXIt1UM=";t1x 
DU~lP GRAPH I CS 
OUTPUT 13 USING "#,B";12 
ENII. 
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