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- ABSTRACT

The purpose of this thesis was to develop an understanding
of principles behind seismic shear waves and their sources. From
this understanding a 1light weight shear wave source is to be
designed to be used for underwater applications in conjunction
with the Seismic Cone Penetrometer research being carried out in
the Civil Engineering Department of the University of British
Columbia.

To gain a better understanding of seismic shear waves and their
sources, a thorough review of the literature published on the
subject is conducted. The theory of radiation and receiver
patterns of shear waves is discussed. Descriptions of various
shear wave sources, including advantages and disadvantages of
each are presented, whereupon a frictional plank type source is
selected.

To determine the effects of normal force, impact energy, and
coupling to the ground, a simple pendulum block source was built.
From this data, and work done by other authors, recommendations

for a suitable seismic shear wave source are given.
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1. INTRODUCTION

1.1. Soil Dynamics

In the last two decades, the study of soil dynamics has
become increasingly popular due to the many engineering problems
in which the dynamic behaviour of soil is of significance. The
largest areas of interest are in the fields of earthquake and
coastal engineering.
1.2. Shear Modulus as a Geotechnical Parameter

The shear modulus, G, 1is a powerful soil parameter which
relates shear deformation, ¥, to shear stress, T ,(Fig. 1.1) by
the relationship:

T=06*¢ Ceveeevsseaseeseesensssessasal(l)

SHEAR STRESS

SHEAR STRAIN

Fig. 1-1: Definition of Shear Modulus
(after Massarch 1980)



By knowing the shear modulus, G, and bulk modulus, K, the stress
strain state of an isotropic soil can be completely described.
Shear modulus 1is also used in soil dynamics, to determine the
liquefactional susceptibility of a soil. Chapter 2 gives a short
summary of this theory.

One method of determining the shear modulus of a soil is by
measuring the shear wave velocity within the soil.

G =9 *Vs2 Ceceescessstesssesasccnnonns RN 3
max '

¢ - density of the soil

Vs - Shear Wave velocity

As shown in Fig. 1.1 shear modulus is a function of the
shear strain. Seismic waves create very small strains whereas
engineering problems incorporate a large range of strains. The
attenuation of shear modulus is corrected for by the use of
modulus reduction charts as discussed in chapter 2.
1.3. Seismic Velocity Profiling

The techniques for seismic velocity profiling have been
borrowed from the petroleum industry where they have been used
for many years in oil and gas exploration. These techniques
include down-hole, up-hole, cross-hole, and surface refraction
seismic. Recently at U.B.C., a new method of down-hole seismic
using a seismometer inside a cone penetration probe has been
developed (Rice 1984) (Laing 1985). Advantages of this method
include:

-no boreholes have to be drilled, saving money and
decreasing errors due to borehole effects

-the seismic work can be done in conjunction with a Cone

Penetration Test profile.



1.4. SCPT work at UBC

At present there is a need for a portable shear wave source
to be used as part of the Seismic Cone Penetrometer Test for
underwater applications. The purpose of this thesis is to
determine guidelines for the design of such a source. Chapter 3
reviews the theory behind shear waves and their sources. From
this a frictional plank type source was chosen as the most
appropriate source. Chapter 4 Discusses the radiation and
receiver patterns one would expect from this type of source.
Chapter 5 describes the seismic cone Penetrometer Research at
UBC. Chapter 6 presents experimental work conducted for this
thesis. Chapter 7 summarizes the major conclusions drawn from the

previous four chapters.



2. APPLICATION OF SHEAR MODULUS - LIQUEFACTION

2.1. Introduction

When fine grained, saturated, loose, cohesionless materials
are subjected to shear stresses there is a tendency for the
particles to rearrange themselves into a denser, more stable
state. During this rearrangement, contact between the particles
is lost, causing the weight of the material to be carried by the
pore water. This process, which results in high pore pressures
and zero shear strength, is called liquefaction. Liquefaction of
saturated sand deposits constitutes a major cause of failure of
civil engineering structures during earthquakes.
2.2. Liquefaction Susceptibility

There are two basic philosophies for evaluating liquefaction
susceptibility of soils. The stress approach relies on measure-
ments or estimates of the cyclic strength of the soil, obtained
either from cyclic stress-controlled laboratory tests or from in
situ penetration tests. The determination of this cyclic stress
is not easy. Laboratory measurements are highly sensitive to
sample disturbance and depend on several factors, including
relative density, fabric, overconsolidation ratio, time under
static pressure, and history of prior shaking of the soil
specimen. In situ measurements from SPT or—eene—penetratien—
tests,— while overcoming typical lab problems, are subject to
their own problems with repeatability and precision. In situ
results are also subject to inaccuracies in using empirical
correlations from published data.

The strain approach is based on laboratory evidence showing

that cyclic shear strain is a more fundamental factor controlling



pore pressure buildup of saturated sand, than cyclic stress
(Dobry, Stokoe, Ladd, and Youd 1981). Measurements of, G, are
made from strain contfo11ed laboratory tests, such as the tri-
axial and resonant column tests, or calculated from in situ shear
wave velocities.
2.3. Threshold Strain and Threshold Acceleration

A key experimen;a? fact used in the strain approach is the
existence 1in sands of a threshold strain, ¥ , of the order of
10-2% (Fig. 2.1). Below this strain, th:re is no buildup of

excess pore pressure due to cyclic undrained loading.

0.06
Monterey No. O Sond
Cyclic Triaxial Tests
005 o= 2,000 psf o
n=10cycles
3[¥ o004}
o O Dr=45%
E 0 Dr=60%
x oozl A Dr=80%
w
hd
2
A
I§J (oXoY-3 o
:
e ool
o O
10-3 0-2

CYCLIC SHEAR STRAIN, y-PERCENT

Fig. 2-1: Excess Pore Pressure After Ten Loading Cycles,
Cyclic Triaxial Strain-Controlled Tests
(after Dobry et. al. 1981)



The existence of a threshold ground surface acceleration,
a, below which Tiquefaction will not occur, is a consequence of
tﬁe existence of ¥ '» Seed (1979) showed that for a layer of
liquefiable sand attsha1low depth, -z, subjected to a surface
horizontal acceleration, a, the seismic shear stress,T, induced

on the layer, is proportional to the acceleration.
-C=(a/g) *O_ *Y‘ oooc.o.oo.-00100'000-0-0.0000(3)
v d

Ov = @g z 1is the total vertical pressure

g = is the acceleration due to gravity 9.8 m/s2

¢ = density of the soil (assumed to be constant with depth).

r < 1.0 - a coefficient to account for the flexibility of the
d

soil. For shallow depths r is approximately 1.0. Seed and
Idriss (1971) propose a range gf 0.92 to 1.0 for depths from 0 to
30 feet.

From elastic theory, shear strain is related to shear stress
by the shear modulus, G, ¥=T/G. This value of G is not constant
during an earthquake event but is a function of the shear strain

(Fig. 2.2).
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Fig. 2-2: Experimental Modulus Reduction Curves for Sands
(after Dobry et. al. 1981)



Ideally, shear modulus should be measured at strains levels

approximating the strain levels expected during an earthquake

-3 -1
event (10 % - 10 %). While conventional geotechnical
laboratory methods can measure shear modulus at strains larger
-1
than about 10 %, dynamic methods, such as measuring shear wave

-3
velocities, provide data at strains less than 10 %. Resonant

column tests seem to provide the best data as strains can be
controlled within a wide range (10-4% - 10—1%), (Massarch 1980).
The disadvantage of laboratory tests such as the resonant column
test is that the small lab sample is unlikely to correctly
represent the soil deposit, due to its size and the difficulty in
taking completely undisturbed samples. Data has been published by
several authors (Seed and Idriss 1970) to correct low strain data
to earthquake magnitudes, making in-situ shear velocity
measurement a reasonable method for determining shear modulus.
For the limiting case of equation (3), where J= K't, the

corresponding peak acceleration is defined as the threshold

acceleration, a . Equation (3) can now be rewritten as:
t

¥ =1(a/g)/G6 *& *r SN LY
t t t v t

6 is the secant shear modulus associated with the strain ¥ .
t t
-4
At small strains (less than 10 %) the shear modulus is

a constant value, G . Thus it is convenient to express G in
max t
terms of G
max

G =6 * (G/6 ) ceeeessesesananss creessnsases(B)
t max max t



As previously mentioned shear wave velocities are measured
-3
at very small strains (less than 10 %). Therefore, V and G
3 max

are related by the basic wave propagation equation:

6= ¢* v\g/ teeevesneeernneesenasesonnss(6)

s
By combining equations (4), (5) and (6) and by replacing
o = Q'* g * z, the following equations can be obtained:
v
2
¥ =[la/g)*g*z* rd]/[v * (6/G )] cevecncnceeasl?)
t

t S max t
2

a/g=[¥ *(6/6 )Y VWIg*z*rl*V .ccieeeeeen...(8)
t t max t d s
Equation (8) enables us to determine the threshold acceleration,
a from the shear velocity measured for the sand Tlayer in
qﬁestion. Experimental data (Dobry et. al. 1981) suggests that
the threshold strain, ¥ , ranges from 1x10-2% to 3x10-2%. The
value of r is approximZte1y 1.0. The value of (G/G ) can be
obtained frgm curves such as Fig. 1.3. e

Figs. 2.3 and 2.4 show charts to predict threshold
acceleration for a given shear wave velocity as a function of

depth and shear strain.
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3. CREATION AND PROPAGATION OF SHEAR WAVES

3.1. Seismic Wave Theory

A disturbance within or at the earth's surface is
transmitted through the earth by seismic waves which are
dependent on the elastic propert%ps of the material through which

they pass. There areééEEEE:B#incipal types of seismic waves
which are defined on the basis of particle motion (Fig. 3.1).

(a)

(b)

(c)

(d) 1
'] 11

Fig. 3-1: Types of elastic waves
Body waves: (a) compressional wave, (b) shear wave
surface waves: {c) Rayleigh wave, (d) Love wave
(after Borm 1977)
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1. The Compressional (P) wave is the fastest traveling wave.
The particles move in the same direction as the wave front.
2. Shear (S) waves are the second fastest waves. The particles
move perpendicular to the direction of the wave front. A special
case of shear wave is the Love (L) wave which is confined to the
upper layers of the earth.
3. Rayleigh (R) waves have the lowest velocity. The particle
motion 1is a retrograde ellipse with the major axis vertical and
the minor axis being in the direction of advance of the wave.
Both Rayleigh and Love waves are termed surface waves as they are
confined to shallow depths.

Shear waves and Compressional waves are termed body waves
as they travel through the body of the earth. The velocities of
both these waves can be related to the elastic constants of the

material through which they pass.

'5
vp = (( k + 4/3*G ')S/Q )
Vs = ( G/p )
Where K = Bulk modulus Vp = Compressional wave velocity
G = Shear modulus Vs = Shear wave velocity
¢ = Density

Both of these waves are measured in the study of soil
dynamics. This thesis will deal only with the details of the

shear wave.

REPRESENTATIVE VALUES FOR SHEAR WAVE VELOCITIES

T Soft soil < 600 m/s (2000 fps) 9
1 |
1 600 m/s <firm soil < 1800 m/s 1
| 1
| rock > 1800 m/s (5900 fps) |
1 ]

Table 3-1: (after Shima and Ohta 1967)

11



As previously mentioned, for shear waves the direction of
particle motion may lie anywhere in the plane perpendicular to
the ray, depending méinly upon the direction of motion at the
source. For convenience the S-wave can be resolved into a
component in the vertical plane (Sv) and a component parallel to
the surface (Sh). This does not mean that two waves are actually
propagated. Only under very extreme anisotropic conditions is an
appreciable difference to be expected between the arrival times
of the two S-waves vibrating in different directions per-
pendicular to a given ray. Even then, an S-wave with vibrations
in a given direction need not split into an Sh-wave and a
separate Sv-wave (Gutenberg 1952).  Geophones can be oriented to

receive just the Sh or Sv component of the Shear wave.

a gu;aecnon
2, PROPAGATION
P-WAVE
WAVE
e < 7 § FRONT
'
x, Up
b AVE
g;;scnou
2, wy % BROPAGATION
SH - WAVE
WAVE
Mz FRONT

Fig. 3-2: Displacement associated with body waves. (a) P-wave; (b) S-wave.
(after Mooney 1974)
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3.2. Shear Wave Sources

The type of waves produced by a seismic source is dependent
on the symmetry of the source and the boundary conditions of the
medium. If no symmetry is present, P, Sv, and Sh waves are all
created. If there is cylindrical symmetry, for example a
vertical impact or an explosion at the surface, P and Sv waves
are generated. Mirror symmetry with respect to a vertical plane,
as in a frictional plank source, will produce P, Sv, and Sh
waves. The propagation of these three waves P, Sv, and Sh is
shown in Fig. 3.2. In real life, symmetry is lacking due to
inhomogeneity of sources and the earth, therefore some components
of all the waves are created with any source.

Seismic sources for shear waves are usually designed to
provide primarily P and Sv waves or Sh waves. The reason for
this is due to the behavioural differences of Sh and Sv waves at
a boundary. When Sh waves hit a boundary 2 waves are produced:
a refracted and a reflected Sh wave. When a Sv wave hits a
boundary 4 waves are produced refracted and reflected Sv and P
waves. These facts make the Sh wave source more attractive
because of the simplicity of the received signal (Fig. 3.2).

Each type of source has its own advantages and
disadvantages. The most important requirements for the shear
wave source to be designed for this project are as follows:

1. Clarity of signal - a clear S-wave signal which is not
obscured by other wave °*noise’.

2. Energy of signal - a significant amount of signal is

required of any source. The maximum depth of penetration of the

SCPT is approximately 80 metres. This requirement is not overly

13



important as modern recording systems can add successive signal
together; as long as the S:P wave ratio is high, and the
background noise is random in character (Stokoe and Hoar 1978).
Equipment wused {in this study is capable of such signal
manipulation as shown in chapter 5.

3. Weight and portability - a 1ight weight source has been
requested as portability of the SCPT is an advantage of this
technique. In addition one possible use of the source requires
that it be lowered through a hole in the ice at northern sites,
hence a small size is desired.

4. Cost - as usual a low cost is preferred.

There are many methods to produce seismic shear waves. 1
will only discuss those methods which use the down-hole
technique, as the difficulty and cost of drilling boreholes and
implementing cross-hole and down-hole techniques under water,
would be preventative. Discussion of other sources may be found
in (Miller and Brown 1972), (Hoar and Stokoe 1978), and (Stokoe
and Hoar 1977).

3.3. Shear Wave Sources for Down-Hole Seismic

1. Frictional plank sources.

a) A weighted plank is struck from one end by a hammer
(Fig. 3.3). This source is reversible as the plank can usually
be struck from the other end also. This is the source commonly
used at U.B.C. (Laing 1985), (Rice 1984). Beeston and McEvilly
(1976) used a 8"*12" plank 8'long held to the ground by the
weight of a vehicle {approx. 1-2 psi) and struck on end by a 15

1b. hammer. They suggested the following reasons for the success

14



of such a source:

“Simple coherent S-waves are produced by a source which
operates within the Ae1astic range of the contacting soil and
maintains soil contact throughout the source pulse. The plank
source exerts pressure on the ground which does not crush the
soil at points of high stress concentrations during impact. Such
stress concentrations contribute unwanted P-waves to the signal.
Light to moderate hammer blows do not cause the plank to slide on
the soil creating a shear failure condition between the soil and
the plank. Shear failure destroys the coherence of S-waves and

increases the generation of P-waves."

"“‘“"m )))))

A impact plate -

B Side hammer e ',::
C Guide rod l"kl
D Cap tube |
E 3 component sensor (surface) Gl g
F Drill hole ¥
G Down hole 3 component sensor i

Fig. 3-3: Frictional Plank Source
(after Wilson et. al. 1978)
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An extremely large example of a plank type generator is the
Marthortm which hits a plank secured under a truck with a two ton
hammer. .

b) A gun type pulse generator is attached to the plank
to provide the impulse. The gun type generator was developed to
increase the input energy which was limited by the size of the

hammer.

Powdar Crawber Stesl Tube
Stopper Pi ron Weight

EEEENEE

T
Oynomite Wooden Piste

Steel Prate 00 r

@®nN nfl

| —

Fig. 3-4: Gun type S-wave generator
(after Shima & Ohta 1967)

i) Jolly (1956), Shima and Ohta (1966a), and Onda
and Komaki (1967) have all researched a type of gun which shoots
metal slugs inside a steel tubing propelled by an explosive
charge (Fig. 3.4).

ii) Schwarz and Musser (1972) used an electro-
magnetic gun type generator for underwater applications. It
consists of two large cylindrical chambers; one to hold the
capacitor and the other to house the slug. Alternating magnetic
fields were created to send the slug from one of the chamber to

the other, producing polarized Shear waves (Figs. 3.5 & 3.6).
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Left Solenoid Right Solenoid

Fig. 3-5: Basic Diagram of Energy Source for Electromagnetic S-wave generator
(after Schwarz & Conwell 1974)

W L. ' o e et WES SN
L 2 . i . - ‘~,~Ld§’é_“;~?— ;

e e . Vi .
Fig. 3-6: Bi-directional, reversible shear wave energy source. The lower
tube contains two solemoids and 170 1b iron slug. Upper tube
contains a capacitor bank and switching electronics.
(after Schwarz & Conwell 1974)
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2) Impact Sources

a) A trench is dug with metal plates placed at the
ends. A large hammer which is supported by a playground swing
set apparatus is released to impact the metal plates horizontally
(Fig. 3.7). Auld (1977) got reasonable results to depths of 120
metres using a 275 1b. weight on a nine foot Tong cable. The
main reason for going to such a source over a plank type source
is to gain a larger signal. White, Heaps, and Lawrenée (1956)
and Warrick (1974) also discuss this method. Its most
significant disadvantage is its lack of portability and poor

signal quality.

BLOCK AND TACKLE FOR
RAISING FENOULUN

PIT APPROXIMATELY
o 7 GROUND SURFACE

2
QUICK RELEASE -
MECHARTSH =
275-10. PRI i
¥\ yeact rars
NP ARt i
b L
(] RN rrasge
90 et

Fig. 3-7: Shear wave generating Pendulum
(after Auld 1977)

18



b) A stake or cement block is placed partially in the
ground. The part showing above ground is struck laterally
(Fig. 3.8). Stokoe and Hoar (1977) describe a technique in which
a concrete block is cast in a square hole in the ground with two
pieces of angle iron projecting upwards and outwards at 450.
These angle irons are struck with a hammer to produce shear

waves. P-wave energy is also produced creating a noisy signal.

(0.6m)

i -in- 2ft -
Receiver Cast-in-Place |-
Borehole Concrete Blocu_\ |

- - - Sl 211(06m)
: (1Y

'
s\\—Embeand

‘ 201t (6.1m)

je
Angle Iron
a-PLAN VIEW
il
Oscilloscope aclined
Input Trigger fmiuise Electrical
— ectn
— X Ry

211 (0.6m)

) Generation of
s L3 o Body Waves
pe
3-D Velocity Tronsducer
Wedged in Place {Not to Scale)

Fig. 3-8: Downhole impact source
(after Hoar & Stokoe 1978)
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¢) A variation on the above method 1is described by
Helbig and Mesdag (1982) in which a large weight is allowed to
slide down an inclined track to impact the block (Fig. 3.9). An
advantage of this method is that it supplies its own normal
force. Unfortunately, it creates a lot of P-wave energy due to

its component of vertical impact.

L./

Fig. 3-9: Sliding weight shear wave source
(after Helbig & Mesdag 1982)

3) Non-symmetric boundary conditions.

Explosives are set off as a line charge placed in the
ground parallel to a nearby trench (Fig. 3.10). The trench
creates an non-symmetric boundary which by theory should produce
S-waves along with other types of waves. Omnes (1978) gives a
good discussion on this type of source. Warrick (1974) found it
to have too much compressional wave energy which obscured the

shear wave arrival.

(Y* e P)-(Y e P)s2Y

Fig. 3-10: Generating SH-waves with Detonating Fuse: The Syslap method
(after Omnes 1978)

20



4) Horizontal dipole
A horizontal dipole may be caused by simultaneous
explosions and 1mplosfons or loading and unloading as in the
Shovertm mechanism (Helbig and Mesdag 1982).
5) Continuous horizontal vibration
Vibroseistm is a technique in which a truck is coupled
with the ground and vibrated to produce Seismic waves.
3.4. Conclusion of Shear Wave Sources
Warrick (1974) compared results from several of the afore-
mentioned sources and concluded that the plank type source was
superior, as it had a higher proportion of shear energy to P
energy than any of the other sources, thereby giving the clearest
signal (Fig. 3.11). In the next chapters frictional plank
sources will be discussed exclusively.
Time (sec)

] (1] 0.2 03 o4 03 (X}
' 1 1 ] 1

1 1
A Cop source , verdicel senser 3 o
1 o

€ Cap source ; berizontel sanser iroverse (MT) IJ\
PPN LY WPV, POV, ¥\
P RN

D Detencting osord seures | reveseod ), NT sencer

Fig. 3-11: Source comparisons, 15 m offset.
(after Warrick 1974)
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4, RADIATION AND RECEIVER PATTERNS FOR A FRICTIONAL PLANK SOURCE
4.1. Point Sources on a Free Surface
Kahler and Meisgner (1983), Onda and Komaki (1967), and
Cherry (1962) derived similar equations describing the radiation
patterns obtained from horizontally and vertically directed point
sources acting on a free surface. Fig. 4.1 shows the three
dimensional picture of these patterns; the shapes representing

relative amplitudes of the waves.

Fig. 4-1: Schematic view .of the radiation pattern of a horizontal and
vertical surface point source. Left: vertical; right:horizontal

source, Poisson's ratio is about 0.25.
(after Kahler & Meissner 1983)
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4.2, Notation

At this point some explanation of the symbols used is
required. I will a&Opt the notation of Kahler and Meissner
(1983). The coordinate axis are X,Y,and Z. X and Y 1ie on the
horizontal surface, X being in the direction of the horizontal

strike. Z is in the direction vertically downwards (Fig. 4.2).
X

Z
Fig. 4.2 Reference Coordinates

H denotes a horizontal position of either the source or receiver

SOURCES
H - the wave travels parallel to the direction of strike
Hi( - the wave travels perpendicular to the direction of
strike
RECEIVERS
H - the axis of the geophone is parallel to the axis of

strike in a horizontal plane

H; - the axis of the geophone is perpendicular to the axis
of strike in a horizontal plane

The first term indicates the source, the second term
represents the receiver. For example (H - Sv)*(H - Sv)
indicates an Sv-wave which travels para11e1/€o the direééion of
strike and is received by a geophone whose axis is aligned
parallel to the strike direction. The Sv's indicate that a Sv-
wave is being transmitted and recorded.
4@5- stands for the angle of incidence.

- azimuthal angle from the X-axis in the horizontal plane
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4.3. Conclusions for Point Source Radiation Patterns

The conclusions Kahler and Meissner (1983) drew from Fig.
4.1 for the shear wavé patterns are as follows:

1) there is strong azimuthal dependence of displacement for
the horizontal source (based on the angle # )

2) for the horizontal source there is no component of P 1in
the Z-direction. A complicated pattern for Sv-waves and a simple
pattern for Sh-waves with no component in the X-direction are
observed.

As can be seen from Fig. 4.1 the best Sh signals will be
observed with a Hy source and a H) receiver, whereas the best Sv
signal will be obtained by a H source and a H receiver. Two
dimensional cross-sections of éée Sv and Sh radiation patterns at
various Poisson's ratios are given in ?ig. 4.3, (Sh-waves are
unaffected by Poisson's ratio).

The reciprocity relation for the Helmholtz equation states
that the radiation characteristic of a distant (horizontal or
vertical) surface point is identical to the receiving
characteristic of a (horizontal or vertical) geophone. For
practical purposés it is important to see what kind of pattern
results from a combination of a radiation and a recejver pattern.

The result is obtained by multiplying the amplitudes of the

selected patterns as shown in Fig. 4.4,
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049

c

Fig. 4-3: Radiation pattern for a horizontal surface point source and six
- different Poisson's ratios. b) Sv- wave pattern in H//-direction
¢) Sh-wave pattern in H;-direction.

(after Xahler & Meissner 1983)

0.42 0.48 0.49

Fig. 4-4: The symmetric combination (H// - Sv)*(H// - Sv). Scale
reduced by 63.5% compared to Fig. 4.3.
(after Kahler & Meissner 1983)
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The strong variation of amplitude with Poisson ratio as fin
Fig. 4.3 becomes even more apparent in Fig. 4.4.

One decision when deciding on a shear wave source fis
choosing between using a (H} - Sh)2 setupor a (H - Sv)2
setup. Fig. 4.5 shows the ratio of (H} - Sh)Z/(H {/Sv)z for
different Poisson ratios. At small angles of incideﬁée the ratio

is approximately one. At angles to the horizontal of less than
0

30, the Sv wave 1is very weak. Thus Sh waves are best for

shallow angle work, whereas Sv waves have a slight advantage at

steep angles.
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4.4, Linear Sources on a Free Surface

To treat the prqb1em as a linear source of finite length
upon a semi-infinite elastic medium, Onda and Komaki (1967) made
the following assumptions:

1. The energy is transferred from source to ground through
the friction acting along the base of the plank.

2. It is known that stress due to loading is distributed so
as to be maximum beneath the vicinity of the rim in muddy soils,
or beneath the vicinity df the centre in sandy soils. However, for
simplification they assumed that the stress distribution will be
evenly distributed beneath the base.

3. The wave speed through the source is much greater than
through the sofl thus it is considered as a rigid object placed
on the soil. |

They noted that near the source the wave observed behaves as
if it came from an infinite 1inear source, whereas far from the
source the wave acts as if the source was a point.

After a great deal of calculations they determined modified
radiation patterns for near field P, Sv, and, Sh waves as a
function of the length of the source, (Figs. 4.6 & 4.7).

The wave number is the product of +r and the ratio of the

source length to the wave length, L, in equation (9).
(h Or k)*a = 2'ﬂ'a/|. a.oooooo.-ooo.n-c.oooooooo-oo(g)

In the vertical bisecting the source the Sh wave
predominates, and the effect of the source length on the wave
length 1is neglected. If the wave length is compared with the

source length, the observed amplitude of the Sh wave diminishes
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— (horkla-sing=0.0
——- 1.0
_____ 20
------- 30

h = wave number of P wave
k= v of S wave
2a = source length
@ = angle from z-axis

Fig. 4-6: Azimuthal pattern of P or Sv wave.
(after Onda and Komaki 1968)

ka sing=0.0 k= wave number of
______ 1.0 S wave

2a = source length

2.0
TTremTEee 300
4.0 6= angle from z-oxis

Fig. 4-7: Radiation Pattern of Sh wave.
(after Onda and Komaki 1968)
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0
by 1/10 for directions deflected by 10 from this vertical, and

other waves are observed there.

The radiation pattern is also a function of the distance
from source to receiver. The solutions for Figs. 4.6 & 4.7
consist of 3 terms. The first term corresponds to the pattern
from a point source, while the second and third terms represent
the effect of the source length. They vary as the square of the
ratio of the source length to the distance between source and
receiver. Thus, in the far field, these terms become small and
the patterns become less perturbed untiT they resemble those by
Cherry (1962) and Kahler and Meissner (1983).

Onda and Komaki (1967) made the following recommendations
for the design of a S wave generator for use with Sh waves.

1. In order to make the wave energy concentrate into the
vertical bisecting the source as effectively as possible, it s
necessary that the source intensity is symmetrical about the
centre.

2. The observation of the shear wave should take place on
this vertical, because the simplest possible wave form is
obtained there.

3. The ratio of the source length to the wave length should
be 1large, as then any waves other than the Sh wave become less
observable. 7

Becston and McEvilly (1976) also found that a long source
@s+superior. For frequencies in the range¥@@:#@ Hz: and near

Jrft/s f60- m/s),

theﬁr»wsi»long~sour€éﬂﬁé§*ﬁ%6§é*t6f1/2%0$ﬂthe:waveTength-mof.‘the

surface S wave velocities of approximately

giigiar wave. This ‘éxtended source appeared to contribite greatly
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5. SEISMIC CONE RESEARCH AT UBC

The Seismic Cone Penetrometer Test has been developed at UBC
over the last several years. Two masters theses, Laing (1985)
and Rice (1984) have been written on the subject.

5.1. The Cone Penetrometer Test

The Cone Penetrometer Test (CPT) has -become the premier
logging tool for geotechnical investigation in loose to soft fine
sands, silts and clays. The standard cone used (fig. 5.1) has a
tip of 10 cm2 (base area) and apex angle of 60 degrees. Bearing
pressure on the tip is measured by strain gauges attached to the
steel rod behind the tip, which compresses elastically as load is
applied. A 150 cm2 friction sleeve is located behind the tip to
measure friction along the cone. This load is also measured by
strain gauges. Depending on how the various load bearing parts
of the cone are connected, the data processing system may
automatically correct for the addition of bearing and friction
loads on the internal members. Pressure transducers can measure
pore pressures on the face of the cone, behind the tip, or behind
the friction sleeve. Water pressures are felt through porous
plastic elements which are pre-saturated with glycerine. This
prevents any air, which 1is compressible, from entering the
system,

The cone penetrometer 1s pushed at a constant rate of 2
cm/s. Standard 1 meter long rods are connected in sequence to
the cone as it 1is forced into the ground. The rods are
prethreaded by a cable connecting the instruments in the cone to

the data acquisition system at the surface.
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swage fitting to fock
14 conductor cable

_~— wires spliced to cable

2 _— golsmometer

strain gsges for 7 ~ oqual end eres
friction load cell F  friction sleeve
(150cm’ ares)

temperature sensor —_

_~—strain gages for cone
pressure transducer \ -Iv/ bearing load cell

~O-rings

—Quad ring

porous plastic

B0-cone

small cavity — 85.68mm O.0.

Fig. 5-1: Seismic Cone Penetrometer
(after Robertson 1984)
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A slope sensor is included to indicate the deviation from
vertical of the sounding and thus correct depth measurements from
the known length of the rods. A temperature sensor is also
included to allow the data acquisition system to automatically
correct for the behaviour of the strain gauges and pressure
transducers due to temperature. An example of data obtained from
a CPT sounding is given in Fig. 5.2.

5.2. The Seismic Cone Penetrometer Test

Prediction of soil stiffness from cone resistance data is
poor. Therefore it was decided to add a seismometer to the cone
to obtain measurements of the dynamic modulus as previously
discussed.

Several types of geophones and accelerometers have been
tested. The seismometer used in this study was a Geospace GSC-
14-13 having a natural frequency of 28 Hz. For a full
description of the geophone used see Laing (1985). The response
of vertical geophones are greatly affected by the cone's
stiffness thus only a horizontal geophone 1is used. It is
oriented so as to maximize the desired shear wave signal either
Sh or Sv. Compressional waves can also be recorded. The
seismometer carrier was designed to provide a snug seating for
the geophone in the cone . Along with the effect of pushing the
cone penetrometer through the soil, this seating provides
continuous firm mechanical contact between the geophone and the
surrounding soil. This allows excellent signal response without

the problems associated with drill hole casings and backfill.
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5-3: CPT Seismic Equipment Layout for Mechanical Sources

(after Rice 1984)
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The cones are pushed from a research truck which houses the
hydraulics and electrical equipment (Fig. 5.3). Full details of
the workings of this research vehicle are given in Campanella and
Robertson (1981). The hydraulic pads, upon which the truck sits
when in the field, make an excellent frictional plank type shear
wave source.

Signals are recorded on a Nicolet 4094 digital oscilloscope
and stored on floppy disks. This unit has a 16 bit analog to
digital signal resolution, very accurate timing capabilities, and
trigger delay capacity. The trigger used is similar to that
suggested by Hoar and Stokoe (1978), having a rise time of less
than 1 micro-second. The trigger is initiated by the electrical
contact between the hammer and the beam. The beam is connected
to the ground of the oscilloscope through the metal
superstructure of the truck, while the hammer is connected to the
signal channel for the trigger by a long coil of wire.

Fig. 5.4 shows typical recorded signals obtained from
hitting the pads with a 8 1b. sledge hammer. The geophone output
is directly related to the particle velocity as shown. The shear
strain can be determined from the equation:

¥= u/Vs.
Y - shear strain
V5~ shear wave velocity

U - peak oscillation velocity

Analysis of the existing field data shows that the strain
amplitudes caused by the hammer-plank source are generally less

than 10 % (Laing 1985) and decrease with depth.
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Seismic records are taken to one meter intervals. The
arrival time difference between successive records is used to
measure the shear wave velocity over this interval (Fig. 5.5).
Because of the short travel times involved, reliable time
measurements are crucial.

The first cross-over point of polarized waves (Fig. 5.4) is
an easily identifiable reference point. It is close enough to
the first arrival not to be affected greatly by damping effects
of the seismometer. The importance of a repeatable timing point
such as the first cross-over emphasizes the advantages of having

a polarizable source.
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Fig. 5-4: Quantitative Comparison of Geophone Response Amplitude and

Relative Shear Wave T

ravel Times from Seismic Cone Penetrometer.
(after Robertson 1984)
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Fig. 5-5: Schematic layout of downhole Seismic Cone Penetration test,
showing determination of Seismic Wave velocity
(after Laing 1985)
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6. EXPERIMENTAL RESEARCH

Introduction

The frictional plank source has been shown to be superior to
other sources in that:

1) it produces a reversible signal

2) it produces a clear signal, having little or no

P-wave energy

3) it is capable of producing large signals, as shown by

Shima and Ohta (1967) with their "gun type" generator

4) it is simple to build and implement
and 5) it is portable.
Thus the test apparatus built was designed to emulate these
characteristics.
6.1. Research Site

Research was carried out at McDonald farm on sea Island.
This site has been used extensively for geotechnical research by
the Insitu testing group at UBC. It is described in several

— Se

publications including (Rice 1984) and (Laing 1985).

57 5-2

6.2. Experimental Apparatus

In order to be able to quantify the effects of various
parameters on the quality and energy of the recorded signal, a

simple pendulum block apparatus was built (Figs. 6.1 - 6.3).
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